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Preface

Ecological surprises are not that uncommon — they often emerge when we overlook the subtle
signs of cascading causes and effects from seemingly inconsequential perturbations in our sur-
roundings. Take an example of a corn chip that you might dip into your salsa sauce. Who
would guess that the corn chip can be linked to shrimp mortality in the Gulf of Mexico and
global warming? The surprising interconnections can be traced back to a cornfield along the
Mississippi River, where a farmer growing a crop destined for corn chip production may rou-
tinely add more fertilizer than is required by the corn plants. From that simple initial action, at
least two unintended consequences may follow. First off, the addition of excess nitrogen fertil-
izer to the soil is likely to stimulate increased microbial production of the greenhouse gas N,O
that contributes to increased warming potential of the atmosphere. A second major outcome
occurs when the excess fertilizer is transported by drainage waters into the nearby river system
and is ultimately delivered downstream to coastal waters in the Gulf of Mexico. There, the
farmer’s fertilizer contributes to a process of nutrient enrichment and eutrophication that trans-
forms the Gulf waters into a massive “dead zone” where dissolved oxygen levels are too low
to sustain shellfish and other marine organisms.

The anoxic Gulf coast waters are a symbol of the adverse environmental externalities that
often accompany human activities. Many of the current and emerging issues regarding water
quality, food production, deforestation, climate change, atmospheric pollution, and human health
are linked inextricably to humans and their influence on the cycles of nutrients and contaminants
in the biosphere. As we confront the challenges of sustaining environmental quality in the twenty-
first century, our progress will depend in part on our ability to understand the intricate and diverse
interactions of global chemical cycles with living systems. It is those cycles, processes, and
feedbacks that are the focus of this textbook on the subject of biogeochemistry.

Biogeochemistry is an interdisciplinary science that integrates the study of biological, eco-
logical, geochemical, and hydrologic patterns and processes in an effort to understand how
biologically active elements and compounds interact with living organisms. The goal of this
book is to provide a learning tool that will allow readers to gain biogeochemical insights and
critical thinking skills that can be applied to careers in watershed science, ecosystems analysis,
ecology, global change science, and environmental science.

This textbook presents a comprehensive process-oriented approach to biogeochemistry that
is intended to appeal to readers who want to go beyond a general exposure to topics in biogeo-
chemistry, and instead are seeking a holistic understanding of the interplay of biotic and envi-
ronmental drivers in the cycling of elements in forested watersheds. The book is organized
around a core set of ecosystem processes and attributes that collectively help to generate the
whole-system structure and function of a terrestrial ecosystem. In the first nine chapters, a
conceptual framework is developed based on distinct soil, microbial, plant, atmospheric,
hydrologic, and geochemical processes that are integrated in the element cycling behavior of
watershed ecosystems. With that conceptual foundation in place, readers then proceed to the
final three chapters where they are challenged to think critically about integrated element
cycling patterns; biogeochemical models; the impacts of disturbance, stress, and management
on watershed biogeochemistry; and linkages among patterns and processes in watersheds
experiencing environmental changes.
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Preface

The organization and content of this biogeochemistry text are intended to provide an
engaging and fresh alternative to existing references on this topic. Many of the well-known
books on biogeochemistry focus on nutrient cycling patterns in specific local long-term water-
shed study sites such as Hubbard Brook Experimental Forest in New Hampshire (Likens et al.
1977, 2013; Bormann and Likens 1996) and the Walker Branch Watershed in Tennessee
(Johnson and Van Hook 1989). The current alternative to those books is the widely-adopted
Biogeochemistry: An Analysis of Global Change by Schlesinger and Bernhardt (2013) that
offers a global-scale overview of major element cycles in terrestrial, freshwater, marine, atmo-
spheric, and wetland sectors of the earth. There are thus several more narrowly focused case
studies at one end of the spectrum, compared with a global-scale overview of biogeochemistry
at the opposite end of the spectrum.

In comparison with those existing instructional resources, this biogeochemistry textbook is
distinctive in two key respects: (a) it provides a unified emphasis on forested watershed eco-
systems that is more process-oriented, detailed, and pedagogical than the single watershed
case studies; and (b) unlike the broader, global scope of the reference by Schlesinger and
Bernhardt, this book specifically delivers a coherent synthesis of biogeochemistry at the water-
shed ecosystem scale — the most common landscape unit for current research and resource
management. Using this text as an introduction to biogeochemistry, students will achieve a
level of subject mastery and disciplinary perspective that will permit them to see and to inter-
pret the individual components, interactions, and synergies that are represented in the dynamic
element cycling patterns of watershed ecosystems. In many respects, this book is intended to
serve as an operational manual that examines how forested watersheds work with respect to
fundamental parts, processes, interrelationships, whole-system behavior, and responses to
changing conditions.

The text that follows provides an introduction to the biogeochemistry of terrestrial water-
shed ecosystems, with a major emphasis on forested systems. The subject treatment empha-
sizes concepts, principles, and patterns, and includes selected examples from the literature.
The intent of the illustrations and tables is to provide visual examples of biogeochemical
observations, rather than a comprehensive comparison of data from different ecosystems.
A number of the examples of data are based on research by the author and his colleagues,
because those research results provide simple illustrations for points that are emphasized by
the author in his graduate class. To complement those specific regional examples, the author
requires students in his class to read and to discuss a broad range of other research studies from
the primary literature.

It is hoped that this book will provide readers with a clear and meaningful introductory
framework for understanding biogeochemical principles and processes that apply to pristine or
human-dominated watershed ecosystems. The goal of this textbook is to present the funda-
mental biogeochemical patterns and processes common to forested watershed ecosystems and
to examine how biogeochemistry varies in response to changing environmental conditions in
the landscape.

Note: Words printed in bold print within the text are defined in the glossary at the end of
this book.

Orono, ME, USA Christopher S. Cronan
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General Chemical Concepts

Introduction

In the chapters that follow, a framework will be developed
for understanding and interpreting biogeochemical patterns
and processes in terrestrial ecosystems. Our analysis of bio-
geochemistry will require a basic working knowledge of
general chemical concepts covered in this initial review
chapter. Readers are encouraged to use this chapter as a
means of refreshing the terms and topics in introductory
chemistry that are especially relevant to our discussion of
chemical cycling in living systems.

Periodic Table and Element Groups

The periodic table is arranged so that elements with similar
properties appear in the same column of the table. As shown
in Table 1.1, the first column of elements contains monova-
lent alkali metals such as lithium (Li), sodium (Na), and
potassium (K) that have one unpaired electron in the outer-
most s orbital. These metals combine readily with halogens
in the second to last column to form familiar salts such as
NaCl and KI. Elements in the second column include the
divalent alkaline earth metals such as magnesium (Mg),
calcium (Ca), and strontium (Sr), which readily form oxides
(e.g., CaO and MgO). To the right of these familiar elements,
columns 3 through 12 (and parts of 13 through 16) contain
a range of elements referred to as the transition metals.

© Springer International Publishing AG 2018

Biogeochemical analysis of transition metals often focuses on
two specific subsets of these elements: (i) trace metals such
as Mn, Fe, Co, Ni, Cu, Zn, Al, and Mo, and (ii) heavy metals
such as Cd, Hg, and Pb. At the right side of the periodic table,
we observe the core nutrient elements C, N, O, P, and S, and
the final two columns of halogens and noble gases.

It is important to note that the elements in the upper right
hand corner of the periodic table — oxygen, sulfur, fluorine,
and chlorine — are the most electronegative elements in the
periodic table. Thus, they are most likely to attract bonding
electrons and to form polar or ionic bonds with other ele-
ments that are less electronegative. We should also recognize
that some of the elements in the periodic table exist in mul-
tiple valence states. For example, iron may occur in the fer-
rous state as Fe (II) or in the ferric form as Fe (IIT). Similarly,
Mn, Cr, and numerous other transition metals have more
than one oxidation state.

Another useful concept to consider regarding the periodic
table is the atomic radius of an atom. Atomic radii generally
(1) decrease from left to right across a row of the periodic
table, and (ii) increase from the top to the bottom of a col-
umn in the periodic table. In later portions of this text, we
shall encounter a discussion of the term charge density of
ions in solution. Charge density is a measure of the ionic
charge relative to the radius of a given ion. As an example,
sodium ion (Na*) has a low charge density in comparison
with trivalent aluminum ion (Al**) that has a high charge,
coupled with a small ionic radius.

Chemical Bonding

We are all familiar with the general principles of atomic
bond formation involving ionic and covalent bonding. In a
covalent bond, electrons are shared between nuclei of adja-
cent atoms. Examples of molecules with covalent bonding
are H,, N,, and CH,. Under some circumstances, the shared
electrons may be preferentially attracted toward a more
electronegative atom, resulting in a polar covalent bond.

C.S. Cronan, Ecosystem Biogeochemistry, Springer Textbooks in Earth Sciences,

Geography and Environment, DOI 10.1007/978-3-319-66444-6_1
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Chemical Reactions, Stoichiometry, and Kinetics

For example, hydrofluoric acid has a localized electron
density around the fluorine atom, creating a polar covalent
bond in the HF molecule. Other molecules that form polar
covalent bonds include nitric oxide (NO), sulfur dioxide
(S0O,), and silicon dioxide (SiO,). In an ionic bond, there is
a coulombic attraction between oppositely charged ions
that occurs when a metal loses electrons to a paired nonmetal
with a high electron affinity. Two examples of compounds
that contain ionic bonds are the salts MgCl, and KI.

The biogeochemistry of metals is often affected by the
formation of metal-ligand coordination complexes that
influence the solubility, bioavailability, and potential toxicity
of the element. Complex formation occurs in solution when
an electron-deficient metallic ion binds to one or more
anionic ligands that donate pairs of electrons to the forma-
tion of covalent coordinate bonds with the metal. The sim-
plest monodentate ligands coordinate to a metal ion through
a single donor atom such as N, O, S, P, or C. For example,
acetate anion forms metal-ligand complexes through a coor-
dinate bond between the carboxyl group (COO") of the ace-
tate molecule and the metallic cation. Cations can also bind
to multidentate ligands containing two or more sites with
donor atoms, resulting in the formation of a more stable type
of complex known as a chelate. For instance, some isomers
of hydroxy-benzoic acid form complexes with cations
through coordinate bonds involving both alcoholic-OH and
carboxylic-COOH donor groups (Fig. 1.1). Another example
of a chelate is the porphyrin ring at the center of a chloro-
phyll a molecule, which contains a magnesium atom coordi-
nated to four donor nitrogen atoms.

Hydrogen bonding is another valuable concept to
understand regarding intermolecular attraction mecha-
nisms. Many of the non-polar contaminants such as pesti-
cides and aromatic hydrocarbons in soils and surface waters
are strongly affected by interactions with natural organic
matter that originate through hydrogen bonding. A hydro-
gen bond occurs when a highly electronegative atom serves
as an electron donor and partially shares its nonbonding
electrons with a positively polarized hydrogen atom. In
order for hydrogen bond formation to occur, two require-
ments must be met (Olmsted and Williams 1997). First,

o]
@)
i

n
c——0
| Cu
cC—20
n
o
Fig. 1.1 Examples of metal chelation in two multi-dentate complexes

involving salicylic acid and copper (leff) and phthalic acid and copper
(right)

there must be an electron-deficient hydrogen atom to act as
an electron pair acceptor (hydrogen atoms in O-H, F-H, and
N-H bonds meet this requirement). In addition, there must
be a highly electronegative donor atom present with at least
one lone pair of electrons (three second-row elements — O,
N, and F — meet this requirement). An example of a hydro-
gen bond linking molecules of water and ammonia is shown
in Fig. 1.2. Although hydrogen bonds are only about 5-10%
as strong as covalent bonds, the simultaneous formation of
multiple hydrogen bonds between two different molecules
can have a great influence on the biogeochemical fate of
certain substances.

Chemical Reactions, Stoichiometry,
and Kinetics

Many of the biogeochemical processes that concern us
can be represented by chemical reactions. In a chemical
reaction such as the one illustrated below, reactants are
shown on the left side, products are depicted on the right
hand side, and the reaction can be described thermody-
namically in terms of a positive or negative change in free
energy. In chemical notation, each reactant or product is
preceded by an integer termed a stoichiometric coeffi-
cient that indicates the relative numbers of moles of each
molecule involved in the reaction. The stoichiometry of
the reaction must account for conservation of mass and
balanced ionic charges on both sides of the chemical
reaction.

N, +3H, <> 2NH, AG = 34k]
Keq = [NH3 ]2 / [NZ ] X [HZ ]3

At equilibrium, the rates of forward and backward reac-
tions are equal and the reaction can be described by an equi-
librium constant, K.,. An equilibrium constant is defined as
the value of the ratio of equilibrium concentrations of prod-
ucts to equilibrium concentrations of reactants, each raised
to the power equal to its stoichiometric coefficient. In the

Fig. 1.2 Hydrogen bonding between a molecule of ammonia (NH;)
and water; the dashed line represents the bond linking hydrogen (H)
with the electron donor (N)
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example illustrated above, the equilibrium constant,
K., = [products]/[reactants] = 5.6 x 10°.

The equilibrium solubility of gases in water can be com-
puted using a Henry’s Law constant, K;;, for specific gases
and solvents of interest (Daniels and Alberty 1975). This
equilibrium constant describes the ratio of dissolved gas
divided by the partial pressure of the gas at a specified tem-
perature. As an example, the Ky for carbon dioxide is
7.8 x 1072 at 0 °C and 3.4 x 1072 at 25 °C; thus, this gas is
twice as soluble at the lower temperature.

One can also discuss the proton dissociation behavior and
equilibria of acids using acid ionization constants, K,. For
example, the dissociation reaction of acetic acid in water to
form acetate and free H* ion can be expressed with the fol-
lowing equilibrium (where H* ion is represented as hydro-
nium ion H;O* and the solvent water or H,O is by definition
left out of the denominator in writing the equilibrium
expression):

CH,COOH +H,0 <> CH,CO0 +H,0"

K, =[ CH,CO0" |x[ H,0" |/[CH,COOH]

Some chemical reactions approach equilibrium very
slowly; in such cases, it is useful to describe the reaction in
kinetic terms expressed as a reaction rate or a rate constant.
Rate-limited reactions can be influenced by temperature, con-
centrations of reactants, and background chemical conditions.
In the case of a dissolution reaction, the rate may also be
greatly affected by the surface area of the solid phase. The
effect of concentration on the rate of a specific chemical reac-
tion can be described using an algebraic expression known as
arate law. Although each reaction has its own unique rate law,
many rate laws have the following general form:
Rate = kK[A]’[B]*. Rate laws contain a proportionality constant
(k) and one or more concentrations, each raised to some power
(y and z). The exponents in the rate expression are the orders
of the reaction — when the value of y is 1, the reaction is called
first order in A and when the value of z is 2, the reaction is
called second order in B, and so on. Figure 1.3 illustrates an
example of a rate-limited process of radioactive decay, show-
ing that it takes 19,000 years for 90% of the unstable '*C atoms
to decompose into the stable isotope '“N.

Equilibrium, Steady-State, and Residence
Time

It is important to note here a distinction between two terms.
In biogeochemistry, the familiar term equilibrium is some-
times confused with the term steady-state, which is often
used to describe element pools and fluxes. In a steady-state
condition, the concentration or pool size of an element or
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Fig. 1.3 Kinetic decay curve showing the percent of original radioac-
tive C remaining versus time. The isotope “C decays to “N with a
mean half-life of 5730 years

compound remains relatively stable, because inputs and out-
puts of that element or compound to the system are approxi-
mately equal. Thus, a steady-state is characterized by
balanced inputs and outputs of a given substance, whereas an
equilibrium condition is defined as having equivalent for-
ward and backward rates of reaction. A final term that will be
encountered in subsequent chapters is the concept of resi-
dence time. In a system with inputs and outputs, the pool
size of a given element or substance divided by the input rate
gives an estimate of the average time period that an atom or
molecule of that material resides in the system before being
replaced, transformed, or decomposed.

General Concepts of Organic Chemistry

Organic chemistry is often described as the analysis of
carbon compounds. In biogeochemistry and ecology, much
of what we study is related directly or indirectly to the for-
mation and circulation of organic carbon in the biosphere.
Consequently, it is helpful to have a working vocabulary of
the terms that are used to describe different aspects of
carbon-based substances. Hydrocarbons generally can be
separated into three large structural groups: (i) aliphatic
compounds composed of chains of carbon, (ii) alicyclic mol-
ecules in which carbon chains link to form rings, and (iii)
aromatic hydrocarbons that contain 6-membered rings with
three carbon-carbon double bonds.

Carbon forms a large number of binary compounds with
hydrogen, and these C-H compounds can be divided into
three categories: alkanes, alkenes, and alkynes. An alkane
such as ethane or propane contains only single bonds between
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carbon atoms. An alkene such as ethylene is a binary C-H
compound with one or more double bonds between carbon
atoms. Finally, an alkyne such as acetylene contains one or
more triple bonds between carbon atoms.

The chemical behavior of organic compounds is strongly
influenced by the presence or absence of functional groups.
Organic substances that contain hydroxyl (—OH) functional
groups or carboxyl groups (—COOH) are able to act as weak
acids and to participate in complexation reactions with met-
als. Examples of two organic acids that contain functional
groups are oxaloacetic acid (a dicarboxylic acid) and sali-
cylic acid (an aromatic compound that contains one carboxyl
group and one phenolic-OH group) (Fig. 1.4).

Other important classes of organic compounds besides
organic acids are illustrated in Fig. 1.5 below, including
sugars, starches, amino acids, phenols (e.g., catechol), lipids,
polysaccharides, esters, ketones (e.g., quinone), and nucleic

COOH
‘C N __ COOH
i,

‘COOH > OH

oxaloacetic acid salicylic acid

Fig. 1.4 Structures of two organic acids containing carboxylic acid
groups

" o
‘ [
R, — C — COOH
NH,
I
O
Amino Acid Quinone
OH
O
R— C——0 — CH;4
Aliphatic Ester Catechol

Fig.1.5 Examples of chemical structures in different organic compounds

acids. Note that organic compounds may contain different
functional groups such as amino (NH,) or sulthydryl (HS)
structures, or a carbon backbone symbolized by “R”.

Aqueous Solubility and Polarity

The terms hydrophilic and hydrophobic are often used in
reference to the solubility of organic substances. A hydro-
philic substance is compatible with water and is soluble in an
aqueous solvent, whereas a hydrophobic compound has non-
polar characteristics that make it less soluble or poorly soluble
in water. A given molecule may be either hydrophobic or
hydrophilic; for instance, glucose and citric acid are hydro-
philic, whereas a lipid is hydrophobic. Alternatively, a single
organic molecule may contain both hydrophilic and hydro-
phobic regions within its molecular structure. As an example,
portions of natural humic acids contain hydrophilic carboxylic
functional groups, whereas the bulk of the humic acid struc-
ture may be dominated by hydrophobic aromatic rings.
Similarly, a compound such as lecithin, which occurs in the
lipid bilayers of membranes, contains a hydrophilic head and
a hydrophobic tail (Fig. 1.6). In the lab, hydrophobic com-
pounds can be isolated from hydrophilic substances by adsorp-
tion on a non-polar C,3 chromatographic column, followed by
elution with a non-aqueous solvent such as methanol. Looking
at Fig. 1.7, can you predict which of the vitamins are likely to
be water or fat soluble based on structure? As a clue, vitamin
C contains many hydroxyl groups that help to make the
molecule more hydrophilic.

CH,OH
H O w
H
OH \ OH H OH
H OH
Sugar
P OH CIHZOH CI)H (IZHZOH
O/O\ No” o
HO fo)
i i
OH CH,OH OH

Cellulose polymer
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Fig.1.6 Structure of lecithin
containing hydrophilic and
hydrophobic regions

Hydrophilic head

Hydrophobic tail

o
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O-C—CHy—CH, — CHy — CHy — CH, — CH,
|
o CHy

(CH3)sN* = (CHy), —-O-P-0O-CH, —(T.,H
1

Fig.1.7 Vitamins C, D, and
E differ in water solubility
based on chemical structures
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Diffusion and Osmotic Potential

Diffusion is the movement of gas molecules or solutes from
an area of higher concentration to a region of lower concen-
tration. In comparison, osmosis refers to the movement or
diffusion of water across a semi-permeable membrane such
as a cell membrane. When solutes accumulate inside a semi-
permeable membrane in biological systems, there is an asso-
ciated increase in the osmotic potential. Water responds to
that osmotic potential by flowing toward the region of higher
solute concentration. This process can contribute to cell
expansion during growth of living organisms, and water
absorption by roots.

Freezing Exclusion and Concentration
of Solutes

Have you ever frozen a bottle of pond or bog water and
noticed a blob of brown color in the ice? This phenomenon
is an example of the freezing exclusion that occurs in natural
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waters during ice formation and in snow that has re-crystallized.
As water freezes, solutes are excluded from the ice crystals,
so that the initial ice is nearly pure water and the last ice to
form contains the concentrated solutes from the original vol-
ume of water. In the frozen bottle of bog water, the brown
blob is the concentrated dissolved organic matter and other
solutes that were originally mixed throughout the water sam-
ple. When snow melts and then refreezes, the re-crystallization
process forms nearly pure ice crystals and excludes most
solutes to the exterior boundary or interstitial spaces of the
crystals. This has implications for the chemistry of meltwa-
ter released during subsequent snowmelt events.

Defining Dissolved and Particulate Phases

Biogeochemical analysis often focuses on elements that
occur in natural waters in a continuum of states from dis-
solved ions or solutes to colloidal substances and on up to
particles of various sizes. Because there are no distinct and
universally-accepted definitions for these size classes,
researchers use operational definitions for the fractions or
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phases that they are studying. Thus, the dissolved elements
in a given water sample may be defined by the filter pore size
through which a water sample is passed. For example, dis-
solved organic carbon (DOC) may be defined as the filtrate
from a glass fiber filter with a nominal pore size of 0.45 pm,
or the dissolved metals in a water sample may be defined as
those passing through a filter with a pore size of 0.2 pm. It is
important to be aware of accepted operational definitions
when conducting research or comparing published studies
concerning dissolved, colloidal, or particulate phases of
elements.

S| Units and Concentrations

As one reads the biogeochemical literature, it becomes
apparent that element cycling and chemical data are
expressed with a variety of unit notations, some of which are
derived from the International System of SI Units. In reports
of aqueous chemistry, the more common units of concentra-
tion are ppm (parts per million) or ppb (parts per billion), mg
L~'or pg L', and mmol L=! or pmol L=!. Perhaps less famil-
iar are units that represent ionic charge equivalents, includ-
ing peq L7!, pmol, L~!, or mmol, L=".

Substances do not react with each other on a gram for
gram basis, but rather on a stoichiometric basis in proportion
to their separate equivalent weights. The chemical definition
of an equivalent weight is the mass of an element or sub-
stance that will displace or otherwise react with one mole
(1.008 g) of hydrogen or one-half mole (8.00 g) of oxygen.
As one example, the formula for ammonium sulfate,
(NH,4),SO,, contains two moles of monovalent ammonium to
balance one mole of divalent sulfate (which contains two
moles of negative or anionic charge). Being able to express
ions in terms of electrical charge equivalents provides impor-
tant insights in a variety of applications.

The equivalent weight of a substance is calculated by
dividing the atomic weight or molar mass by its valence
(absolute value of its charge). For a monovalent ion such as
Na*, the equivalent weight is 22.98 g divided by 1 or 22.98 g,
whereas a divalent cation such as Ca>* has an equivalent
weight of 40.08 g divided by its valence of 2, giving a value
of 20.04 g per equivalent. Another way of looking at this is
that a mole of calcium contains two moles of charge equiva-
lents, so it only takes one half of molar mass (e.g., 20.04 g)
to provide a mole of charge equivalents. At a smaller scale, a
milli-equivalent of calcium ion would be 1/1000th of 20.04 g
or 20.0 mg, and a micro-equivalent of calcium ion would be
20.04 g x 10~ or 20.0 pg.

In the current biogeochemical literature, ionic charges are
often expressed in terms of moles of charge using pmol, L,
mmol, L™, or mmol, kg~!, where the subscript “c” indicates
charge units. Thus, for example, 2.0 mg of Ca** per liter of

Table 1.2 Examples of conversions from moles to mol, for different
elements (values are rounded to whole numbers)

Ton Atomic mass Equivalent weight (= mass/valence)
Ca* 40¢g 40/2 = 20 g per mol, (or 20 mg mmol. ")
Mg** 24 ¢ 242=12¢g

K* 39¢g 39/1=39¢g

SO~ 9%g¢g 96/2=48 g

Al 27¢g 27/3=9¢g

water is equivalent to 0.1 mmol. L' Similarly, we can
express charge equivalents for sulfate anion, which has a for-
mula weight of 96 g, a charge of —2, and an equivalent
weight of 48 g per mole of charge. For practice, consider a
solution containing 2.4 mg L' of sulfate ion and calculate
the concentration in mmol, L=!. A mmol is 1/1000th of a
mole, so a mmol, of sulfate ion is equal to 48 g /
1000 =0.048 g. This value can be converted to mg by multi-
plying 0.048 g x 1000 mg g~!, which is equal to 48 mg per
mmol, of sulfate. Next, it is a matter of expressing 2.4 mg of
sulfate as a fraction of 48 mg (i.e., 2.4 / 48), which equals
0.05. Thus, 2.4 mg L7! sulfate equals 0.05 mmol, L'
Table 1.2 provides additional examples of conversions
between moles and moles of charge.

lonic Charge Balance

The preceding discussion provides an opportunity to intro-
duce and to emphasize a principle that is central to biogeo-
chemical analysis. Wherever ions occur — in a cell, in
solution, in a soil — we expect that the sum of positive and
negative charges will balance. Thus, a solution containing a
mixture of chloride and nitrate ions with 100 mmol, L~! of
anionic charge will inevitably contain 100 mmol. L=! of pos-
itive charge. This principle of charge balance will be dis-
cussed in a variety of contexts in subsequent chapters.

Stable Isotope Chemistry

Stable isotopes provide a powerful tool for tracing and
quantifying biogeochemical patterns and processes (Lajtha
and Michener 1994). Elemental stable isotopes can be briefly
defined in the following terms. For any given element, the
atomic mass is the sum of the number of positively charged
protons and uncharged neutrons. Within limits imposed by
physical-chemical constraints, atoms of any element may
include isotopes with different numbers of neutrons and cor-
responding atomic masses. Each of these isotopes can be
represented in chemical notation by writing its chemical
symbol, preceded by a superscript that specifies isotopic mass.
For example, an oxygen nuclide composed of 8 protons and
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8 neutrons is written as '°0O, whereas an oxygen isotope com-
posed of 8 protons plus 10 neutrons is represented as '*0. Out
of a total of 1700 known nuclides, roughly 260 of these are
stable isotopes; the remaining isotopes are unstable nuclides
that are subject to spontaneous disintegration over time
(Richardson and McSween 1989). As an illustration, the ele-
ment carbon occurs in two stable isotopic forms (*>C and
13C), as well as the radioactive isotope '“C. Stable isotopes
that are commonly used in biogeochemical and geochemical
studies include: 'H, 2H, "?C, 1*C, “N, N, 190, 0, 32§, *S,
40Ca, “Ca, %°Sr, ¥'Sr, **Fe, and *°Fe.

Under field conditions, various biotic and abiotic pro-
cesses separate light and heavy isotopes of a particular ele-
ment. For example, evaporation of water favors enrichment
of the vapor phase with the light isotopes of hydrogen and
oxygen, leaving the residual liquid water somewhat enriched
in heavier isotopes. This mass fractionation of light and
heavy isotopes permits biogeochemical tracing of the path-
ways and processes of element cycling (by tracking changes
in the ratio of heavy to light isotopes for a given element).
Isotope fractionation largely occurs through either equilib-
rium effects — where a larger activation energy is required to
dissociate an isotopically heavy chemical species — or kinetic
effects, which occur because heavier molecules or ions react
or diffuse more slowly than lighter isotopic analogs. All
other factors being equal, fractionation of heavy and light
isotopes is greatest between phases that have markedly dif-
ferent bond types or bond strengths. The vibrational fre-
quency is greater in bonds associated with a lighter versus a
heavier isotope, resulting in bonds that tend to be less stable
or weaker.

Mass fractionation is generally expressed with delta ()
notation in which the isotopic ratio (R) of the heavy to light
isotope in a sample (e.g., *C / 2C) is compared to the same
ratio in a standard reference material:

5 = ((Rsample - Rstandard ) / Rstandard ) B 1000
where R is the ratio of the heavy to the light isotope

With this convention, the value of & is a measure of the
deviation of R in parts per thousand or permil (%o). If a sam-
ple (Rympie) contains proportionately more of the heavy iso-
tope than the reference standard, a positive delta value is
observed. Thus, samples with positive values of § are isoto-
pically heavy or enriched, whereas samples with negative
values of & are isotopically light or depleted in the heavy
isotope, compared to the standard.

For perspective, it is important to note that heavy isotopes
represent a small percentage of the isotopic pool for a given
element. In terms of natural abundance, the heavy isotope
13C represents 1.1% of the carbon pool, "N is roughly 0.37%
of the nitrogen pool, and 80 is approximately 0.2% of the
oxygen pool. Using a sensitive mass spectrometer, small

fractional changes in abundances of these relatively rare
heavy isotopes can be detected and used to trace biogeo-
chemical patterns and processes.

What patterns of fractionation are observed in the hydro-
logic cycle? Because isotopically light water molecules
escape more readily from a body of water into the atmo-
sphere than do molecules of “heavy” water, atmospheric
water vapor always has negative 8D (deuterium) and 8 30
values relative to ocean water. In contrast, vapor condensa-
tion into rain and snow occurs with little discrimination
between light and heavy water molecules. Thus, the first
rain to fall from a “new” cloud over the ocean has values of
8D (deuterium) and & 130 that are close to 0%.. Water vapor
remaining in the atmosphere is systematically depleted in
deuterium and 'O by this process, because each heavy
water molecule that condenses removes heavy isotopes
from a comparatively small pool, whereas light water mol-
ecules remove atoms from a large pool of light isotopes.
Subsequent precipitation is derived from a vapor reservoir
that has § '*O and 8D values even more negative than
freshly evaporated sea water. With continued precipitation,
rainwater becomes progressively lighter. The isotopic ratio
(R) in the remaining vapor is given by the Rayleigh distil-
lation equation:

R=R, /"

where R, is the initial '*0/'°0 value in the vapor, fis the frac-
tion of vapor remaining, and o is the fractionation factor
(Richardson and McSween 1989).

The preceding relationships can be used to illustrate how
isotopic ratios change in response to rainfall processes.
Suppose rain begins to fall from an air mass whose initial
8'%0 value is —9.0%o, and whose fractionation factor (ot jiguiq-
wapor) 18 1.0092 at the condensation temperature. When we
apply the Raleigh Distillation Equation to compute the isoto-
pic composition of the air mass after 60% of the water vapor
has condensed, we find that the air mass has been depleted to
anew 8'30 value of —17.32%o. If we also compute the isoto-
pic composition of the resulting rainwater, we estimate a
880 value of —8.28%c. Thus, the rainwater §'0O value
(—8.28%o0.) is slightly heavier than the source air mass
(=9.0%0), but is depleted in *O relative to earlier rainfall and
freshly evaporated sea water. [See Problem Sets for deriva-
tion and solution of this isotope problem].

Because of fractionation processes, (i) the separation
between rainwater and seawater becomes more pronounced
as air masses move further inland or are lifted to higher ele-
vations, and (ii) & 130 values for freshwater are always nega-
tive compared to seawater. Since the fractionation factors for
both oxygen and hydrogen isotopes become larger with
decreasing temperature, the difference between seawater and
precipitation increases toward the poles (Fig. 1.8).
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Fig. 1.8 Isotopic signatures
of 8 D and & *O (in

Lighter

parenthesis) in wet
precipitation decrease moving
northward across North
America as air masses
become depleted in heavy

isotopes of hydrogen and
oxygen (data from Richardson
and McSween 1989)

Continental rainfall and freshwaters are generally depleted
in both heavy isotopes contained in water molecules.

Patterns of isotopic fractionation in carbon compounds
have also been extensively investigated, and & *C values
have been reported to range from about —30%o to +25%o. In
general, carbon in the reduced biogenic compounds found in
living and fossil organisms is isotopically light (negative val-
ues of O), whereas inorganic carbonate minerals (especially
in marine environments) are isotopically heavy. During pho-
tosynthesis, green plants fractionate carbon isotopes in at
least three metabolic steps, favoring the retention of '*C
rather than '3C (Werner et al. 2012). However, terrestrial Cs
versus C,4 plants discriminate carbon isotopes to different
degrees, because of differences in their initial enzymatic
pathways for CO, uptake and fixation. C; woody plants and
grains have 8 1*C values ranging from about —22%o to —33%o,
while C, grasses range from —9%o to —16%o. In the oceans,
marine plants have '*C/!?C ratios that are about 7.5%o less
negative than C; terrestrial plants, possibly because the
marine plants assimilate carbon from marine HCO;~ (0%o),
rather than atmospheric CO, (—7%o).

Bashkin and Binkley (1998) relied on natural abundances
of carbon isotopes in soil organic matter to examine changes
in carbon storage associated with land conversion in Hawaii.
Their results indicated that conversion of wild land to sugar
cane, a C4 plant, produced a § "*C signal in surface soil
organic matter that was heavier than the signal associated
with native forest cover (dominated by C; plants). As shown
in Fig. 1.9, soils supporting native Hawaiian forest exhibited
a relatively consistent depth profile of soil organic matter
characterized by isotopic ratios around —26%o. In compari-
son, soils supporting cane fields exhibited heavier isotopic
ratios in surface horizons, averaging around —20%o (Fig. 1.9).
Yet, deeper portions of the same cultivated soils exhibited
lighter isotopic ratios of —22 to —24%o, reflecting the influ-
ence of previous forest cover. In plots where cane fields were
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Fig.1.9 Carbon isotopes in Hawaiian soils. From Bashkin, M.A. and D.
Binkley. 1998. Changes in soil carbon following afforestation in Hawaii.
Ecology 79:828-833. © 1998 by the Ecological Society of America

converted back to forest cover, surface soil organic matter
reverted to a lighter 8 *C value (see forest plantation soil
profile in Fig. 1.9).

In another example, Ehleringer et al. (2000) investigated
forest carbon cycling in the western U.S. and reported that &
13C values generally increase from lighter to heavier ratios
moving from leaves, to litter, and into soil organic matter
(SOM) in forest ecosystems (Fig. 1.10). It is generally assumed
that these changes reflect isotopic discrimination or fraction-
ation by plants and decomposers in the forest carbon cycle.
However, Kohl et al. (2015) suggested that because phospho-
lipid fatty acids (PLFA) in soil fungi are relatively depleted in
BC, increased proportions of soil bacterial relative to fungal
biomass with soil depth may represent an important mechanism
contributing to the pattern illustrated in Fig. 1.10.
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Fig.1.10 Patterns of 0 '*C in a forest stand moving from fresh leaves,
to litter, to soil organic matter at two depths (data from Ehleringer et al.
2000)

Isotopes of nitrogen are fractionated in a number of dis-
tinctive ways by organisms in the biosphere (Lajtha and
Michener 1994). Legumes that assimilate atmospheric N,
directly tend to have & >N values near 0%o, whereas non-
leguminous plants tend to have delta values that are positive
(on the order of +9%o). With each step up a food chain, con-
sumer organisms tend to concentrate more Nj; as a conse-
quence, carnivores or predators tend to have & "N values
about 3% more positive than herbivores, which also are
enriched in N compared to their own food source. The pro-
cess of tissue '*N enrichment among consumer organisms is
thought to occur in part because of isotopic fractionation
during excretion, with preferential retention of N and loss
of N. Figure 1.11 illustrates how a simple food web may
contain organisms with distinctive 8"°N and 8"C isotopic
ratios reflecting the types of plants at the base of the food
web and the trophic position of each consumer.

Several research investigators have reported evidence
that & >N values in plants vary in relation to site fertility
and N availability. Martinelli et al. (1999) reported that
mean foliar 6N values were 6.5%o higher in tropical for-
ests compared to temperate forests. They also found that
tropical forest ecosystems with relatively low N availability
were significantly more depleted in >N than other tropical
forests. In a related study, Hobbie and Colpaert (2003)
reported evidence that fungal biomass and N retention
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Fig.1.11 Comparison of 8 N and & '*C values in plants, herbivores,
and carnivores in a simple food web. The carnivore exhibits consider-
able N enrichment and has a § '°C signal that reflects likely inputs
from both C; and C, plants

increased at low N supply, whereas needle 6'°N decreased,
and there was an inverse relation between needle 8'°N and
biomass of mycorrhizal hyphae. Overall, their data and
models suggested that low values of plant 8'°N in unpro-
ductive N-limited environments result partly from high
retention of N by mycorrhizal fungi. As a consequence,
mycorrhizal plants in N-limited sites became more depleted
in N than sites where N was more available and mycor-
rhizal fungal biomass was lower.

Samples enriched with heavy isotopes are often used as
tracers of cycling pathways and indicators of reaction rates
in field or laboratory experiments. Davidson et al. (1992)
enriched soils with concentrated pulses of '"N-labelled
nitrate and ammonium salts and used the technique of iso-
tope dilution to estimate rates of gross N cycling in two
comparative California forest soils. Barnes et al. (2008) used
a dual isotope approach with "N and 0'0 to compare the
relative importance of atmospheric and microbial sources of
nitrate in stream runoff from forested watersheds in
Connecticut. Nadelhoffer et al. (1999) used 'SN-labelled
ammonium and nitrate as tracers to determine fates of added
nitrogen amendments to forest plots at Harvard Forest,
MA. They found that less than 25% of the added 'SN tracer
accumulated in plant biomass within the forest; the remain-
ing N tracer cycled into decomposing litter and soil organic
matter. In each of these cases, the N tracers provided invalu-
able insights regarding rates of processes and key sources
and sinks in the nitrogen cycle.



Soil Biogeochemistry

Introduction

If you consider all the ways in which soils influence element
cycling, hydrologic cycling, species diversity, biotic growth,
productivity, and global carbon storage, it is clear that soils
have a profound effect on ecological relationships. Soils are a
primary determinant of site quality and environmental condi-
tions in terrestrial ecosystems, providing water, nutrients, acid
neutralizing capacity, shelter, and anchorage for terrestrial life
forms. Beyond these essential functions in terrestrial ecosys-
tems, soils also exert a strong influence on aquatic systems
through effects on the chemistry and hydrologic routing of
drainage water inputs to lakes and streams. Depending upon
(1) the hydrologic flow path of water movement into aquatic
systems, (ii) the characteristics of soils and surficial materi-
als contacted by drainage water, and (iii) the degree of chemi-
cal reaction between aqueous and solid phases, soils in a
watershed may serve as a source or sink for acidity, alkalinity,
nutrients, dissolved organic matter, or toxic pollutants in
waters draining to nearby aquatic receptor systems.

Soil Formation and Pedogenesis
Soils and their life support characteristics vary across the

biosphere, with examples ranging from deeply weathered
tropical Oxisols of the Amazon Basin, to fertile prairie

© Springer International Publishing AG 2018

Mollisols of the U.S. Midwest, and extending to acidic forest
Spodosols of New England. Major differences among soils
originate through variations in one or more of the following
five soil forming factors described by soil scientist Hans
Jenny: (i) nature of the parent material; (ii) climatic condi-
tions; (iii) age of the soil profile; (iv) soil topographic posi-
tion and drainage conditions; and (v) influence of biological
soil-forming agents.

In comparing soils, it is clear that one of the primary rea-
sons for distinct differences among soils is the strong influ-
ence of geologic conditions and soil parent materials on
pedogenesis or soil formation. At a given location, soil parent
material may consist of a coarse textured sandy glacial
deposit versus a volcanic ash deposit, or fertile alluvial flood-
plain sediments versus an ancient weathered granite bedrock
saprolite or residuum. Each initial substrate may give rise to
differing physical and chemical characteristics over the time
course of soil formation. Examples of major types of soil par-
ent materials are shown in Table 2.1.

A second major influence on soil characteristics is the cli-
matic regime in which soil development occurs. Is the cli-
mate seasonal, wetter, drier, cooler, or warmer? How would
you expect soil formation to compare in the cool humid cli-
mate of New England versus the warm humid climate of
North Carolina or the warm arid conditions of Arizona and
New Mexico? In general, we would expect greater soil
development in warmer and wetter climates where favorable
drainage conditions have permitted long-term leaching by
large amounts of infiltrating precipitation.

Because soil formation is a relatively slow process, soil
age is also a strong determinant of soil conditions. In glaci-
ated regions, soils may have experienced less than 10,000—
12,000 yr. of pedogenesis since the last glacial retreat; as a
result, the soil profile may extend <1 m below the surface. In
contrast, many sub-tropical and tropical soils are much older
(i.e., > > 10,000 years old); consequently, profile develop-
ment may extend tens of meters below the soil surface at
these sites (Richter and Markewitz 1995).

C.S. Cronan, Ecosystem Biogeochemistry, Springer Textbooks in Earth Sciences,

Geography and Environment, DOI 10.1007/978-3-319-66444-6_2
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Table 2.1 Examples of different parent materials that act as substrates
for soil formation

Surficial geologic deposits Bedrock geology
Alluvial floodplain sediments
Glacial till or outwash
Aeolian (wind-blown) silt
Volcanic ash

Lacustrine (lake) sediments

Marine sediments

Granitic saprolite or residuum
Limestone or dolomitic residuum
Sandstone residuum
Metamorphic schist residuum
Volcanic lava

Basalt

Yet a fourth factor affecting pedogenesis is the topo-
graphic location of a soil. If a soil is well-drained, it will have
a very different profile development compared to a lowland
soil that is waterlogged or poorly-drained. In a soil with high
permeability, a deeper water-table, and a mesic climate with
adequate annual precipitation, the cumulative effects of
water infiltration through the soil parent material promote
gradual development of distinctive soil horizons. However,
when water infiltration and drainage are impeded by topo-
graphic position or physical barriers in the parent material,
pedogenesis is inhibited and soil horizon differentiation
occurs only very slowly.

The fifth and final major influence on soil development is
biological activity in the form of soil invertebrates, plants,
burrowing mammals, and microbes. Respiration and meta-
bolic activities by these organisms generate the carbonic and
organic acids that promote mineral weathering and soil
leaching. In addition, the life processes and organic matter
derived from living organisms help to build up the structure,
exchange capacity, porosity, and soil moisture storage capac-
ity of the soil.

During pedogenesis, soils gradually develop a vertical
zonation composed of various layers or soil horizons, each
with particular properties. Soil formation is largely driven by
(1) the percolation of water and acids through the soil profile,
(ii) subsequent weathering and leaching of soil minerals
exposed to acid attack, and (iii) differential mobilization,
transport, and deposition of soluble organic matter and met-
als in the soil profile. Over time, forest soil development gen-
erally leads to the formation of a surficial O horizon
composed of the detrital organic remains of plants and other
organisms; beneath that uppermost organic horizon, soils
typically contain several distinctive mineral soil layers such
as the A, E, B, and C horizons.

In the example shown in Fig. 2.1, the soil horizons of this
well-drained, cool temperate forest Spodosol have devel-
oped under the influence of a process termed podzolization.
This process begins when precipitation moisture infiltrates
the O horizon and leaches organic acids from the decaying
litter and humus. As the drainage water percolates through
the underlying mineral soil, the acidic water attacks the min-
eral soil particles through acid weathering, ion exchange,
and organic complexation. This cheluviation process strips

O, horizon - organic litter layer
O, horizon — decaying litter layer
O, horizon — humus layer

E horizon — eluvial mineral layer

By, horizon — illuvial mineral layer

B, horizon — illuvial mineral layer

BC horizon — transition from B to C

C horizon — unaltered parent material

Fig.2.1 Idealized soil profile showing vertical zonation of a northern
well-drained forest soil. The combined O horizon layers are often
referred to as the forest floor, and the uppermost mineral horizon is
usually either an A or E horizon

cations from the A or E horizon, leaching them to the under-
lying B horizon. One of the key features of this process is the
mobilization or eluviation of iron (Fe) and aluminum
(Al) from the A or E horizon as soluble organic complexes,
followed by vertical transport of the metal-organic com-
plexes to the B horizon. In the mineral B horizon, the dis-
solved Fe, Al, and organic carbon are removed from solution
through precipitation and/or adsorption reactions. This soil
illuviation process leads to the accumulation of iron and alu-
minum oxides and humic coatings in the soil matrix of the
upper B horizon. It should be noted that if we examined soil
formation under different environmental conditions than this,
a number of other possible pedogenetic processes and out-
comes could be expected (Brady 1984).

Evidence of the dynamic processes of podzolization in
cool temperate forest soils can be observed with examples of
soil and solution chemistry data from two different field
investigations. Figure 2.2 shows a vertical gradient of water
samples collected as precipitation inputs, throughfall solu-
tions sampled beneath the tree canopy, and soil moisture in
the upper and lower soil horizons of a forest ecosystem in the
Cascade Mountains of Washington. As expected, solutions
in the upper mineral soil profile (E horizon) contain the high-
est concentrations of acidity, organic acids (fulvic acids),
and soluble Fe and Al. This pattern occurs because the O
horizon is the location where organic acids are being released
by decomposition processes, causing intense weathering and
metal cheluviation in the adjacent uppermost mineral soil
horizon. Moving downward in the soil through the B horizons,
concentrations of acidity, organic acids, and soluble Fe and
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Fig.2.2 Vertical gradients of water chemistry in a western conifer forest at Findley Lake, WA sampled as precipitation, throughfall (TF), and soil
solutions in the O, E, B, and C horizons (Data used by permission from Ugolini and Dahlgren 1987)

Table 2.2 Concentrations of extractable soil aluminum fractions in the
vertical profile of a northern forest Spodosol in New York (Cronan et al.
1990)

Soil horizon Organic AI* Amorphous hydroxy Al*
(0) 3.0 11.0
E 2.4 9.1
Bhs 11.7 427
Bs2 24.1 153.4
C 2.7 72.1

aUnits in cmol. kg~'. Organic Al was estimated by extraction with cop-
per acetate, while amorphous hydroxy Al was extracted with ammo-
nium oxalate

Al all decline as a result of further weathering, ion exchange,
and illuviation processes (Fig. 2.2).

As a result of these processes, we would expect that con-
centrations of extractable Fe and Al oxides and metal-organic
complexes in the soil profile would be highest in the B hori-
zons where these metals are accumulating through illuvia-
tion processes. Indeed, the data in Table 2.2 from a northern
temperate forest ecosystem illustrate that concentrations of
extractable organic Al and extractable amorphous Al oxides
are five to ten-fold higher for soil particles within illuvial B
horizons compared to other horizons. In summary, soluble
Al leaches from the upper mineral horizons and accumulates
as solid phase Al oxides in B horizons.

Soil Classification

There are many different types of soils besides the forest
Spodosol depicted in Fig. 2.1. In Table 2.3, world soils are
listed taxonomically by major soil orders that reflect the
degree of vertical stratification and the nature of soil forming

processes and factors at a given site or regional location
(Fig. 2.3). Where time and climatic conditions have allowed
long-term leaching of the mineral soil profile, one generally
finds a strongly developed soil profile such as a northern
Spodosol, a warm temperate or subtropical Ultisol, or a trop-
ical Oxisol. A Spodosol is characterized by an intensely
leached whitish or gray E horizon and a dark brown to chest-
nut brown B, or B, horizon that is enriched with Fe, Al, and
organic C. In contrast, older more highly weathered Ultisols
and Oxisols typically exhibit a deep B horizon with abundant
accumulation of red iron oxide. Sites with younger parent
material, a drier or colder climate, or waterlogged conditions
may have soils such as Inceptisols, Aridisols, or Histosols
that lack obvious mineral soil horizons.

It should be noted that when soils are classified and their
horizons are described, soil scientists use various subordinate
horizon abbreviations to convey information about the charac-
teristics of each horizon. These abbreviations, which are
placed beside the master horizon designation as a subscript
letter (e.g., By), include the following designators: (a) highly
decomposed organic matter; (c) concretions; (e) partially
decomposed organic matter; (g) gleyed and saturated; (h)
accumulation of illuvial organic matter; (i) slightly decom-
posed organic matter; (m) cementation; (p) plowed; (r) soft or
weathered rock; (s) accumulation of metal sesquioxides;
(t) accumulation of silicate clay; and (x) fragipan character.

Soil Texture and Coarse Fragments

Soil texture is an important soil physical property defined in
terms of the relative proportions of three size classes of soil
particles: sand (diameter = 0.05-2.0 mm), silt (0.002-0.05 mm),
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Table 2.3 Major soil orders defined in the taxonomy of the Soil Conservation Service (USDA Soil Conservation Service 1975; Singer and

Munns 1996)

Order name  Distinctive features

Alfisol Soils have accumulations of illuviated clay in subsoil, moderate to high base saturation, and low organic matter in upper soil

Andisol Soils are formed on volcanic parent materials, have a low bulk density, and the clay fraction is poorly crystallized or amorphous

Aridisol Soils are found in arid regions where moisture is limiting; upper horizons may be enriched in sodium, carbonates, or gypsum

Entisol Soils generally lack distinctive pedogenetic horizons as a result of inadequate time for soil formation, inert parent material, steep
slopes, a weatherable parent material that leaves no residue, or profile mixing

Histosol Soils are primarily composed of organic matter (e.g., peaty soil)

Inceptisol Soils tend to form in fine-textured parent material where annual rainfall is moderate, but leaching and translocation are
insufficient to create distinctive subsurface horizons and strong profile differentiation.

Mollisol Soils form under grassland conditions and have a thick dark brown to black surface horizon that is high in organic matter and
base cations.

Oxisol Soils develop in humid tropical and subtropical regions where leaching and weathering are intense, creating a thick subsurface
accumulation of iron and aluminum oxides.

Spodosol Soils tend to form in cool humid climates on coarser parent materials and exhibit a diagnostic subsurface “spodic” B horizon
containing translocated metal oxides and humic substances; the spodic B horizon is often found beneath an “albic” E horizon
that is white to light grey.

Ultisol Soils form in warm humid climates, have a subsurface accumulation of translocated clays, have a lower base saturation than
Alfisols, and often exhibit more of a red iron oxide appearance than do Alfisols.

Vertisol

Soils form in clay-textured parent material in dry or seasonally dry climates; the clays swell with moisture and shrink upon

drying, causing the formation of cracks in the soil surface.

Fig.2.3 Examples of
geographic locations where
specific soil orders are

Andisol Entisol

Mollisol )
Histosol

Spodosol

common in North America

Alfisol

Aridisol

Soil Geography

Inceptisol

Ultisol

Vertisol

an

and clay (< 0.002 mm or <2.0 pm). These primary soil
particles typically aggregate into larger structural units
resembling plates, blocks, or crumbs that may be bound
together by soil organic matter. In many soils, coarse par-
ticles or fragments larger than sand also occur in the form of
pebbles, cobbles, and boulders.

Soil textural classes based on particles <2 mm in size are
commonly described using the soil textural triangle shown in
Fig. 2.4. This conceptual model allows us to describe the tex-
ture of a soil as a function of the percent sand, silt, and clay.
For a soil developed from silty lacustrine or lake sediments,
the textural class would likely fall near the silt loam category
at the lower right corner of the triangle in Fig. 2.4. In contrast,

a soil developed from coarse glacial outwash material might
plot in the lower left corner as a sand or loamy sand.

The illustration in Fig. 2.5 provides a comparison of tex-
ture for two contrasting mineral soil profiles in North
America — a forest Ultisol in central Tennessee versus a forest
Spodosol in the Adirondack Mountains of New York State.
For the southern Ultisol, the upper mineral soil profile is dom-
inated by sand and silt, with a small percentage of clay. Yet,
with increasing depth, the soil texture shifts to a finer texture,
reaching 60% silt and 30% clay at a depth of 60 cm. In con-
trast, the northern soil (formed in glacial till) is virtually uni-
form from 0 to 60 cm depth, with >60% sand, > 25% silt, and
<5% clay (Cronan et al. 1990).
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Comparison of soil textures for three northern soils

Soil Parent
Series Material
Adams Qutwash
Becket Till
Unadilla Lacustrine

(%)

Sand Silt Clay
926 6.2 12
622 313 6.5
14.7 792

percent sand

Fig.2.4 Soil texture classes delineated as a function of the percent sand, silt, and clay. Use the insert data table to place the Adams, Becket, and
Unadilla soils in the triangle (Source: USDA 1951)
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Fig.2.5 Comparison of soil textural changes through a vertical soil profile in a contrasting southern Ultisol (leff) and northern Spodosol (right)

Soil Moisture

The water infiltration and moisture retention characteristics of a
soil are largely controlled by the combined influence of soil
texture, aggregate structure, and organic matter content.

These master variables determine whether water drains rapidly
through the soil profile, puddles up on the soil surface, or is
absorbed and retained by sponge-like soil colloids. In a soil with
favorable texture, structure, and organic matter content, water
drains from larger pores and is retained in the smaller pores,
giving a proper balance of water availability and aeration.
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The moisture supply characteristics of different soils
can be compared if we know the amount of water held by
the soils at field capacity and at the wilting point
(Fig. 2.6). The difference between these two measure-
ments is the quantity of available water that can poten-
tially be used by plants and other organisms during drying
intervals between precipitation events. As shown in
Fig. 2.7, the retention and availability of moisture can vary
considerably among soils with different textures. For
example, sandy soils tend to exhibit low field capacities
and limited amounts of available water, producing droughty
conditions and more frequent water stress in plants. In
contrast, silty loams have much more optimal soil mois-
ture conditions, with higher field capacities and reservoirs
of available water. Clay soils generally have a high water
holding capacity, but exhibit lower permeability for water
infiltration and gaseous diffusion.

Another important physical feature of soils is water-table
depth and its influence on soil moisture conditions. In low-
land and wetland habitats, a high water-table can produce

Saturation Field Capacity Wilting Point
e Ay, Y N7
W) 0
Water-filled Air-filled
pores pores

Fig. 2.6 Amounts of soil moisture at saturation, field capacity, and
wilting point

Fig.2.7 Comparative
availability of water in soils
with different textures. Water
held at soil tensions greater
than the wilting point (black

seasonal or chronic water-logging or gleying of the soil
profile. The resulting saturated conditions can decrease aera-
tion of the soil, inhibit aerobic processes in plants and
microbes, and affect nutrient uptake and leaching processes.
In soils that experience seasonal waterlogging, one can often
detect rusty iron oxide mottles in the soil matrix near the
uppermost extent of the seasonal water-table.

Mineralogy

Differences in soil mineralogy are important in determining
the kinds of weathering reactions that occur in the soil,
release rates for various elements, patterns of alkalinity and
acidity generation in the soil profile, and the nature and
extent of secondary mineral formation in soils. If one soil is
predominantly glacial outwash sand composed of SiO,,
whereas another soil contains fluvial sediments composed of
multiple minerals, these mineralogical differences can trans-
late into marked contrasts in soil fertility and chemistry.

The potential influence of mineralogical differences on
soil conditions can be illustrated by looking at an example
from the field. In their analysis of soil mineralogy in a for-
ested watershed located in the Adirondack Mountains of
New York, April and Newton (1985) reported that soil par-
ent material in the C horizon at a depth of 60-90 cm was
composed of 38% quartz, 50% feldspars, 2% hornblende,
and various minor minerals. Further analysis of mineral
chemistry indicated substantial differences in the elemental
composition of these soil particles (Table 2.4). For example,
hornblende was identified as a potentially rich source of cal-
cium, magnesium, and iron, whereas plagioclase was an
important source of sodium and calcium. K-feldspar was an
important source of potassium, but otherwise contained
negligible amounts of other nutrients besides small amounts
of sodium.

Wilting Field
Point Capacity

l l

bars - left side) is not readily
available to plants

Clay Loam
Silt Loam
Loam

Sandy Loam
Sand
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Physical-Chemical Features of Clays and Other Soil Colloids

Physical-Chemical Features of Clays
and Other Soil Colloids

The chemical behavior of soils is intimately linked with
the physical-chemistry of soil colloids and ion exchange
processes in the soil matrix. Soil colloids, consisting of clay-
sized mineral particles <2 pm in diameter and microscopic
humic colloids, are crucial in storing and controlling the
availability of many elements in soils. Mineral colloids
include metal oxides such as Fe,O; and Al,Os, as well as dif-
ferent layer silicate clays, including kaolinite and vermicu-
lite (Table 2.5). Both types of mineral colloids are termed
secondary minerals, because they result from the break-
down of primary minerals such as feldspars, micas, and
pyroxenes. As a general rule, soil colloids are characterized
by enormous surface areas and often exhibit large ion
exchange capacities (Table 2.5).

Table 2.4 Comparative chemical composition of different minerals
sampled in the C horizon of Panther Lake Watershed, Old Forge, NY
(Data from April and Newton 1985)

Weight % oxide  Quartz Plagioclase = K-feldspar Hornblende
Si0, >99 64 64 40

MgO 0 0 0 6

CaO 0 3 0 11

Na,O 0 10 1 2

K,O 0 0.1 15 2

FeO 0 0 0 24

Table 2.5 Comparison of properties of clay minerals and organic soil
colloids

Cation
exchange
Surface  capacity”
area (cmol (+)
Colloid Mineral type (m*g~") kg
Kaolinite 1:1 aluminosilicate 10-20 1-10
Montmorillonite  2:1 aluminosilicate 600-800 80-120
Vermiculite 2:1 aluminosilicate 600-800 120-150
Mica 2:1 aluminosilicate 70-120 2040
Chlorite 2:1:1 aluminosilicate 70-150  20-40
Humic acid Aromatic polycarboxylic ~ 800-900 100-300

organic colloid

*cmol represents a centimole or 0.01 mole

Fig.2.8 Structure of 1:1
layer silicate and 2:1 layer
silicate clays, along with
enlarged views of the
tetrahedral and octahedral
crystal units

Tetrahedron

Clay Colloids

A typical layer silicate clay is a combination of two struc-
tural units: (i) sheets of silicon-oxygen (Si-O) tetrahedra
and (ii) octahedral sheets containing a central atom of alu-
minum (Al), magnesium (Mg), or iron (Fe) surrounded by
oxygen atoms (Fig. 2.8). In 1:1 clays such as kaolinite, the
basic clay structural unit contains one tetrahedral Si-O sheet
plus one Al-O octahedral sheet, giving a stoichiometric for-
mula of ALSi,05(OH), By comparison, 2:1 clays such as
vermiculite and montmorillonite exhibit a colloidal clay
structural unit composed of two tetrahedral Si-O sheets plus
one octahedral sheet containing a mixture of Al-O and
Mg-O octahedra (Fig. 2.8). In the case of vermiculite, the
clay composition can be represented by the following formula:
Na,[(Mg;)(SisAl)O;o(OH),].

The functional importance of clays as chemical store-
houses and regulators of nutrients in the soil environment
results from two special features of these colloids: (i) their
tremendous surface area (up to 600-800 m? g=') and (ii) the
unsatisfied electrical charges in clay lattices that attract oppo-
sitely charged ions. The enigmatic electrical charges in clays
arise from three key processes — isomorphic substitution,
ionization, and edge breakage — that can be explained as
follows. In 2:1 layer silicates (e.g., vermiculite), a relatively
large permanent charge originates during clay formation or
weathering as a result of isomorphic substitution of lower
valence cations for higher valence cations in the tetrahedral
and octahedral sheets. For example, Mg?* ions may replace
some of the AI** ions in an Al-O octahedral sheet or AI** may
replace or substitute for some of the Si** ions in a Si-O tetra-
hedral sheet. In each case, the substitution results in unsatis-
fied negative charges in the clay lattice, because of the
introduction of a cation with lower valence.

Ionization and edge breakage are the major sources of neg-
ative charge in 1:1 clays such as kaolinite and are a secondary
source of charge in 2:1 clays. Above a certain pH defined as
the isoelectric point, some OH groups in the clay structure
ionize, releasing an H* ion and exposing a negatively charged
oxygen atom. The resulting charge is pH-dependent and
increases as the soil pH rises above roughly 4.5. There is also
evidence that clays develop negative charges through physical
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Fig.2.9 Theoretical partial
structure of a humic acid
colloid found in soils
(Republished with permission
of John Wiley and Sons Inc. |
from Stevenson, F.J. 1982.
Humus chemistry: genesis,
composition, reactions.
Permission conveyed through
Copyright Clearance Center
Inc.)

COOH COOH

OH OH

edge breakage that exposes electronegative oxygen atoms at
the perimeter of a clay lattice.

It is important to note here that soil mineral colloids can
acquire a positive charge under acidic soil conditions. As soil
pH declines below the isoelectric point of a mineral colloid,
the increasing H* ion activity in the soil solution shifts ther-
modynamic conditions toward protonation of pH-dependent
oxygen groups, creating a net positive charge on parts of the
clay or oxide surface. This process will be more fully devel-
oped later in this chapter.

Humic Colloids

Humic colloids occur in soils as a mixture of aromatic and
aliphatic organic molecules enriched with carboxylic acid
and phenolic hydroxyl functional groups (Fig. 2.9). Because
of their low density in g cm~ and complex physical structure,
soil humic substances have a tremendous surface area per
unit mass. Likewise, humic colloids have an enormous pH-
dependent negative charge that results from ionization of
oxygen-containing COOH and OH functional groups. With
increasing pH above ~4.0, the negative charge or cation
exchange capacity of soil humus increases significantly as
these groups progressively ionize.

Soil chemists often focus on two major classes of soil
humic substances — humic acid and fulvic acid — that are
defined operationally by accepted laboratory extraction pro-
cedures. Both of these are poorly characterized mixtures of
aromatic polycarboxylic organic acids. By definition, humic
acids (HA) are soluble in dilute NaOH, are insoluble at
pH < 1, and have average molecular weights greater than
~2000 daltons. Fulvic acids (FA), on the other hand, are sol-
uble in acid and base, and typically have molecular weights
<2000 daltons.

Hq=0 (sugar)

coon (HG-OH),
R-CH H HE=0
- o
CH- -CH,
RN
o 0 L 0-R
\A” 0-
RCI,H
H (peptide)

Chemical Processes in Soils
lon Exchange and Adsorption in Soils

Cations (e.g., Ca*>") and anions (e.g., SO,>") are retained and
conserved to varying degrees in the soil environment through
the processes of cation and anion adsorption on soil col-
loids. The mechanism of retention generally involves a
dynamic electrostatic attraction between a charged ion and a
colloid surface with an opposite electrical charge. After
adsorption, ions may subsequently be subject to reversible
ion exchange, a competitive process that acts to buffer soil
solution chemistry through exchanges of ions in soil solution
for adsorbed ions at the colloid surface (Fig. 2.10). As one
example, when acidic precipitation containing dilute sulfuric
acid leaches through a mineral soil horizon, cation exchange
processes occur, resulting in adsorption and retention of
exchangeable H* ions on soil colloids and a corresponding
release of previously adsorbed or exchangeable cations such
as Ca?* and Mg?* (Fig. 2.10). This process helps to neutralize
the H* ions entering the soil solution from atmospheric
inputs of acidic precipitation.

Cation exchange in soils can be described in terms of a
general chemical equilibrium expression of the following
form: CaeX + 2NH,* < (NH,),*X + Ca**, where X is the soil
colloid exchanger, Ca*X is the adsorbed calcium, and NH,*
is ammonium ion in solution. This reaction can be rearranged
to provide an equilibrium constant, K, as follows:
Keq = [(NH),*X][Ca*] / [CasX][NH,*]%, which can be esti-
mated with laboratory measurements of the amounts of
adsorbed calcium, adsorbed ammonium, free calcium, and
free ammonium ion at equilibrium. The implication of the
reaction illustrated above is that ion exchange processes can
potentially control the concentration of an ion in solution.
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Fig.2.10 Conceptual
representation of ion
exchange in the soil
environment. In this example,
cation leaching through the
soil occurs in response to
acidic precipitation inputs
containing dilute H,SO,

Adsorbed
Cations

I
Negatively
Charged Clay

It should be noted, however, that there are innumerable
possible exchange reactions involving different soil colloids
and cations that may help to determine the chemistry of the
soil solution (Reuss 1983; Reuss and Walthall 1990).
Cation exchange processes in soils are characterized by a
number of important chemical features. The rate of cation
exchange is rapid, so that equilibrium is reached in a matter
of seconds after the addition or removal of a cation from the
system. The exchange process is also influenced by mass
action, so that when the concentration of a cation in solution
increases, the exchange reaction is pushed to the right, and
there is an increase in the amount of the added cation that is

Atmospheric input
of dilute H,SO,

—— K* H* Ca?* H* APP*

Adsorption

Ca?* H* K* Mg2* Al** H*
K* Mg?* Ca2* Al** Ca?*

Exchangeable lons lons in Soil Solution

adsorbed. Another aspect of cation exchange is that soil col-
loids exhibit differential selectivity toward cations, largely as
a result of cation differences in charge density (the ratio of
ionic charge to ionic radius). Thus, a highly charged ion that
is relatively small will be more strongly attracted to an
exchange surface than one that has a low charge density.
Selectivity for exchangeable cation adsorption to clay miner-
als is described by the Lyotropic series shown below, and
ranges from the weaker binding of some monovalent cations
to the stronger binding of cations such as H* and Al**. It
should be noted that cation selectivities may differ between
clay minerals versus humic colloids.

Likelihood of replacementby another cation higher on the Lyotropicseries
Li* ~Na® >K"~NH," >Mg™ >Ca* >Sr*" ~Ba* >H" > Al""

Lower charge density

Least affinity for exchanger

Higher charge density
Greatest affinity for exchanger

Anion adsorption commonly occurs in soils containing
net positive surface charges on metal hydroxides, oxides, and
sesquioxides such as Fe(OH)s, Fe,0;, and Al,O;. The charge
on these soil colloids originates when soil pH drops below
the zero point of charge (ZPC) or isoelectric point for the
metal colloid (Fig. 2.11); as a result, the surfaces become
protonated. The impact of anion adsorption can be very dra-
matic — in one of our soil column leaching experiments, sul-
fate inputs of >300 pmol. L' were depleted by sulfate
adsorption to less than 20 pmol, L' during infiltration
through 50 cm of a sandy Adams soil from New Hampshire
(Cronan 1985b).

The affinity of anions for positively charged soil surfaces
varies, with stronger adsorption by phosphate and humic
ligands, intermediate adsorption by sulfate and chloride, and
lower adsorption affinity for nitrate and bicarbonate. In
northern soils, much of the potential anion adsorption capac-
ity may be masked by organic matter coatings originating
from pedogenetic leaching of dissolved organic matter from
the forest floor, followed by accumulation of organo-metal-
lic complexes in the mineral soil. The presence of organic
matter coatings can markedly diminish the effective anion
adsorption capacity of a soil.
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Investigators have found that the mobility of sulfate ion
derived from acidic precipitation can be limited in forest
soil solutions by pH-dependent sulfate adsorption processes.
In soils where this occurs, leaching export of sulfate ions
below the rooting zone is generally less than sulfate inputs
from atmospheric deposition. An example of a sulfate
adsorption isotherm is illustrated in Fig. 2.12 for a soil sup-
porting mature Douglas-fir forest in Washington. The graph
illustrates that as the soil is exposed to increasing concentra-
tions of sulfate ion in solution, there is increased adsorption
of sulfate by soil solid phase colloids such as Fe and Al

Negative charge
on soil colloid

Cation Exchange
Capacity

0
o
o
C e
% = Positive charge Zero Point of
Ll>j g + — on soil colloid Charge (ZPC) or
c % Isoelectric Point
o O
c
<

++ I I I

More Acidic Less Acidic

Soil pH

Fig.2.11 Influence of pH and isoelectric point (zero point of charge)
on cation and anion adsorption by soil colloids. Above the isoelectric
point pH, the colloid becomes negatively charged and contributes to
CEC

o .
12 + B horizon

1.0 S OA

A Horizon

Adsorbed Sulfate mmol./100 g soil
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Fig. 2.12 Sulfate adsorption by an Everett soil in Washington as a
function of equilibrium sulfate concentration (Reproduced with permis-
sion of Springer with data from Johnson DW, Cole DW (1977) Sulfate
mobility in an outwash soil in western Washington. Water Air Soil
Pollut 7:489-495. © 1977 by D. Reidel Publishing Company)

oxides. It is also apparent that the B horizon in this soil pro-
file adsorbs more sulfate than the A horizon, presumably
because of illuvial accumulation of metal sesquioxides in
this horizon.

It is important to note that cation and anion adsorption
processes are not mutually exclusive in the soil environ-
ment. In soils containing suitable mineral colloids where the
pH is below about 5.0-5.5, anion adsorption sites can co-
exist with cation adsorption sites. Generally, the pH-depen-
dent anion adsorption capacity will increase as a soil
becomes more acidic; conversely, pH-dependent cation
adsorption capacity increases as soil acidity decreases
through liming or base addition.

Soil lon Exchange Chemistry and Base
Saturation

In evaluating a soil, it is important to determine the size of
the cation or anion exchange capacities (CEC or AEC) and
the composition of adsorbed ions on soil exchange sites.
Soil CEC values are typically larger in neutral or slightly
acidic soils with abundant clay or humus, whereas AEC val-
ues are generally higher in acidic soils with abundant Fe and
Al oxides and limited organic matter coatings.

Soil CEC can be viewed as a “serving table” filled with a
mixture of desirable nutrient cations and less desirable
acidic cations. The percentage of CEC filled with nutrient
base cations (Ca + Mg + K + Na) is referred to as the base
saturation (% B.S.). Better soils are usually characterized
by larger CEC values and higher percent base saturation lev-
els (Fig. 2.13). Because base saturation is expressed as the
ratio of the sum of base cations (in charge equivalents)
divided by the CEC, it is important to specify whether the
CEC term represents the ideal CEC estimated at pH 7.0 or
the effective CEC estimated as the sum of total extractable
cations at field pH. As implied in Fig. 2.13 and shown in
Fig. 2.14, soil % B.S. exhibits a positive relationship with
soil pH, although the relationships for organic O horizons
and mineral horizons are offset considerably from each
other. At the same base saturation, O horizons generally
exhibit a much lower pH than mineral soil horizons from the
same profile.

Figure 2.15 illustrates that cation exchange capacity
(CEC) and base saturation (% B.S.) can change markedly
moving vertically through a soil profile. In this example from
a northern Spodosol, the highest CEC occurs in the organic
O horizon, and this horizon also exhibits the highest concen-
trations of exchangeable nutrient cations. The next highest
CEC occurs in the illuvial zone of the Bhs horizon where
metals, organic matter, and clays have accumulated. This
subsoil horizon is dominated by exchangeable acidity
(H* and AI**), and contains very low concentrations of



Chemical Processes in Soils

21

exchangeable base cations. The other horizons illustrated in
the figure — E, Bs1, Bs2, and C — all have much lower CEC
values, are dominated by exchangeable acidity, and contain
extremely low stores of exchangeable base cations.

14

12 A

10

Cation Exchange Capacity cmolkg

pH

CEC % B.S.

4.8 8.0 25

5.8 12.0 S0

C 5.0 12.0 25
Fig.2.13 Comparison of soil pH, cation exchange capacity (CEC), and
base saturation (% B.S.) for three contrasting theoretical soil samples. For

any given CEC, soil pH tends to rise with increasing base saturation

Acidification

Soil acidification is an ongoing process that results from the
acid attack of natural carbonic and organic acids released by
plant and microbial metabolism, from hydrogen ions pro-
duced by plant roots, and from strong acids derived from
either atmospheric pollution (acidic deposition) or microbial
oxidative breakdown of reduced sulfur and nitrogen com-
pounds in decaying organic matter. As soils acidify,
exchangeable nutrient base cations (e.g., Ca?*, Mg?*, and K*)
are lost from the soil and are replaced by exchangeable
acidity (measured as H* and AI** ions extracted with 1 M
KCl). The decline in soil base saturation over time makes it
increasingly difficult for plants to acquire essential nutrients.
Acidification processes may be counterbalanced to varying
degrees by neutralization from rock weathering processes,
by plant cycling of nutrients from less acidic to more acidic
soil horizons, by atmospheric inputs of base cations, and by
human applications of lime to a soil.

In a study of biogeochemical changes associated with
stand development of loblolly pine on an old-field site in
North Carolina, Richter et al. (1994) provided a striking
example of rapid soil acidification and base depletion within
a successional time frame. During the first three decades of
pine growth, KCl-exchangeable acidity increased by 37
kmol, ha=! in the upper 0.6 m of soil and exchangeable Ca
and Mg decreased by 35 and 9 kmol. ha!, respectively. In
the uppermost 7.5 cm of soil, percent base saturation declined
from ~70% to ~10% over the 30 yr time period.

Acidic deposition and intensive forest harvesting are two
important anthropogenic processes that contribute to biotic
stress in forest ecosystems by promoting soil acidification,
depleting soil nutrients, and increasing the concentration of
ionic aluminum in the soil solution. The resulting decline in
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and B horizons (black boxes) . _0" S
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Fig.2.16 Buffer capacity curves for mineral B horizons in a northern
Spodosol from Big Moose, NY and a southern Ultisol from Camp
Branch, TN (Data from Cronan et al. 1990)

the Ca/Al and Mg/Al ion ratios in the soil rhizosphere can
impair plant community productivity through aluminum tox-
icity or as a result of calcium and magnesium deficiencies
(Cronan and Grigal 1995).

Soil buffer capacity curves can be used to compare the
resistance of different soils or horizons to pH changes or
acidification. In Fig. 2.16, the much flatter response of the
northern Spodosol B horizon to additions of strong acid or
strong base indicates that it has a greater buffer capacity than
the southern Ultisol B horizon. In other words, as a result of

complexes can also be formed between metals and inorganic
anions such as F~ and SO,>; in fact, acidic streams often
contain inorganic complexes of aluminum fluoride and alu-
minum sulfate (Al-F** and AISO,*). Formation of a more
stable multi-dentate complex or chelate is possible when
an organic ligand provides two or more adjacent functional
groups capable of bonding coordinately to a central metallic
atom or ion (see Fig. 1.1). This can happen most readily
when the organic ligand contains adjacent carboxyl groups
(e.g., oxalic acid) or adjacent carboxyl and phenolic-OH
groups (e.g., trihydroxybenzoic acid).

Complexation reactions are important in soil environ-
ments because they (i) increase the solubility and mobility of
otherwise poorly soluble metals, and (ii) diminish the toxic-
ity of metals such as aluminum and copper. Processes of elu-
viation and metal leaching in soils are often dominated by
complexation reactions involving organic acids generated
and released in the O horizon. Plants and microbes benefit
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from complexation reactions, and are known to release
organic ligands into the rhizosphere to improve availability
of certain metals. Once formed, metal complexes may be
subject to transport, transformation, and degradation.

Leaching

Soil leaching is a key process for element transport through
the soil profile and into groundwater and surface waters.
Leaching occurs when soluble ions or other solutes are
removed from a substrate or soil micro-zone under the influ-
ence of water. The amounts and kinds of nutrients and other
elements that move through this cycling pathway are deter-
mined by the interaction of a number of geochemical, bio-
logical, physical, and hydrologic factors. For example, the
mobile anion nitrate may easily leach through soils and into
streams during April snowmelt. However, once plant nutri-
ent uptake resumes in the spring, nitrate leaching may cease
completely, because of the efficient removal of nitrate from
the soil solution by plant absorption and microbial immobi-
lization. In contrast, chloride that enters an ecosystem from
atmospheric deposition or road salting may freely leach
through soils and into stream water year-round with minimal
biological retention. The diagram in Fig. 2.10 provides a
visual example showing the leaching of Ca** ion that results
when inputs of acidic deposition to a soil displace exchange-
able calcium from clays and humus, promoting transport or
leaching of the soluble cation out of the rooting zone. In that
illustration, we would expect increased cation leaching in
response to increased inputs of acidic deposition.
Investigators have described three major soil leaching
paradigms that predominate under different environmental
conditions in the biosphere: (i) carbonic acid leaching; (ii)
organic acid leaching; and (iii) strong acid leaching
(Cronan et al. 1978; Johnson and Cole 1980). Each of these
major types of acids has different characteristics, sources,
sinks, and potential consequences for soil formation and ion
transport through the soil profile. Carbonic acid leaching
occurs in soils with pH greater than about 4.5-5.0, and
involves relatively weak acid conditions with little complex-
ation of trace metals such as iron and aluminum. Organic
acid leaching often predominates in cool temperate, boreal,
and montane forest soils and peats containing large amounts
of decaying organic matter. The high concentrations of
organic acids in these soils enhance the leaching of iron and
aluminum through complexation reactions. A third group of
soils includes those that are affected by strong acid leaching
by sulfuric and nitric acids derived from anthropogenic pol-
lution or natural sources of strong acids. Strong acid leach-
ing can accelerate the losses of nutrient cations and the
mobilization of trace elements such as aluminum in soils.

For each of these leaching regimes, it is important to
recognize that the principles of ionic charge balance men-
tioned in Chap. 1 are observed. Molecules of each acid con-
tain equivalent charges of H* and acid anions and as these
acids react and interact with soil materials, cation and anion
charge equivalents are maintained. Thus, adsorption of a
mole of acid protons by soil colloids is balanced by a quanti-
tative release of other cations from soil sources and/or a loss
of anions to soil or biotic sinks.

Dissolution and Precipitation Reactions

Solute concentrations in a soil profile are controlled to vary-
ing degrees by solubility relationships involving dissolution
and precipitation reactions. As an example, aluminum
occurs abundantly in many soils as an insoluble alumino-
silicate framework in primary minerals and clays. Under
favorable acidic conditions, particularly when complexing
organic acids are present, dissolution and complexation reac-
tions can release aluminum into solution as a free ion (e.g.,
trivalent AI**) or complex. However, if the chemical activity
of free aluminum increases enough or the solution pH rises
and lowers the solubility of aluminum, then aluminum may
precipitate from solution as a solid aluminum trihydroxide
mineral such as gibbsite, AI(OH);. Similarly, in an arid soil,
calcium dissolution and transport may occur in surface soil
horizons during moist seasons, but Ca** ions may be removed
from soil solutions during dry periods through precipitation
of calcium carbonate, CaCOs;. Soil chemists often express
the potential for precipitation or dissolution of a mineral in a
given soil environment using a saturation index, which is
based on the ion activity product of the aqueous counter
ions of interest divided by the solubility constant of the solid
mineral formed from those ions.

Lithic elements such as Ca, Mg, K, Na, Al, Si, Fe, and
Mn that originate from primary minerals are strongly depen-
dent on dissolution and weathering processes for their release
into circulation within the biosphere. Each of these elements
has a distinctive geochemical solubility that is differentially
sensitive to changes in concentration, pH, and redox status.
At one extreme, sodium ion is exceedingly soluble under a
wide range of soil conditions. In contrast, iron solubility
decreases as pH and pO, (partial pressure of oxygen) increase
(e.g., as solution acidity decreases and the micro-environment
becomes more oxidizing). Aluminum is distinctive in other
ways, because it exhibits a parabolic pattern of pH-dependent
solubility, with minimum solubility around pH 7 and expo-
nential increases in Al solubility above and below pH 7.
Consider how these differences in aqueous solubility might
affect the mobilization, immobilization, and distribution of
metals in a soil profile!
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Besides metals described above, several other elements
are strongly influenced by solubility relationships in soil
environments. Phosphorus (P), as an example, forms rela-
tively insoluble solid-phase precipitates with iron and alumi-
num. There is evidence that microbes and plants release
organic acids into the rhizosphere in an effort to solubilize
iron and/or aluminum from these precipitates, thereby
enhancing bioavailability of P. In some soils, aluminum sul-
fate minerals are found, suggesting that these precipitates
help to control the solubility of aluminum and sulfate.
Anaerobic wetland soils may contain insoluble iron sulfide
(FeS) that forms through precipitation of ferrous iron with
sulfide derived from microbial sulfate reduction. The insolu-
ble sulfur can eventually be mobilized if the soil is aerated
and becomes oxidized in the presence of water.

Carbon is also affected by dissolution-precipitation reac-
tions in the soil environment. In soils containing calcite
(CaCOs;) or dolomite (Ca/Mg carbonate), dissolution pro-
cesses can release inorganic carbonate species into solution.
Likewise the precipitation of metal carbonate solid phases in
the soil can remove inorganic carbon from solution. Soluble
humic substances occur at high concentrations in surface
horizons of many soils, but are stripped from solution in
lower mineral soil horizons by both adsorption processes and
precipitation reactions that generate insoluble metal-organic
complexes and organo-mineral clay aggregates (Mayer and
Xing 2001). Thus, both inorganic and organic carbon com-
pounds can be influenced by precipitation reactions in soils.

Comparative Analysis of Soil Chemical
Properties

There are many lessons to be learned and insights to be
gained by examining comparative soil data and trying to
interpret the observed patterns and differences among con-
trasting soils and soil horizons. As an example, Fig. 2.17
illustrates the striking vertical profile development of a
northern Spodosol, showing the distinctive changes in soil
pH (1:1 in water) and soil organic matter content with depth.
In this forest soil, pH rises two full units from the surface O
horizon (at pH 2.95) to the subsurface C horizon (pH 4.92 at
a depth of 50 cm below the surface). Presumably, this acidity
gradient reflects the fact that acidic inputs to the O horizon
are much greater than inputs of acid neutralizing capacity
(ANC), whereas the C horizon is a zone with lower inputs of
acidity relative to the generation of ANC. We also observe in
this soil profile that organic matter concentration drops from
87% in the O horizon, to 3% in the eluvial E horizon, rises
again to 14% in the upper B horizon, and declines to 1% in
the parent material of the C horizon. How can we account for
this pattern? In the O horizon, there are large annual inputs
of organic detritus in the form of aboveground litter and fine
roots that help to maintain a high concentration of organic

Soil
Profile 1:1 pH % o.m.
0, 2.95 86.8
Oa
E 3.62 3.0
g Bhs
o
0
B, 4.22 14.0
BC 457 6.1
C 4.92 1.1

Fig.2.17 Soil profile patterns for pH (1:1 soil and water) and organic
matter in a northern Spodosol. For reference, the E horizon is 4 cm
thick. (Cronan 1985a)

matter. In the illuvial B horizon, organic matter enrichment
results from two major processes: accumulation of soluble
organic matter leached from the O horizon and death and
turnover of fine roots within the B horizon.

Soil Exchange Chemistry

How do soils and horizons compare in terms of concentra-
tions of exchangeable cations and other chemical parame-
ters? For perspective, let’s examine the inter-horizon
differences in soil chemistry for a northern forest Spodosol
from New York versus a southern Ultisol from a forest in
Tennessee (Table 2.6). In both soils, there are striking con-
trasts in exchangeable cation concentrations, CEC, and per-
cent base saturation between the surface O horizon and the
subsoil B horizons. For example, exchangeable Ca is two
orders of magnitude higher in the O horizon compared to
the B2 horizon. Whereas O horizons from both forest eco-
systems have base saturation values ranging from 50% to
85%, the mineral B2 horizons have base saturation values
<10%. There is also an interesting contrast in cation stoi-
chiometries between the northern and southern soils. In the
B2t horizon of the southern Ultisol, exchangeable Ca is
roughly one fifth as large as exchangeable Mg; in contrast,
exchangeable Ca in the Bs2 horizon of the northern
Spodosol is ten times larger than exchangeable Mg. Can
you detect other interesting patterns of soil properties in
Table 2.6?
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Table 2.6 Comparison of soil chemical properties for a northern Spodosol at Big Moose, NY versus a southern Ultisol at Camp Branch, TN (Data
from Cronan et al. 1990). Soil pH in water is abbreviated pH,,; CEC refers to soil cation exchange capacity; and % BS is percent base saturation

Exchangeable cations in cmol(+)/kg

pH,, 9%C %N Ca Mg
Southern
Soil horizon
Oa 4.68 36.9 1.27 13.13 2.35
Al 4.11 11.4 0.48 1.52 0.53
E 4.53 1.1 0.05 0.03 0.03
B21 4.51 0.5 0.03 0.03 0.07
B2t 4.71 0.4 0.04 0.09 0.46
C 4.71 0.2 0.04 0.02 0.31
Northern
Soil horizon
Oi 4.84 46.9 2.13 27.9 2.81
Oa 3.68 46.3 2.02 13.99 1.45
E 397 2.6 0.15 0.43 0.05
Bhs 3.79 6.9 0.32 0.92 0.08
Bs2 4.38 6.2 0.26 0.29 0.02
C 4.82 0.8 0.03 0.02 0.002

Additional insights emerge if we expand our compari-
son to a range of soils from different regions. Figure 2.18
presents an interregional survey of soil exchange chemis-
try in a mildly acidic forest Inceptisol in North Carolina,
an acidic Ultisol in Tennessee, and two acidic Spodosols
from New York and Germany. As shown by the data, O
horizons tend to exhibit high concentrations of exchange-
able base cations and large CEC values; yet, organic hori-
zons in different soils can vary greatly in relative
proportions of acidity and base cations. The data in
Fig. 2.18 also suggest that CEC values in mineral B hori-
zons tend to be much lower compared to O horizons, and
are typically dominated by exchangeable acidity (mostly
in the form of exchangeable Al).

Soil Distributions of Aluminum

Depending upon the focus of a given biogeochemical inves-
tigation, it is sometimes important to develop more detailed
information about specific forms of elements distributed
through a soil profile. For example, a study of soil aluminum
biogeochemistry might require an analysis of extractable soil
aluminum pools in each soil horizon. As shown in Fig. 2.19,
pools of exchangeable Al, organically bound Al, and amor-
phous Al hydroxides differ greatly among soil horizons and
different soil types. Exchangeable Al, the most reactive form
of soil Al, tends to comprise a small portion of the total soil
storehouse of Al, whereas amorphous forms of Al oxides and
hydroxides tend to be the largest pool of soil Al. In forest
soils such as the two Spodosols in Fig. 2.19, total Al concen-
trations tend to reach maximum values in the B2 horizons,

K Na Al H* CIEC %BS
1.96 0.05 2.44 2.94 22.87 76
0.85 0.02 3.01 2.18 8.11 35
0.09 0.005 2.93 1.29 4.375 4
0.1 0.005 6.76 0.78 7.745 3
0.13 0.01 7.29 2.31 10.29 7
0.08 0.01 7.22 3 10.64 4
1.79 0.05 2.65 2.97 38.17 85
0.61 0.04 3.62 12.33 32.04 50
0.05 0.01 1.99 0.63 3.16 17
0.06 0.03 7.14 1.08 9.31 12
0.02 0.01 4.25 0.42 5.01 7
0.007 0.002 0.69 0.001 0.722 5

reflecting the influence of podzolization and illuviation pro-
cesses on levels of soil Al in northern forest ecosystems.
Given the contrasting patterns of soil Al distribution, we
could explore a number of intriguing questions regarding Al
biogeochemistry. How does the distribution of soil Al affect
cycles of other elements and how stable are the distribution
patterns? What are the residence times of the different Al
fractions and are turnover rates for these forms of soil Al
affected by environmental changes and disturbance?

Vertical Distributions of Organic Carbon,
Nitrogen, and Phosphorus in Soils

Many soils contain large amounts of detrital and adsorbed
carbon, nitrogen, and phosphorus. In previous literature
reviews, Jobbagy and Jackson (2000, 2001) analyzed a
large interregional data base of soil chemical properties and
prepared a broad synthesis of vertical distribution patterns
of C, N, and P in the upper 1 m of soil. As illustrated in
Fig. 2.20, the investigators found that roughly 50% of soil
organic carbon (SOC) in the upper 1 m of forest soils was
stored within the uppermost 0-20 cm, with the remaining
SOC declining steeply below that depth. Total SOC content
in the upper 1 m of forest soils ranged two-fold from 9.3 in
boreal forests to 18.6 kg C m~2 in tropical evergreen for-
ests, and SOC values generally increased with precipitation
amount and soil clay content (Jobbagy and Jackson 2000).
Compared with that global data base, Huntington et al.
(1988) estimated that total soil profile carbon content in the
Becket soil at Hubbard Brook Experimental Forest, NH
was approximately 16 kg C m2.
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Fig. 2.18 Total exchange capacity and proportions of exchangeable base cations and exchangeable acidity in O and B horizons for a forest
Inceptisol in North Carolina, an Ultisol in Tennessee, and forest Spodosols in New York and western Germany (Data from Cronan 1994)
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Fig.2.19 Comparison of soil aluminum fractions by depth for organic
and mineral soil horizons in a southern Inceptisol (NC), a southern
Ultisol (TN), and two northern forest Spodosols (NY and GER).
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Stacked bars show concentrations of exchangeable Al, organically
bound Al, and amorphous hydroxy Al in each horizon (From Cronan
1994)
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Fig. 2.20 Generalized vertical profile of soil organic carbon (SOC)
content in the upper 1 m of a forest soil. Values are expressed as a frac-
tion of the SOC pool in the entire 1 m depth (Data from Jobbagy and
Jackson 2000)

In their examination of vertical depth profiles of other soil
nutrients, Jobbagy and Jackson (2001) reported that roughly
40% of the N and P content of the top meter of soil was con-
centrated in the 0-20 cm depth for a wide range of soil series.
A comparison of grassland Mollisols and warm temperate
Ultisols indicated that extractable P in the upper 1 m of soil
averaged 7.4 and 2.5 g m™2 for the two respective soils,
whereas mean total N content was 1227 and 542 g m~2 in the
two soils. For perspective, Huntington et al. (1988) estimated
a total soil profile nitrogen content of 720 g N m~2 at Hubbard
Brook Experimental Forest, NH.

Forms of Organic Nitrogen in Soils

There is broad research interest in the biogeochemical pat-
terns of N distribution and turnover in soils. Unfortunately,
many soil data sets in the literature include only estimates of
total soil N concentration or total organic N concentration in
a given soil horizon. How much soil N occurs in more versus
less labile forms and how rapidly do these pools turnover? In
their biogeochemical study of specific forms of organic N in
the O, horizon of a Swedish forest Spodosol, Johnsson et al.
(1999) found that roughly 40% of the N was associated with
amino acids + amino sugars, whereas most of the remaining
soil N pool consisted of uncharacterized non-amino forms of
N (Table 2.7). A related study of soil amino acid abundance
along a forest fertility gradient in Michigan by Rothstein
(2009) indicated that free amino acid N represented 2-39%
of the total potentially plant-available N.

Table 2.7 Chemical characterization of O, horizon organic matter
from a Norway spruce (Picea abies) stand in Sweden (Data from
Johnsson et al. 1999)

Parameter Concentration (mg kg=!)
Total C 344,000

Total N 9970 + 1130
Extractable NH,* 113+9

Extractable NO5~ 0.45 + 0.06

Total organic N 9860 + 1124

Amino acid N 3540 £ 451

Amino sugar N 469 =77

Glucosamine 374 £ 61

Other forms of N > 5137

Patterns of Soil Solution Chemistry

In addition to having variable patterns of solid phase chemis-
try, soil profiles also reveal striking differences in soil solu-
tion chemistry sampled with lysimeters or aqueous
extraction. Figure 2.21 presents a comparison of solution
chemistry sampled in the O and B horizons of the New York
Spodosol shown in Fig. 2.18, along with stream water chem-
istry draining the same watershed. To the left of the figure,
the flow diagram depicts the spatial sampling context for the
three water samples. Each stacked bar provides a composite
chemical description and proportions of ionic charge equiva-
lents contributed by different soluble cations and anions in
the O horizon, B horizon, and stream samples. It is clear that
dynamic changes are observed moving through the vertical
sampling gradient. For example, H* ion and nitrate concen-
trations decrease substantially from O horizon to stream run-
off, whereas soluble Al peaks in the B horizon and declines
in transit to the stream. What other changes do you see and
how might you account for them?

If we next compare the B horizon solution from Fig. 2.21
with two contrasting B horizons from other geographic loca-
tions, it is possible to glimpse the range of biogeochemical
differences that can be observed among soils in different
environmental settings. In Fig. 2.22, the three soil solutions
from B horizons in New York, Tennessee, and Germany vary
in ionic concentrations by a factor of ten and exhibit consid-
erable variation in chemical composition. How can we
account for these differences?

As it turns out, the contrasting chemistries for soil solu-
tions at the three sites depicted in Fig. 2.22 are largely the
result of differences in soil solid phase chemistry, atmo-
spheric inputs of sulfuric and nitric acids, and ion exchange
and adsorption processes in each soil. For example, there is
relatively little ionic leaching at the Tennessee watershed,
because of the strong influence of plant nitrate absorption
and soil sulfate adsorption in this southern Ultisol. When
nitrate and sulfate ions are removed from infiltrating
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Fig.2.21 Charge balance
relationships for major cations
and anions in soil solutions
and stream water at Big l
Moose watershed, NY (Data
from Cronan et al. 1990)
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precipitation moisture, charge balance principles mandate a
corresponding decrease in leaching of soluble cations
derived from atmospheric deposition or soil cation exchange
reactions. At the other extreme, the German site is a loca-
tion with very large inputs of atmospheric sulfate (H,SO,)
and nitrate (HNO;) and limited retention of those mobile

lonic Charge ymol./L

anions by soil adsorption and plant absorption processes.
As a consequence, sulfuric and nitric acid inputs to the
German forest soil generate substantial leaching of
exchangeable soil cations released by H* exchange.

Note: Concepts of soil solution chemistry introduced in
this chapter will be examined in further detail in Chap. 9.
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Integrated Processes of Nutrient Supply both as a source of soluble nutrients and a substrate for the
and Storage in Soils formation of clay minerals that contribute to ion exchange
capacity. Likewise, detrital organic matter in the soil environ-
In concluding this chapter, we can note that soils provide a ment decomposes to release soluble nutrients, accompanied by
remarkable system of nutrient supply and storage based on the generation of soil humus that enriches the ion exchange
integrated contributions from geologic and organic source capacity of the soil. As a whole, these processes and properties
materials. As depicted in Fig. 2.23, geologic materials serve provide the basis for soil fertility and biological productivity.

Fig.2.23 A conceptual Nutrient Supply Nutrient Storage

diagram illustrating how Soi
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Microbial Biogeochemistry

Introduction

The biogeochemical cycles of carbon, nitrogen, and sulfur
are characterized by important gaseous pathways, biochemi-
cal transformations, immobilization processes, and miner-
alization reactions associated with microbial metabolism.
Microbial organisms are thus important regulators of the
source-sink behavior and cycling rates of these key elements
in terrestrial and aquatic ecosystems. In addition, numerous
other elements such as mercury, iron, and even phosphorus
are affected either directly or indirectly by microbial exuda-
tion, respiration, assimilation, oxidation-reduction, methyla-
tion, and acidification processes. Taken as a whole,
microscopic bacteria and fungi have critical roles in control-
ling element cycles in the biosphere.

The variable patterns of microbial biogeochemistry in the
landscape are a reflection of complex microbial assemblages
responding to distinctive environmental conditions.
Communities of microbes in an ecosystem may include het-
erotrophic micro-organisms that use organic substrates for
both their carbon and energy sources or chemoautotrophic
organisms that utilize carbon dioxide as a carbon source and

© Springer International Publishing AG 2018

reduced inorganic substrates as an energy source. Whereas
some microbes function as obligate aerobes, others may be
facultative or strictly anaerobic organisms capable of
exploiting anoxic conditions. In many cases, microbial bio-
geochemistry occurs in the context of a heterogeneous land-
scape mosaic containing a diversity of habitat conditions
including uplands, lowlands, riparian zones, wetlands, and
various aquatic systems. At any given location in the land-
scape, environmental conditions can vary in terms of tem-
perature, moisture, aeration, oxidation-reduction status,
metabolic substrates, local inorganic chemistry, and nutrient
status. Microbial biogeochemical processes are sensitive to
these environmental variations and may be restricted to spe-
cific habitats or micro-sites in the landscape. For example,
microbes capable of producing methane (CH,), hydrogen
sulfide (H,S), and nitrous oxide (N,O) occur almost exclu-
sively in wet anoxic soils; yet, the relative amounts of each
gas released from anaerobic soils can vary considerably as a
function of sulfate and nitrate availability, soil oxidation-
reduction potential, iron availability, and the abundances of
suitable metabolic carbon substrates. In the following chap-
ter, we shall examine the roles of microbial processes in
watershed biogeochemistry.

Redox Conditions

One of the major environmental constraints on microbial gas
exchanges and transformations is the oxidation-reduction or
redox potential of a substrate or micro-habitat. In chemical
terms, oxidation is the donation of an electron, whereas
reduction is electron reception. Substances that are oxidized
become more deficient in electrons, and reduced substances
become more electron rich. Theoretically, a reduced system
will tend to lose electrons to an inert platinum electrode
which will take on a negative charge. The redox potential
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Table 3.1 Variations in oxidation-reduction status of soils and Oxygen concentration (umol L)
sediments
Process E, (mV)  Microbes 0 0 5 10 1 _ 2 __ 30
Disappearance of O, 400-800  Aerobic
Disappearance of NO;~ 420
Reduction of Mn** 400 Facultative anaerobic 1
Reduction of Fe** —180
Reduction of SO,*~ -215 Obligate anaerobic
Formation of H, and CH, —240 . 2
Adapted from Stevenson (1986) E
c 3
and measured E, will consequently be low. If a system §
becomes more oxidized, electron activity will be lower, the 4
charge on a platinum electrode will be more positive, and the
estimated E;, will be higher.
As shown in Table 3.1, the redox potential, E;, can range 5
from aerobic or oxidizing conditions characterized by a posi-
tive E, of several hundred millivolts to anoxic or reducing 6

conditions characterized by an Ej, as low as —240 mV. In aer-
ated soils and sediments, oxygen is abundant and serves as
the dominant oxidizer and terminal electron acceptor. When
O, becomes depleted, electrons are passed to progressively
weaker oxidizing agents such as nitrate (which is reduced to
NO, N,O, or N,), ferric iron (which is reduced to ferrous
iron), sulfate (which is reduced to sulfide), and carbon diox-
ide (which is reduced to methane). An example of a redox
half reaction involving Fe can be illustrated as follows:

Fe** +e < Fe**

Distance (mm)
o

Generalized Soil Aggregate

6 3 0 3 6 mm

Fig. 3.1 Generalized cross section of oxygen concentrations within a
saturated soil aggregate (Based on data from Sexstone et al. 1985)

Fig.3.2 Attenuation of O, with depth in a wetland soil (King 1996)

In general, anaerobic or reducing conditions occur in soils
that are saturated with water and are deficient in oxygen.
Such conditions are commonly observed in forested wet-
lands, bogs, marshes, and fens, and may also occur season-
ally in lowland forests and fields. In addition, there is
evidence that aerobic soils containing larger-sized soil aggre-
gates can develop internal anaerobic micro-sites during
wetter periods, permitting initiation of reducing processes
within an otherwise well-drained, aerated soil. As an exam-
ple, Sexstone et al. (1985) detected a pO, gradient ranging
from 21% at the exterior to 0% at the interior of a soil aggre-
gate measuring roughly 1 cm in diameter (Fig. 3.1). King
(1996) examined a vertical gradient or micro-profile of O,
concentrations in a saturated wetland soil and found that pO,
declined exponentially within the upper 1-3 mm of peat
(Fig. 3.2).

Microbial Nitrogen Transformations

The diagram in Fig. 3.3 illustrates the primary pathways and
processes by which microbes participate in nitrogen cycling
within a watershed ecosystem. In the next section, we shall
examine how each of these processes contributes to the bio-
geochemistry of N.

Nitrogen Fixation

Atmospheric nitrogen fixation by symbiotic Rhizobium
bacteria, the actinomycete genus Frankia, and blue-green
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Fig.3.3 Conceptual diagram
of N cycling processes

N inputs can include atmospheric deposition and N fixation

associated with soil microbes

Transfer of N
from living
biomass to
detrital N

]

assimilation
by plants and
microbes

Uptake and <J==——————— NH,"

\ // Denitrification
NO3'

=—=> Organic N

Ammonification

i

Gaseous loss of
NO, N,O, N,

AN

Nitrification* DNRA

DNRA = dissimilatory nitrate reduction to ammonium

*Note that nitrification can also contribute to formation of N,O

Cyanobacteria (e.g., Trichodesmium) contributes substantial
amounts of reduced nitrogen to the global nitrogen cycle
(Vitousek et al. 1997), with local N fixation rates by free-
living or symbiotic microbes ranging up to 150 kg N ha! yr~!
or more. Although legumes such as clover and soybeans are
well-known as hosts for N fixation activities, less well recog-
nized are the N-fixing lichens (e.g., Lobaria and Peltigera)
and the N-fixing woody shrubs and trees such as Casuarina,
Alnus (alder), and Myrica (bayberry) that serve as hosts for
actinorhizal Frankia, a bacterial genus characterized by fil-
amentous mycelia and tolerance to acidic soils.

The basic overall reaction for biological fixation of atmo-
spheric dinitrogen is shown below:

N, +8¢” +8H" +16 ATP 5>—>—>——>
+Mg**

2NH, +H, +16 ADP +16P,

where ATP is adenosine triphosphate, P; is inorganic phos-
phate, and Mg?* ion is required as a co-factor. The ammonia
resulting from N fixation is typically incorporated into gluta-
mine or glutamate, which serve as a precursor for numerous
secondary pathways leading to the synthesis of enzymes and
proteins.

The energy-intensive process of N fixation is catalyzed by
the enzyme nitrogenase, which has two component pro-
teins: protein I, an iron-molybdenum protein, and protein II,
an iron protein. We thus see that magnesium and two trace
metals - iron and molybdenum - play an indispensable role in
facilitating N fixation. Because the enzyme nitrogenase is
inactivated or destroyed by oxygen, the process of N fixation

requires a mechanism for limiting oxygen penetration to the
reaction center. N fixation is also sensitive to external con-
centrations of inorganic N; rates of this process decline when
ammonium concentrations in the rhizosphere increase to
levels that are sufficient for normal plant nutrition.

Investigators have estimated rates of N-fixation in the
field using a chamber incubation technique in which soil
microbes are exposed to acetylene gas, which diffuses to the
N-fixation reaction sites and is reduced to ethylene in the
presence of the nitrogenase enzyme. The resulting ethylene
is then quantified by gas chromatography to provide an esti-
mate of the potential in situ rate of N-fixation, assuming a
theoretical conversion ratio of 4 C,H,: 1 N, (Schwintzer and
Tjepkema 1994). Field studies in the Pacific Northwest using
acetylene reduction assays have estimated N fixation rates
ranging from 17 kg N ha™' yr~' in mixed stands of alder and
Douglas-fir to 150 kg N ha=! yr=! in pure stands of alder
(Binkley 1981; Heilman and Ekuan 1982). In contrast,
Barkmann and Schwintzer (1998) found that N-fixation rates
in pine forests in Maine were <0.1 kg N ha™! yr~!, and
Roskowski (1975) reported that microbial N-fixation in
decaying woody litter in a New Hampshire northern hard-
wood forest was 1 kg N ha=! yr~! or less. In Costa Rica, rates
of N-fixation ranged from mean values of 1.2 kg N ha~! yr!
in primary tropical rain forests to 14.2 kg N ha~! yr~! in sec-
ondary rain forest habitats (Sullivan et al. 2014).

Vitousek and Walker (1989) studied forest stands at
Hawaiian Volcanoes National Park to determine whether
invasion by an exotic actinorhizal N-fixing tree (Myrica
faya) changes the availability of nitrogen in young volcanic
sites, thereby altering ecosystem conditions and future suc-
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cessional patterns and processes. Their results indicated that
low N availability normally limits plant growth at volcanic
early successional sites, but that N-fixation by Myrica faya
greatly increases overall N inputs to these forest stands. At
sites with native vegetation, annual N inputs from atmo-
spheric deposition and minor amounts of N fixation amount
to 4-5 kg N ha™! yr!. By comparison, stands with Myrica
exhibit annual N inputs of roughly 18 kg N ha~! yr~! from N
fixation plus 4-5 kg N ha~! yr~! from atmospheric deposi-
tion. Thus, invasion by the N-fixing tree species causes a
four to five-fold increase in annual inputs of N that enhances
biological availability of N and site productivity. The authors
concluded that these changes in N cycling alter ecosystem-
level properties and subsequent ecosystem development at
these Hawaiian volcanic sites.

Mineralization or Ammonification

Mineralization is broadly defined as a microbial decompo-
sition process in which organically bound elements in detri-
tus are converted to soluble inorganic ions. In the nitrogen
cycle, the initial stage of mineralization is termed ammoni-
fication. This is a microbial process in which amino N
groups (—NH,) in decaying organic matter are subjected to
enzymatic hydrolysis, releasing ammonia (which is quickly
converted to ammonium in acidic soils). The fate of the free
ammonium ion may include uptake by plants, utilization by
microbes, adsorption onto cation exchange sites, or leaching
transport through the soil profile. Where soil conditions are
not acidic, emissions of volatile ammonia gas can result from
N mineralization.

3.1)

R-NH, +H,0 5>>—>—>—>—>—>—>—>R-0H + NH, +energy

OrganicaminoN enzymatic hydrolysis

NH, +H" <> NH; (favoredatpH <7) 3.2)

Rates of soil ammonification have been estimated in the
field and laboratory using stable isotope tracers for gross
mineralization patterns (Davidson et al. 1992) and sequen-
tial extraction of soils with KCI to determine net mineral-
ization rates (Strader et al. 1989), where gross
mineralization — immobilization = net mineralization. Net
mineralization is operationally defined as the increase in
KCl-extractable NH,-N over a fixed time period, plus any net
increase in extractable NOs-N. Studies of forests in the Sierra
Nevada Mts. of California indicated that rates of net N min-
eralization ranged from 16 to 37 kg N ha~! yr~!, whereas
gross N mineralization rates were roughly 7 times higher
(Hart and Firestone 1989; Davidson et al. 1992). As such,
these data imply that microbial immobilization of mineral-
ized N is very substantial. Rates of net N mineralization in

spruce-fir forests of the southern Appalachian Mts. ranged
from 26 to 180 kg N ha=! yr~! (Strader et al. 1989), compared
with rates of 143 kg N ha! yr~! in northern hardwood forest
plots in Michigan (Holmes and Zak 1994) and rates of 121 kg
N ha! yr7! in black cherry-sugar maple forest plots in
Pennsylvania (Bowden et al. 2000). Net N mineralization in
well-decayed downed tree boles in old-growth Douglas-fir/
western hemlock/western red cedar stands in the Oregon
Cascades contributed up to 2.5 kg N ha~! yr~! to the soil pool
of available inorganic N (Hart 1999).

Given the wide range of estimates noted above, one might
ask if there is evidence that observed variations in N mineral-
ization rates are related to measurable environmental vari-
ables. Reich et al. (1997) reported that N mineralization rates
in 27 hardwood and conifer stands in Wisconsin and Minnesota
were significantly correlated with soil texture (percent silt +
clay), total litterfall N, and mean annual temperature. Booth
et al. (2005) examined N cycling results from 100 different
terrestrial studies and concluded that gross N mineralization is
positively correlated with microbial biomass and soil C and N
concentrations, and is inversely related to soil C:N ratio (after
correction for differences in soil C).

Nitrogen Immobilization

Whereas mineralization refers to microbial release of inor-
ganic N from organically-bound detrital N, immobilization is
the incorporation of nitrate-N and ammonium-N into micro-
bial biomass. When soil microbes immobilize N, it is unavail-
able for plants and other microbial competitors. As we shall
see later, the term immobilization can be applied more broadly
to other elements assimilated into microbial biomass.
Patterns of microbial N immobilization have been exam-
ined under a range of conditions. Perakis and Hedin (2001)
found that efficient long-term retention of N in unpolluted
old-growth forests in southern Chile is promoted by rapid
assimilation and turnover of NH,* and NO;~ through micro-
bial biomass in the short term, followed by transfer from
microbial biomass into plant and soil organic matter pools.
Similar results were reported by Zogg et al. (2000), who
found that cycling of N through microorganisms appears to
be the major short-term factor influencing patterns of nitrate
retention in a Michigan northern hardwoods forest. Holmes
and Zak (1999) compared northern hardwood forest stands
in Michigan, and reported rates of microbial immobilization
ranging from ~0.05 to 0.4 kg NH,-N ha~! d=! and 0.02 to
0.7 kg NOs-N ha! d-!. By comparison, gross mineralization
rates in the same study ranged from about 0.5 to 1.8 kg N
ha=! d-!. Bardgett et al. (2003) used N amendments to
compare microbial and plant competition for inorganic and
organic N substrates in temperate grasslands. In low pro-



Microbial Nitrogen Transformations

ductivity grasslands, the bulk of the added N was immobi-
lized by microbial biomass, and was not immediately
available to plants.

Nitrification

Once ammonium ion is released or is added to the soil rhizo-
sphere, there is vigorous competition among plants and
microbes for the NH,* substrate. Chemoautotrophic bacteria
(e.g., Nitrosomonas and Nitrobacter), heterotrophic bacteria,
and fungi are able to oxidize ammonium to nitrate through
the process of nitrification illustrated at the end of this para-
graph (Santoro 2016). Chemoautotrophic nitrifiers tend to
predominate in managed agricultural soils with pH values
>6.0, whereas heterotrophic microbes (especially fungi such
as Aspergillus) appear to be the dominant microorganisms
responsible for nitrification in acidic forest soils. It should be
noted, however, that some investigators have found that che-
moautotrophic nitrifiers are more common in acidic soils
than previously reported (DeBoer and Kowalchuck 2001).
All groups of nitrifying microbes require adequate oxygen
and ammonium substrate for efficient nitrification; even
when these conditions are met, some soils contain soluble
phenolic compounds that inhibit nitrification (Olson and
Reiners 1983).

NH; +1.50, >>—>—>—>—>—>—>—> NO, +H,0+2H" +energy

enzymaticoxidation

(3.3)

(3.4)

NO, +0.50, >—>—>—>—>—>—>—>— NO; +energy

enzymatic oxidation

Nitrification is a key biogeochemical process that not
only serves as a potentially large source of acidity, but also
mediates the conversion of a conservative cation, NH,*, into
a mobile anion, NO;~, that readily leaches through soils in
the absence of plant uptake or denitrification. As an example,
in the aftermath of a clear-cut logging experiment at Hubbard
Brook Experimental Forest, NH, soil nitrification rates
increased dramatically, causing a large pulse of soil and
stream acidification and nitrate leaching (Bormann et al.
1974). This response was apparently caused by an accumula-
tion of ammonium substrate in the absence of plant uptake,
thus providing a priming effect for nitrifying microbes.

Many investigators have examined in situ nitrification
processes in terrestrial ecosystems. Rates of net nitrification
in conifer forests of the Sierra Nevada Mts. in California
ranged from 5 to 42 kg N ha™! yr~! in a study by Hart and
Firestone (1989), and gross nitrification rates were as much
as 10-20 times greater at the same sites (Davidson et al.
1992). Strader et al. (1989) reported net soil nitrification
rates in spruce-fir forests of the southern Appalachian Mts.
ranging from roughly 8 to 80 kg N ha™! yr~!, compared with
rates of 54 to 148 kg NO;-N ha~! yr~! in northern hardwood
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Fig.3.4 General trend of percent nitrification in combined mineral and
organic soils as a function of soil C:N ratio. From Aber, J.D., C.L.
Goodale, S.V. Ollinger, M.L. Smith, A.H. Magill, M.E. Martin, R.A.
Hallett, and J.L. Stoddard. 2003. Is nitrogen deposition altering the
nitrogen status of northeastern forests? BioScience 53:375-389 by per-
mission of the American Institute of Biological Sciences

forest plots in Michigan (Holmes and Zak 1994) and rates of
86 kg NOs-N ha~! yr~! in black cherry-sugar maple stands in
Pennsylvania (Bowden et al. 2000). In an investigation of
landscape patterns of net nitrification in a northern hardwood-
conifer forest in New Hampshire, Venterea et al. (2003)
found that rates varied by a factor of 150 across the forest as
a function of biotic and abiotic parameters such as elevation,
exposure, and dominant species. When intact forest soil col-
umns were exposed to simulated rainfall inputs, Cronan
(1985b) found that net leaching exports of NOs-N generated
by internal nitrification processes reached levels as high as
515 kg N ha~! yr~! (under conditions where plant uptake was
zero). Overall, evidence from field and lab investigations
indicates that there is a large potential for nitrification by soil
microbes in many soils (Barnes et al. 2008).

Efforts to understand environmental variations in nitrifi-
cation rates have met with mixed success. In reviewing 100
different studies of N cycling, Booth et al. (2005) found that
there was no clear effect of pH on soil nitrification and no
significant relationship between nitrification and soil C:N
ratios. In contrast, studies by Aber et al. (2003) in New
England demonstrated a threshold response, with increasing
percent nitrification (net nitrification/net mineralization) in
forest soils with C:N ratios less than 25 to 30 (Fig. 3.4). The
apparent discrepancy between these two reports may perhaps
be explained by the use of aratio of nitrification/mineralization
by Aber et al. (2003). Since mineralization tends to be
inversely related to C:N ratio (Booth et al. 2005), its use in
the denominator by Aber et al. (2003) may have dampened
the scatter that would otherwise be found using absolute
nitrification rate as the dependent variable.

One of the surprising additional features of microbial
nitrification is the fact that this process can also contribute
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to the production of nitrous oxide, N,O (Bremner 1997),
and nitric oxide, NO (Davidson et al. 1993) — gases that are
normally associated with denitrification. As an example,
Panek et al. (2000) compared rates of N,O production from
denitrification versus nitrification in a Mexican wheat field,
and reported that each process contributed equally to total
N,O gaseous losses over a 4-week period, with nitrification
increasing in relative importance as soils drained and
became aerated.

As a final note regarding ammonification and nitrifica-
tion, we should take a moment to explore more fully how
the technique of isotope dilution provides a tool for elu-
cidating gross versus net rates of mineralization. With the
dilution technique, a soil is initially enriched with a con-
centrated pulse or spike of '*N-labelled nitrate and ammo-
nium salts dissolved in an aqueous medium. After an
incubation period, the soil is then sampled to quantify
how the finite initial amount of N added as nitrate or
ammonium has been diluted by subsequent inputs of
“NO;~ and “NH,* ions generated in sifu by microbial
mineralization and nitrification of organic matter. The rate
of gross mineralization is calculated from the %o decline
in ®N enrichment of the NH,* pool during an incubation
period of 24 hr., whereas gross nitrification is calculated
from the %o decline in N enrichment of the soil NO;~
pool (Davidson et al. 1991).

Denitrification

In some ecosystems, the annual nitrogen budget of inputs
and outputs may include losses of nitrate ions that cannot be
fully accounted for in terms of biological assimilation or
leaching fluxes. Instead, the apparent imbalance of N inputs
and outputs reflects denitrification losses of gaseous N from
the system (Morse et al. 2015). Denitrification is a micro-
bial process that occurs in poorly aerated and anoxic envi-
ronments, causing reduction of nitrate ions and evolution of
gaseous nitrogen species (Anderson et al. 2015). Estimates
of denitrification rates in field soils generally range from
roughly 1 to 15 kg N ha™! yr~!. Common microbial denitri-
fiers include the bacterial genera Bacillus, Pseudomonas,
and Thiobacillus. These denitrifying bacteria potentially
compete for nitrate substrate with plants, heterotrophic
microbes, and fermentative bacteria capable of reducing
nitrate to ammonium via dissimilatory nitrate reduction (dis-
cussed in the next section). The overall reaction for denitrifi-
cation can be expressed as follows:

2NO;” +12H" +10e” »>—»>—>—>— N, +6H,0

However, that simplified reaction pathway ignores sev-
eral important intermediates that are illustrated below

(where the oxidation state or valence of N is shown in
parenthesis):

NO; ,,NO, ,, NO ., NO ., N
nitrate nitrite nitric oxide nitrous oxide dinitrogen
N(+5) N(+3) N(+2) N(+1) N(0)

What is apparent in the more detailed pathway is the
fact that denitrification not only removes nitrate from
solution, but also results in the release of up to three vol-
atile nitrogen species: nitric oxide, nitrous oxide, and
dinitrogen. Because nitric oxide and nitrous oxide are
active atmospheric trace gases that influence smog for-
mation, ozone depletion, and greenhouse warming poten-
tial, there is a great need for quantitative understanding
of the rates at which gaseous nitrogen species are gener-
ated by denitrification under various environmental con-
ditions (Galloway et al. 2003; Boyer et al. 2006;
Weintraub et al. 2014).

Firestone et al. (1980) noted that denitrification can serve
as either a major source for N,O or as a sink for the gas,
through reduction of N,O to N,. Their experiments showed
that increased concentrations of nitrate, nitrite, and molecu-
lar oxygen enhanced production of nitrous oxide relative to
molecular nitrogen during denitrification in soils. The ratio
of nitrous oxide to molecular nitrogen production also
increased in acidic soils (pH 4.9 vs. 6.5) amended with
added nitrate.

Cultivated ecosystems have been identified as the single
most important source of anthropogenic N,O (IPCC 1992),
and some of the highest gaseous fluxes of N,O to the atmo-
sphere have been measured in irrigated and fertilized agri-
cultural systems. For example, Matson et al. (1998) reported
that Mexican wheat fields fertilized with 250 kg N ha™!
exhibited annual gaseous emissions of N,O plus NO
amounting to 12 to 16 kg N ha~!. In comparison, Holmes
and Zak (1999) examined a northern hardwood forest in
Michigan, and reported denitrification rates ranging from
0.6 to 6.5 kg N ha~! yr~! in soils characterized by annual net
N mineralization rates of 137 kg N ha~! yr~!. Davidson et al.
(1998) estimated that NO emissions resulting from denitrifi-
cation plus nitrification in the southeastern U.S. were 8.8 kg
NO-N ha~! yr! for cultivated land, compared with <10%
that rate for forested and uncultivated land. In the Great
Plains of the western U.S., Kaye et al. (2004) estimated that
urban lawns occupied 6.4% of their 1578 km? study region,
but exerted a disproportionate impact on trace gas exchanges,
contributing up to 30% of regional N,O emissions. Aquatic
scientists have also found high rates of denitrification in the
riparian soil-stream interface where drainage inputs of solu-
ble C and nitrate ions support denitrifying microbes (Hedin
et al. 1998; Jacinthe et al. 1998). Methods for estimating
denitrification rates have been compared by Kulkarni et al.
(2014).
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Dissimilatory Nitrate Reduction
to Ammonium (DNRA)

As noted in Fig. 3.3, nitrate ions may be reduced to ammo-
nium ions via a dissimilatory nitrate reduction pathway
(Firestone et al. 1980; Tiedje et al. 1982). Under anaerobic
soil conditions, especially with elevated nitrate concentra-
tions and a high ratio of available C relative to electron
acceptors, facultative and obligate fermentative bacteria can
apparently reduce NO;™ ions to NH,". Intermediate gaseous
products in this process can include N,O and NO, (Firestone
et al. 1980; Silver et al. 2001). In a study of tropical soils in
Puerto Rico, Silver et al. (2001) found that rates of DNRA
averaged 0.6 pg g~! d~! and accounted for 75% of the micro-
bial turnover of the soil nitrate pool. Thus, in that study, the
potential daily rate of DNRA was high enough to reduce
0.6 g NO;-N per 1000 kg of soil. Given that a typical culti-
vated soil contains roughly 2 million kg in a hectare-furrow
slice 15 cm deep (Brady 1984), this DNRA rate translates
into a ballpark value of 1.2 kg N ha=! d~".

Assimilatory Nitrate Reduction

Microbes and other living organisms that absorb nitrate ions as
a source of N for metabolism and growth rely on assimilatory
nitrate reduction in order to generate the reduced amino
nitrogen required for protein synthesis. This energy-intensive
intracellular process serves not so much as an electron sink,
but rather as a source of precursors for amino acid production.
In the reaction pathway that follows, we see that (i) nitrogen
changes from an oxidation state of +5 in the nitrate reactant to
a final oxidation state of —3 in the reaction product; and (ii) the
ammonium resulting from assimilatory nitrate reduction is
shunted through the glutamine pathway as a point of entry for
synthesis of amino acids and proteins.

NO,” +8e” +10H"

NH," +3H,0

Catalyzed by nitrate reductase 1 X X
——> glutamine synthesis

Microbial Sulfur Transformations
Mineralization of Organic Sulfur

Sulfur (S) primarily occurs in organic matter as sulfate
esters (R-O-SO;) and as carbon-bonded sulfur in the form
of sulthydryl groups (-HS) and disulfide bridges (-S-S-).
Examples of carbon-bonded sulfur compounds include
methionine and cysteine (Fig. 3.5), whereas ester sulfate
compounds include examples such as choline sulfate and
phenolic sulfate.

During the decomposition of detritus, organic reduced
sulfur is mineralized by microbes through an enzymatic oxi-
dation process illustrated below (where R-HS represents a
generic organic compound).

R-HS+20,

enzymatic oxidation

SO} +H" + residual detritus + energy

As indicated on the right side of the unbalanced reaction,
the oxidation of reduced organic sulfur yields sulfuric acid
that is either assimilated, reacts with soil minerals, or con-
tributes to acidification of the environment. When water-
logged wetland peats are drained, there is often a large pulse
of acidity that results from aeration and oxidation of the
stored organic sulfur (and iron sulfide compounds).

The hydrolysis of ester sulfates in decomposing organic
matter occurs when the O-S bond is split by sulfatase
enzymes, resulting in formation of an alcohol plus sulfuric
acid. The unbalanced reaction can be briefly summarized as
follows:

R-0-S0, +H,0 ROH +H' + 50,
Catalyzed by sulfatase
Cysteine Methionine
H

A |
| HoN - C - COOH
H,N - C —--COOH ‘

‘ CH,

CH, |
| cHy
SH |
S
|
CHj
CH,
|
CHg —--N---CH,, ---CH,, ---O ---SO4H s
CH, CHy--C--S-—H

Choline sulfate Dithioacetic acid

Fig.3.5 Examples of organic sulfur compounds
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Anaerobic Dissimilatory Sulfate Reduction

Sulfate reduction is one of the major microbial processes
affecting sulfur cycling in salt marshes and other wet-
lands. In dissimilatory sulfate reduction, major bacterial
genera such as Desulfovibrio and Desulfomaculum use
sulfate as an electron acceptor in the metabolism of car-
bon substrates in anaerobic habitats. Representative reac-
tions are shown below (where R represents a generic
hydrocarbon).

2R - CH,0H+S0,” -—>——>— 2R —COOH + 2H,0 + $*

Sulfide

(3.5)

Organic alcohol Organic acid

2CH,CHOHCOOH+ 50, ——>—>—>

Lacticacid

2CH,COOH + HS™ +H,CO, + HCO, (3.6)

The reduced sulfide that results from microbial sulfate
reduction is very reactive and toxic, and may encounter a
variety of possible fates. Some of the sulfide may combine
with hydrogen to form the volatile gas hydrogen sulfide,
H,S. If and when the hydrogen sulfide reaches an aerobic
zone, the sulfur may be oxidized back to sulfuric acid as
follows: H,S + 20, ---> H,S0O,. Alternatively, where there
is available ferrous or hydroxy iron (as in a salt marsh),
the sulfide can react to form iron sulfide (FeS) or pyrite
(FeS,) as follows:

Fe** +S$* ->—>—— FeS 3.7

2FeOOH +2H,S + 2H" —>—>—>—> FeS, + 4H,0 +Fe**  (3.8)

Besides hydrogen sulfide, other important volatile sul-
fur trace gases that originate from microbial and/or plant
metabolism are carbonyl sulfide (COS), dimethyl sulfide
(DMS), carbon disulfide (CS,), and dimethyl disulfide
(DMDS).

Assimilatory Sulfate Reduction

Dissimilatory sulfate reduction in wetlands can be contrasted
with assimilatory sulfate reduction, an essential metabolic
process in the sulfur nutrition of microbes and other living
organisms. Through this pathway that is illustrated below,
organisms obtain the reduced sulfide that is required for the
amino acids cysteine and methionine. During this reduction
process, sulfur changes from an oxidation state of +6 to a
final oxidation state of —2, and is rapidly incorporated into
metabolic sulfur compounds.

SO, + ATP+8¢” +8H' ——S* +4H,0+ AMP+ PP,

Inorganic P

Microbial Carbon Transformations

Three of the major microbial carbon transformations are:
aerobic respiration, fermentation, and methanogenesis.
Respiration is a complex process in which energy and matter
move through a stepwise series of oxidation and reduction
reactions associated with glycolysis, the Krebs or TCA
cycle, and the electron transport system. Along the way,
three key events occur: (i) energy-rich ATP is formed; (ii)
heat is released; and (iii) carbon skeleton intermediates are
provided for other essential metabolic products. The overall
reaction for aerobic respiration can be simplified as shown
below, where the complete oxidation of one mole of hexose
sugar yields 36 moles of ATP and a free energy change of
—686 kilocalories per mole.

C.H,,0, +60, >—>— 6CO, +6H,0 +energy

Hexose sugar

Field estimates of gaseous CO, emissions from microbial
respiration have been reported for a number of different ter-
restrial ecosystems. For example, Bowden et al. (1993) esti-
mated that CO, emissions from microbial decomposition in
a temperate mixed hardwood forest were roughly 2500 kg C
ha=' yr~'. In a warm temperate floodplain swamp, Pulliam
(1993) estimated that annual total soil CO, emissions were
9200 kg C ha™! yr~!, with roughly 4100 kg C ha~! yr~! con-
tributed by aerobic mineralization of detritus by microbes.
At Harvard Forest in Massachusetts, Peterjohn et al. (1994)
conducted an interesting experiment to examine the response
of trace gas fluxes to soil warming. When soil temperature
was elevated 5 °C above ambient, soil CO, efflux increased
by 5380 kg C ha~! yr~!. Unfortunately, it was not possible to
determine what percentage of this increase was from micro-
bial versus plant root respiration.

Fermentation

When oxygen is limited in a given environmental setting,
aerobic respiration declines or ceases and fermentation pro-
cesses assume increased importance in the overall mix of
microbial metabolism. In fermentation, the process of gly-
colysis terminates in the formation of lactic acid or ethanol
as the end-product of pyruvate synthesis.



Microbial Carbon Transformations

Methane Production

Methanogenesis is another important microbial carbon
cycling process that predominates in many anaerobic
organic soils and peats (and in ruminants, sewage diges-
tors, and landfills). On a global basis, microbes produce
about 400 million metric tons of methane per year, with much
of this gas being rapidly oxidized to CO,. Microbial produc-
tion of CH, occurs via the two reaction pathways shown
below involving either (i) the reduction of CO, with electrons
from hydrogen or formate or (ii) the splitting of a methyl
group from acetic acid. Production of methane is often facili-
tated by fermentation processes in the local environment.
Fermentative microbes such as the anaerobic bacterium
Clostridium pasteurianum metabolize sugars and utilize an
iron-based hydrogenase enzyme to yield three key substrates
required by methanogens: acetate, CO,, and free hydrogen
gas (Adams and Stiefel 1998).

CO, +8H" +8¢ -»—>—>—>—>CH,+2H,0 E,=-244mV  (3.9)

CH,COOH »—»——>—>—>—>— CH, +CO, (3.10)

Net emissions of methane from wetland soils can vary
considerably as a function of environmental conditions. In
organic soils or peats with elevated concentrations of sul-
fate (e.g., salt marsh peat), sulfate reducing bacteria typi-
cally out-compete methanogens for carbon substrates,
resulting in diminished methane production. In water-
logged soils that experience seasonal water-table fluctua-
tions, methane production may be important during wetter
periods, but may decline and virtually cease during water-
table draw-down. At such times, there may be a large pulse
of CO, production as the soil dries and the microbial com-
munity shifts over to aerobic respiration of stored detritus.
Moore and Knowles (1989) conducted experiments show-
ing that the molar ratio of CO, to CH, emissions from peat
may be as low as 10 with standing water above the peat,
but can rise to >10,000 when the water-table recedes to
—70 cm below the peat surface and soil aeration increases
(Fig. 3.6).

A final important influence on net gaseous methane emis-
sions is exerted by methanotrophs in the soil environment.
Evidence indicates that 10-100% of the methane gas pro-
duced by anaerobic microbes is oxidized to CO, before it
reaches the atmosphere. This consumption of methane can
occur if there is an oxidized zone overlying the reducing
micro-environment ~ where  methane is  generated.
Methanotrophs also occur in well-drained upland soils and
can act as a sink for (i) methane transported into a forest
ecosystem from upwind wetland sources or (ii) methane that
diffuses upward through the soil from leaky underground
natural gas pipelines.
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Fig. 3.6 Influence of water table level and associated redox potential
on the molar ratio of carbon dioxide to methane in gaseous emissions
from peat columns. Data from Moore, T.R. and R. Knowles. 1989. The
influence of water table levels on methane and carbon dioxide emis-
sions from peatland soils. Canadian Journal of Soil Science 69:33-38.
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Crill et al. (1988) compiled estimates from a number of
field studies indicating that peak summer carbon fluxes as
methane from peatlands in North America ranged from
roughly 1 to 1.9 kg CH,-C ha~! d~". In another study, Pulliam
(1993) compared methane emissions from riparian and other
wetland ecosystems. He reported that mean daily year-round
emission rates ranged from 0.2 to 2.4 kg CH,-C ha™!' d-',
whereas mean daily summer flooded emission rates ranged
from <0.5 to 7.2 kg CH,-C ha™! d-!. In a study of the
Ogeechee River floodplain swamp in Georgia, USA, Pulliam
(1993) estimated that annual total fluxes of methane carbon
from lowland habitats averaged 170 kg CH,-C ha™! yr'.
Soils in black cherry-sugar maple forest plots in Pennsylvania
studied by Bowden et al. (2000) acted as strong sinks for
methane, absorbing 8.9 kg CH,-C ha=! yr~'.

Organic Acid Synthesis by Microbes

Microbes exert another important influence on environmen-
tal conditions through their synthesis and release of soluble
organic acids. These acidic compounds range from simple
aliphatic carboxylic acids such as malic or oxalic acids to
more complex aromatic compounds such as phenolic acids
and fulvic acids. Whereas aliphatic carboxylic acids (e.g.,
citric, succinic, and malic acid) are likely to originate in the
TCA or Krebs Cycle within microbial cells, the more com-
plex aromatic organic acids may be generated by microbial
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metabolism via the Shikimic Acid Pathway or through in situ
reactions involving extracellular microbial enzymes. After
their production and release by microbes, these organic acids
act as weathering agents, metal complexing ligands, sources
of acidity, and metabolic substrates.

Microbial Processes that Contribute
to Bioremediation or Metal Transformations

Before leaving this section on microbial processes, we
should note that microbes also participate in a number of
important biogeochemical transformations involving toxic
chlorinated hydrocarbons (e.g., pesticides) and a variety of
toxic and nontoxic metals (e.g., Hg, Fe, and Mn). Certain
microbes are able to metabolize directly or to co-metabolize
incidentally such compounds as 2,4-D, toxic phenolic sub-
stances, and solvents such as trichloroethane (Sun et al.
2002). Microbial metabolism of these industrial chemicals
can provide a means of restoring environmental quality
through bioremediation.

Fig.3.7 Simple conceptual
diagram of mercury cycling in
lakes |

In contrast to the many examples of microbial bioreme-
diation, microbial methylation of mercury (Hg) enhances
the biotoxicity of this element. Methylation of Hg by
microbes is a complex process that is only partially under-
stood (Gilmour et al. 1992; Rudd 1995). In anaerobic sedi-
ments of freshwater lakes, sulfate-reducing bacteria
facilitate the methylation of Hg(II), forming soluble mono-
methyl mercury CH;Hg" or less soluble dimethyl mercury
(CH;),Hg (Fig. 3.7). This process seems to require adequate
sulfate concentrations to maintain viable populations of
sulfate reducing bacteria. Yet, if toxic sulfide accumulates
from vigorous sulfate reduction, this may retard the meth-
ylation process or increase the production of insoluble
HgS. Evidence suggests that acidification of lakes by atmo-
spheric deposition processes tends to increase the potential
for microbial methylation of Hg by favoring sulfate reduc-
ing bacteria. Recent studies indicate that some iron-reduc-
ing bacteria can also promote this methylation process
(Kerin et al. 2006).
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Plant Biogeochemistry

Introduction

Terrestrial plant communities exist at the interface between
the atmosphere and the underlying soil and geologic sub-
strate, acting as major regulators of biogeochemical and
hydrologic cycling patterns in the biosphere (Fig. 4.1). In the
course of their life histories, plants face the challenge of
acquiring sufficient energy, water, and nutrient resources to
achieve growth, survival, reproductive success, and evolu-
tionary fitness. Because processes of energy flow, water use,
and nutrient circulation are closely coupled in plants, this
chapter examines the biogeochemistry of plants in the con-
text of energy and water relations in plants.

Whether we begin our analysis at the microscopic scale of
a fine root absorbing nutrients from the soil or perhaps at a
larger scale focusing on net carbon exchange in a vast forest
landscape, it is clear that there are many intriguing questions
concerning the biogeochemistry of plants. For example, do
plant roots preferentially absorb ammonium, nitrate, or solu-
ble organic N as a nutrient source and are there energetic or
biogeochemical consequences associated with using one
form or another? In the field, do wild plants compete for
nutrients and what strategies are used to maximize acquisi-
tion and conservation of essential elements? Why is it that
the element potassium cycles 10-100 times faster through
the living biomass of a forest ecosystem compared to ele-
ments such as nitrogen and calcium? Under what conditions

© Springer International Publishing AG 2018

does aluminum in soil mineral phases become toxic to tree
roots, thus interfering with plant nutrition and growth? These
are just a few examples of the kinds of research questions
that have been investigated by scientists trying to understand
the role of plants in the biogeochemistry of terrestrial
ecosystems.

General Plant Chemistry

An analysis of tissue chemistry indicates that plants contain
a mix of macronutrients such as nitrogen, calcium, and
phosphorus, along with a variety of micronutrients or trace
elements required for plant growth (Table 4.1). Each nutri-
ent may serve one or more essential structural and/or func-
tional roles in a plant. For example, phosphorus occurs in
membrane phospholipids, in nucleic acids involved with
gene structure and function, and in ATP molecules essential
for energy transfer. In comparison, calcium is well-known
for its role as a structural component of cell wall pectins, but
has also been recognized as a mediator of cell signaling and
stress responses involving calmodulin and protein kinases
(Sheen 1996; Putney 1998). Both nitrogen and magnesium
are integral parts of chlorophyll, but these two elements oth-
erwise diverge considerably in terms of their other func-
tional roles in plants. Sulfur not only occurs in two amino
acids — methionine and cysteine — but also forms part of the
iron-sulfur center in the enzyme ferredoxin:thioredoxin
reductase, a key mediator of redox signaling in chloroplasts
(Dai et al. 2000).

In terrestrial ecosystems analysis, one of our basic objec-
tives is to gain an understanding of the nutrient pools and
exchanges of elements in the plant and soil system.
Measurements of tissue nutrient concentrations indicate that
plant biomass is dominated by oxygen (45%) and carbon
(45-48%) on a dry weight basis. Whereas living foliage typi-
cally contains 1.0-2.5% nitrogen, live fine roots are about
half as concentrated, averaging 1.1% N (Gordon and Jackson
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Fig.4.1 Simple conceptual
model of plant
biogeochemical processes in a
forest ecosystem

Dry

deposition

Solar
energy

Transpiration

Photosynthesis

@esorption

l Leaching and
litterfall

Xylem Phloem
transport transport
P s T TIPS S o Tt St
) Root
Water .
Nutrient respiration
uptake & turnover

uptake

Table 4.1 General overview of plant macronutrients and micronutrients

Element Function or role
Carbon (C) Structural and functional hydrocarbons
Oxygen (O) Multiple roles

Hydrogen (H)
Nitrogen (N)
Phosphorus (P)

Hydrocarbons and proton pumps
Proteins, enzymes, RNA, DNA, chlorophyll
RNA, DNA, ATP, phospholipids

Calcium (Ca) Plant cell walls, membranes, stress signals
Magnesium (Mg) Enzymes and chlorophyll

Potassium (K) Electrolytes in plant cells

Sulfur (S) Amino acids, proteins, coenzyme A
Micronutrients

Iron (Fe) Enzymes, ferredoxin

Manganese (Mn) Enzyme co-factor

Boron (B) Nucleic acid synthesis, membrane function
Copper (Cu) Cytochrome oxidase, plastocyanin

Zinc (Zn) Enzymes

Chlorine (Cl) Participates in photosynthetic reactions
Molybdenum (Mo) Nitrate reductase

2000), and sapwood contains only about 0.1-0.2% N
(Whittaker et al. 1979; Johnson and Henderson 1989).
Phosphorus concentrations average roughly 0.1-0.2% in
foliage and fine roots, but are less than one-tenth of that con-
centration in sapwood. In contrast to these macronutrients,
concentrations of micronutrients can be considerably lower.
For example, iron concentrations are usually <0.01% in foli-
age and <0.002% in sapwood. Detailed data summarizing
nutrient concentrations in plant tissues can be found in
Bowen (1966, 1979) and journal articles from the ecological
literature (e.g., Whittaker et al. 1979; Weand et al. 2010).

Table 4.2 Comparison of nutrient concentrations, pools, and stoichi-

ometries in foliage and sapwood of a mature northern hardwood forest
(data from Whittaker et al. 1979)

Foliage Sapwood
Nitrogen
Concentration range 1.3-2.8% 0.05-0.1%
Mass (kg/ha) 70 79
Calcium
Concentration range 0.3-0.9% 0.06-0.1%
Mass (kg/ha) 20 60
C:N elemental mass ratio 20 450
N:P elemental mass ratio 13 10

Although plant tissues vary considerably in terms of
nutrient concentrations, stoichiometries or ratios of essential
elements in plants are relatively consistent, reflecting the
common biochemical processes and structural chemistry of
these organisms (Redfield 1958; Reiners 1986; Elser et al.
1996). For example, carbon:nitrogen (C:N) mass ratios in
foliage from diverse forest types range from 20 to 30,
whereas C:N ratios in wood are uniformly 10-20 times
higher than that, reflecting the dilute nutrient chemistry of
woody tissues (Table 4.2). Nitrogen:phosphorus (N:P) mass
ratios in plant tissues commonly average ~12-13, although
specific molecules such as ATP, phospholipids, and nucleic
acids can vary substantially in their N:P ratios (Fig. 4.2).
Whenever element ratios are used in an analysis, it is impor-
tant to note whether they are computed using mass units or
molar ratios. As an example, an N:P mass ratio of 12:1 is
equivalent to a molar N:P ratio of roughly 27:1.
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Fig. 4.2 Stoichiometry of N and P in various biomolecules based on
weight. From Elser, J.J., D.R. Dobberfuhl, N.A. MacKay, and J.H.
Schampel. 1996. Organism size, life history, and N:P stoichiometry.
BioScience 46:674-684 by permission of the American Institute of
Biological Sciences

Table 4.3 Recommended element ratios for optimum plant nutrition,
based on studies with birch seedlings (Ingestad 1971). Proportions are
shown in mass units relative to nitrogen; thus, for example, a plant
demands 65 mg K and 7 mg Ca for each 100 mg of N

N 100 Fe 0.7 Mo 0.007
K 65 Mn 0.4 Na 0.003
P 13 B 0.2

S 9 Cu 0.03

Ca 7 Zn 0.03

Mg 8.5 Cl 0.03

Ingestad (1971) used general concepts of element stoichi-
ometry to develop a theory of optimum plant nutrition, pro-
posing that growing plants demand element ratios similar to
those summarized in Table 4.3, with large relative require-
ments for N, K, and P and smaller demands for trace metals.
These ratios imply that plants have a proportionately large
influence on the cycles of elements such as N and P, versus a
smaller direct influence on the cycles of trace elements such
as iron and copper.

An interesting question we might ask is how stoichiomet-
ric demands change over the course of a growing season as
plants proceed through phenological development? When
growing plants sequentially or simultaneously allocate
resources to the production of foliage, roots, and wood (with
contrasting nutrient chemistries), are there shifts in the stoi-
chiometry of nutrient demand by the plant community? Are
nutrient demands by plants generally in synchrony with pat-
terns of nutrient supply in the rhizosphere or are there times
when plant growth is limited by competition for nutrients
with microbes or by reduced decomposition rates in the
microbial community?

Plant Functional Morphology and Growth
Allocation

Because plant structure and function are interrelated, it is
important to recognize how nutrient cycling processes in
plants are influenced by the distinctive morphology of root
and shoot systems and by the proportions of energy and
growth allocated to above and belowground tissues. In a
forest ecosystem, the plant canopy represents the “power
station” for energy flow, the major end-user for water, a
massive gas exchange system, a primary sink for nutrients,
and a multi-dimensional surface exposed to continuous
atmospheric interactions. The belowground root system, on
the other hand, contains large structural woody roots that
anchor a prolific branching system of fine roots that acts as
a sink for photosynthate, a nutrient absorption network, a
hydrologic connection between the shoot and the soil, and
a source of fresh organic matter for the surrounding subsoil
environment.

Aboveground Structure and Function

Plant canopy structure is characterized by a high foliar sur-
face area optimized for the capture of solar energy. Leaf
area index (LAI) is a metric for quantifying and comparing
forest canopies in terms of the ratio of foliar surface area
relative to ground area. Average projected leaf areas for for-
ests typically range from 4 to 12 m? of leaf area per m? of
ground area (LAI = 4-12). In a study of 28-yr-old hardwood
and conifer plantations in Wisconsin, Gower et al. (1993)
reported total foliage masses ranging from 300 to 3000 g m—2
ground surface and LAI values ranging from 4.5 in red oak
to 10.2 in Norway spruce. The large surface area of tree can-
opies not only facilitates optimal photosynthesis, but also
enhances canopy filtration of particulate aerosols and gases
from the atmosphere (via dry deposition). As shown in
Fig. 4.3, the amount of leaf area in a tree is directly related to
the sapwood cross-sectional area of the tree (i.e., the tissue
that allows water transport to the canopy).

The anatomy of leaves and needles (Fig. 4.4) reflects a
structural response to the multiple functional challenges of
(i) promoting CO, uptake via stomata and carbon fixation by
chloroplasts within the mesophyll; (ii) controlling water loss
by means of a protective waxy cuticle and stomatal guard
cells; (iii) maximizing light capture, while avoiding excess
heat gain and (iv) providing vascular tissues for the import of
water and nutrients in the xylem and the export of photosyn-
thate in the phloem. Gas exchange in terrestrial plants is
dominated by uptake of CO, and release of O, plus water
vapor. However, stomatal pores are also exposed to gaseous
air pollutant oxidants such as SO, and O; that may be readily
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Fig.4.3 Leafareaasa
function of cross-sectional
sapwood area in Eucalyptus
trees in Australia. From
Medhurst, J.L.. and C.L.
Beadle. Sapwood hydraulic
conductivity and leaf area —
sapwood area relationships
following thinning of a
Eucalyptus nitens plantation.
Plant, Cell, and Environment
25:1011-1019. ©2002
Blackwell Science Ltd
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Fig.4.4 Physical structure of
fir (left), pine (middle), and
oak foliage (right)

taken up by plant foliage (Taylor et al. 1994). Once inside the
plant mesophyll, these substances can damage cells and
interfere with normal plant functions (Winner 1994). Plants
can also absorb ammonia gas, NHj3, from the atmosphere and
may release volatile hydrocarbons such as isoprene and other
aromatic compounds from the foliar surface of the plant can-
opy (Fuentes and Wang 1999).

One of the interesting ecological tradeoffs involving plant
structural and physiological traits is the contrast between
deciduous and evergreen tree species that retain their foliage
for different time spans. In a comparison of five tree species
that retain foliage for periods ranging from 5 to 66 months,
Gower et al. (1993) reported that foliage mass and LAI were
positively correlated with leaf longevity, whereas leaf lon-

001 0-02

0-03

Sapwood area (mz)

't\

gevity was inversely correlated with specific leaf area
(cm? g71), maximum net photosynthesis per unit mass, and
leaf nitrogen per unit mass. Their results indicated that
longer-lived evergreen needles tend to be less efficient and
productive than shorter-lived deciduous foliage; however,
the total mass and longevity of these needles compensate for
the diminished photosynthetic efficiency. This trade-off
allows needle-leaved evergreen forests to achieve annual
rates of aboveground net primary production similar to or
greater than comparable deciduous forests. Reich et al.
(1992) examined similar relationships between canopy
structure and function in a diversity of trees, and demon-
strated an inverse relationship between net photosynthesis
and leaf longevity (Fig. 4.5).
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Belowground Structure and Function
of the Root System

Aboveground productivity and nutrient cycling in a forest
ecosystem are only possible as a result of crucial below-
ground processes that occur in the poorly understood and
mostly invisible rhizosphere. Below the soil surface, the
root system of a tree is composed of larger woody roots that
anchor the plant, along with various size classes of smaller
roots involved in the acquisition of water and nutrient
resources (Fig. 4.6). Fine roots <1-2 mm in diameter domi-
nate water and nutrient uptake by the plant. With their dense
branching structure, each dry gram of fine roots provides
roughly 10—12 m of root length and a surface area of roughly
10 m? for absorption processes (Jackson et al. 1997). In most,
if not all, forest ecosystems, the fine root system also hosts a
diverse symbiotic community of mycorrhizal fungi that
serve as functional partners in the uptake of water and nutri-
ents for the forest community, enhancing the growth and
nutrition of host trees (Nasto et al. 2014).
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Fig.4.5 Maximum net photosynthetic rate versus leaf longevity From
Reich, P.B., M.B. Walters, and D.S. Ellsworth. Leaf life-span in relation
to leaf, plant, and stand characteristics among diverse ecosystems.
Ecological Monographs 62:365-392. © 1992 by the Ecological Society
of America

Fig.4.6 Overview of root
system structure at a range of
scales, from the microscopic
anatomy of fine root tips
containing mycorrhizae to the
macroscopic spatial
distribution of fine roots in a
forest stand. Reproduced from
Lyford and Wilson (1964) by
permission of Harvard Forest,
Petersham, MA

Root system

Field studies have shown that live fine root biomass in
forest ecosystems typically ranges from 200 to 800 g m~2
(Jackson et al. 1997; Cronan 2003), with roughly 50% of that
biomass concentrated in the upper 10-20 cm of the soil pro-
file (Fig. 4.7). Because fine roots are not particularly long-
lived, roughly 50-200% of the fine root live biomass pool
turns over each year through new root production, mortality,
and decomposition. In one example focused on mature
Norway spruce forests in Maine, biomass of fine roots
<1 mm in diameter averaged 360 g m~2, whereas annual pro-
duction of new fine roots was ~300 g m~2 yr~! (Cronan 2003).
These estimates suggest that the mean lifetime or residence
for fine roots in that forest ecosystem is roughly 1.2 years,
compared with mean needle longevity of more than 5 years.
Other related studies have suggested that fine roots may have
longer mean residence times in forest ecosystems — on the
order of several years (Trumbore and Gaudinski 2003).

Growth Allocation and Root:Shoot
Relationships

Plants face an important ecological challenge in terms of bal-
ancing growth allocation to produce (i) sufficient foliage for
optimum photosynthesis, and (ii) adequate fine root biomass

?
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B Small roots
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Fig. 4.7 Biomass distribution of fine roots (<1 mm in diameter) and

small roots (1-3 mm) for Norway spruce (Picea abies) in Maine, USA
Data from Cronan (2003)
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Fig.4.9 Shoot mass fraction in birch (Betula pendula) under different
nutrient conditions involving limitation by nitrogen (expressed as a per-
cent of optimum N nutrition). Shoot fraction = shoot mass /total plant
biomass. Based on Ingestad, T. and G.I. Agren. The influence of plant
nutrition on biomass allocation. Ecological Applications 1:168-174. ©
1991 by the Ecological Society of America

to supply water and nutrients under varying environmental
conditions. Previous studies have shown that plant nutrition
often has a strong effect on the partitioning of dry matter to
different plant parts, and that nutrient limitation tends to
induce an increased root:shoot ratio to compensate for low
nutrient supply (Ingestad and Agren 1991). Based on field
studies in Sweden, Axelsson and Axelsson (1986) reported
that untreated Scots pine trees (Pinus sylvestris) exhibited
shoot:fine root ratios of 1.6 expressed as dry matter carbon
allocation. In contrast, Scots pine subjected to irrigation, fer-
tilization, or combined irrigation + fertilization decreased
their relative carbon allocation to roots, exhibiting respective
shoot:root ratios of 2.0 (irrigation), 3.9 (fertilization), and
4.5 (combined water + fertilizer). Study results indicated that

Control Water Water + Nutrients

Scots pine trees responded to increased soil resource avail-
ability by shifting growth allocation away from belowground
fine roots to aboveground woody shoots (Fig. 4.8).

In another investigation of tree seedling growth allocation
as a function of steady-state nutrition, Ingestad and Agren
(1991) showed that allocation of growth to shoots increased
as the internal nitrogen status of plants improved from sub-
optimal to optimal conditions (Fig. 4.9). Keyes and Grier
(1981) also reported evidence indicating dynamic shifts in
root and shoot allocation as a function of belowground
resource availability. The authors found that 40 yr—old
Douglas-fir trees on two contrasting sites allocated >80% of
total biomass to aboveground shoots, but trees on sites with
low nutrient availability invested up to half of annual net
primary production in belowground roots in order to
acquire nutrients.

Carbon Fixation, Metabolism, and Plant
Production

Photosynthesis and Nutrients

Energy flow is a central concept in ecology and biogeochem-
istry that focuses on carbon fixation by photosynthetic plants
and the subsequent metabolism, biomass production, and
trophic transfers that result from energy inputs to an ecosys-
tem. The overall photosynthetic reaction involves a photo-
chemical oxidation of water and reduction of CO, to form
carbohydrates (Fig. 4.10). At each step, there are critical
reactions involving specific elements that are controlled by
different biogeochemical processes.

One of the major pathways in plant photosynthesis is the
Hill Reaction or Light Reaction. This biochemical process
occurs in chloroplasts and involves the capture of light
energy by chlorophyll (in Photosystems I and II), photolysis
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of water to release O,, and production of reducing power in  phosphate — an energy transfer molecule). A schematic sum-

the form of NADPH (a reductant) and ATP (adenosine tri- mary of the process is shown below.

Hill Reaction
+ Light + Light
pPSH>—>—>—>—>—>—>—> PSI>—>—>—>—>—>—> NADPH + H"
HyO — — 0.507 + 2H" NADP+

ADP + Pj —> — ATP (via electron transport chain)
where P; represents inorganic phosphate and PS I and PS II are photosystems I and II.

Key compounds required for the Hill Reaction include chlorophyll and associated pigments,

Key elements that contribute to the process are H, C, N, P, Mg, Fe, Mn, Cl, Cu, and S.

NADP*/NADPH, ADP/ATP, CO ,, H,O, plastocyanin, plastoquinone, ferredoxin, and cytochromes.

Coupled with the Hill Reaction is the Calvin Cycle, a reducing power generated in the light reaction (see

process of CO, fixation that is powered by energy and below).

Calvin Cycle 3CO, + 3H,0 +9ATP + 6NADPH + 6H" —» — —

3-PGald + 6NADP* + 9ADP + 8Pj [where 3-PGald = 3-phosphoglyceraldehyde]

Key compounds required for the Calvin Cycle include 3-PGA (3-phosphoglyceric acid), RuBP (ribulose-
1,5-bisphosphate), rubisco (ribulose bisphosphate carboxylase), ADP/ATP, NADP*/NADPH, H,0, and H*
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CH,COO-R (where R is a CygH,g phytol chain)

Fig. 4.11 Chlorophyll a with its central atom of Mg surrounded by
four atoms of N

Following the initial process of carbon fixation, plant
metabolism draws on photosynthate to produce a wide
variety of structural and non-structural carbohydrates, pro-
teins, fats, and the like. Each of these metabolic pathways
requires contributions from specific plant nutrients. For
example, Mg?* serves an important role as a co-factor in
sucrose formation. Likewise, K* is required to activate
starch synthetase for starch production. Magnesium is also
essential in chlorophyll production — a deficiency of this
element can deprive a plant of the central atom required for
chlorophyll synthesis (Fig. 4.11), resulting in chlorosis or
yellowing of foliage.

As much as 10-25% of the protein in plant leaves occurs
in the form of ribulose bisphosphate carboxylase (rubisco),
a key enzyme that catalyzes fixation of CO, in the Calvin
Cycle. Because rubisco, ATP, NADPH, and other key photo-
synthetic molecules contain nitrogen and phosphorus, rates
of photosynthesis and plant growth are influenced by the
availability of these elements. When one or both of these
critical elements are in short supply, photosynthetic rates
decline. By the same token, increases in the supply of these
elements can enhance plant productivity, as illustrated by the
positive relationship between foliar N concentration and net
photosynthesis shown in Fig. 4.12.

Rates of photosynthetic carbon fixation vary among spe-
cies as a function of resource availability (e.g., light, water,
nutrients, and CO,), environmental conditions, and ecologi-
cal interactions. Salisbury and Ross (1985) reported that
maximum photosynthetic rates in tree species can range
from 3 to >12 pmol CO, m~? s~!. Variations in photosyn-
thetic performance and productivity among species provide
an ecological basis for differential competitive success over
time and across spatial scales as resource levels change.
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Fig.4.12 Relationship between foliar N and photosynthesis in sugar
maple. (Acer saccharum) in Wisconsin (Based on Ellsworth, D.S. and
P.B. Reich. Canopy structure and vertical patterns of photosynthesis
and related leaf traits in a deciduous forest. Oecologia 96:169-178.
©1993 Springer. With permission of Springer.)

Taking light as one key resource, Fig. 4.13a provides an
illustration of the contrasting photosynthetic light response
curves one might observe comparing a shade adapted plant
with species such as aspen or birch that are adapted to high
light conditions. Clearly, the sun-adapted aspen can exploit
high light levels for a potential competitive advantage. In the
companion Fig. 4.13b, the combined interactive effects of
light and nitrogen resource availability on photosynthesis are
shown.

Photosynthesis and Water

Photosynthesis is also strongly influenced by plant moisture
status and soil water resource levels. The ability of plants to
absorb and to transport water is determined by a water
potential gradient linking the soil-plant-air continuum from
the rooting zone to the atmosphere. The water potential gra-
dient develops in response to the plant water deficit created
by water loss to the dry atmosphere, from xylem tension, and
from an osmotic potential generated by ion and solute accu-
mulation in plant cells. When there is a water potential dif-
ference between the plant and the soil, moisture in the soil
responds to the water potential gradient like a ball rolling
down a hill in response to gravity. In other words, the soil
moisture moves from a zone of greater abundance (the soil
matrix) to a zone of lesser abundance (inside the plant); ulti-
mately, much of this water is transpired as vapor into the dry
atmosphere at the terminus of the water potential gradient.
The process of plant water uptake will continue as long as
there is a sufficient water potential gradient to extract water
from the soil. If the soil becomes too dry or freezes, or if
transpirational water loss ceases, water movement into the
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Fig.4.13 (a) Photosynthetic response curves for different plants as a function of photosynthetic active radiation (PAR) and (b) interactive effects

of light and foliar N on photosynthetic performance in trees

Fig.4.14 Net carbon uptake
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plant will decrease or stop. Water potential is expressed in
units of megaPascals (MPa), where 1 MPa is equal to 10’
dyne cm™2, 10 bars, or 10.13 atm. Trees can generally extract
moisture from the soil until the soil water potential drops to
approximately —1.5 MPa; for most temperate forest species,
plant water potentials below —5.0 MPa are potentially lethal.

In the final analysis, plants must balance transpirational
water loss and CO, uptake in order to maintain photosynthe-
sis and to permit the flow of water required for nutrient cir-
culation, plant growth, and leaf cooling. Decreases in water
availability and plant water potential can lead to stomatal
closure as a means of limiting transpirational water loss
through leaf pores. This action conserves precious water, but
has an important consequence for terrestrial plants — it inter-
rupts uptake of carbon dioxide (Fig. 4.14). Unfortunately,
without continuous uptake of carbon dioxide, photosynthesis
declines and ultimately stops.

, In this drought
isried s m tolerant plant, net
o photosynthesis
T . declines gradually
- 4 as leaf mesophyll
* cells become drier.
.
0 -1.0 -2.0 -3.0 Mpa
Leaf Water Potential
————————————————— }

Decreasing soil moisture + increasing plant water stress

Investigators have shown that stomatal conductance
generally declines as evaporative demand increases, with the
result that plant transpirational water loss usually does not
exceed 0.7 mm/hr or 6 mm/day (Waring and Schlesinger
1985). In one example, Day (2000) reported that as the leaf-
to-air VPD (vapor pressure deficit) increased from <1 to
>4 kPa during mid-summer in a Maine conifer forest, stoma-
tal conductance decreased in red spruce needles, and there
was a corresponding decline in net photosynthesis (Fig. 4.15).

Respiration and Metabolism

Respiration is the complex process by which energy cap-
tured in photosynthesis is released as heat and work in plants
and other organisms. The prime metabolic substrates for this
process include starches, sugars, fats, organic acids, and
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Fig.4.15 Relationship between vapor pressure deficit (VPD), (a) stomatal conductance, and (b) net photosynthesis in red spruce, Picea rubens
From Day, M.E. 2000. Influence of temperature and leaf-to-air vapor pressure deficit on net photosynthesis and stomatal conductance in red spruce
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even some proteins. The overall reaction for aerobic respira-

tion can be viewed as the reverse of the photosynthetic

reaction:

C,H,,0, +60, >— 6CO, +6H,0+
(energy =2,870 kJ or 686 kcal /mole glucose)

Compounds derived from precursors
in glycolysis and citric acid cycle

Cell wall

Glycerol, oils, phospholipids,
amino acids, protein

Aromatic phenolic compounds
and lignin

Ethanol, amino acids, protein

Fatty acids, cuticular wax, terpenes,
isoprenoids, aromatic compounds

Amino acids, nucleic acids,
alkaloids

Protein, chlorophyll

Cytochromes

During respiration, three key events occur: (1) energy-rich

ATP and reduced NADH are formed; (2) heat is released; and
(3) carbon skeleton intermediates are generated for a number

of other essential metabolic products and pathways (Fig. 4.16).
Autotrophic plant respiration is generally assumed to

be roughly 50-60% of gross photosynthesis for many
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species (Ryan 1991). Harris et al. (1975) estimated that
total plant respiration in a mixed southern deciduous for-
est was 14,400 kg C ha™! yr~! or 66% of gross produc-
tion. In an oak-pine forest in New York, Woodwell and
Botkin (1970) estimated autotrophic respiration at
6800 kg C ha=! yr=! or 53% of gross production, whereas
Bormann and Likens (1979) reported an annual total
plant respiration rate of 6100 kg C ha=' yr~! or 55% of
gross primary production.

Exchange of Carbon Dioxide in a Forest
Ecosystem

One of the important areas of research in ecosystem carbon
cycling is the estimation of net rates of gaseous carbon
dioxide exchange via photosynthesis and respiration in for-
est ecosystems (Lindroth et al. 2008). As an example, sci-
entists at Harvard Forest in Massachusetts used a
biophysical eddy-covariance technique based on measure-
ments of CO, concentrations above and below the canopy
to estimate exchange of CO, between the atmosphere and a
deciduous hardwood forest (Goulden et al. 1996). Over a
five-year period of study, the forest gained 3-6 g C
m~2 day~! from net photosynthesis during the growing sea-
son and lost 1-2 g C m~2 day~! in the dormant winter peri-
ods as a result of ecosystem respiration. On an annual basis,
net CO, uptake by the forest ranged from 1400 to 2800 kg
C ha! yr~'. In a follow-up paper at the same site, Barford
et al. (2001) reported that net annual CO, uptake averaged
2000 + 400 kg C ha=!' yr~! during 1993-2000, with inter-
annual variations exceeding 50%. Similar studies were
conducted by Lindroth et al. (2008) focusing on net ecosys-
tem exchange along a climatic gradient in Sweden.

Energy Budgets and Primary Production

Processes of photosynthesis and respiration can be viewed
in the context of an ecosystem energy budget that examines
the fate of plant primary production. As illustrated in
Fig. 4.17, plant production and energy flow in a beech-
maple-birch forest were estimated using energy units of
kilocalories per square meter of land surface area. For per-
spective, there are 686 kcal of energy per mole of glucose
(formula weight = 180 g/mole), 1 calorie = 4.19 joules, and
1 calorie cm™ min~' = 697 watts m~2. In this example,
annual gross primary production (GPP) in a 55 yr-old north-
ern hardwood forest was estimated to be 10,400 kcal m2,
and roughly half of the annual photosynthetic production
was consumed as autotrophic respiration (R1). The differ-
ence between GPP — R1 is the net primary production (NPP)
of the forest, which averaged 4680 kcal m=2 yr~! and is
equivalent to roughly 10,000 kg organic matter ha=' yr=! or
5000 kg C ha™! yr~! as NPP. The annual energy budget of
this north temperate zone hardwood forest can be summa-
rized with two different expressions. Production efficiency
of the forest ecosystem (NPP/GPP) is approximately 45%,
and annual net ecosystem production (GPP-R1-R2) is
roughly 1340 kcal m~=2 (which is close to 2 moles of glucose
equivalents per square meter).

Compared to the Hubbard Brook Forest depicted in
Fig. 4.17, Waring and Schlesinger (1985) reported that forest
net primary production in the biosphere ranges from roughly
1000 to 40,000 kg organic matter ha™' yr~', with a mean of
about 15,000 kg ha™' yr='. In a separate analysis of net
primary production in boreal forest ecosystems, Gower et al.
(2001) reported that total above- and belowground NPP
ranges from 520 to 8680 kg C ha~! yr~! and averages 4240 kg
Cha ! yr~! as NPP.

Fig.4.17 Estimated annual Solar Energy R1 R2
energy budget for a 55 yr old Autotrophic Heterotrophic
northern hardwood forest at Respiration Respiration
Hubbard Brook Experimental 5,720 3,340
Forest, NH. Units are kcal
m~2 (Data from Bormann and A
Likens 1979)
Grazing
Production —=Cycle —¢
10,400 <1% NPP
Living Bwﬂ%m’—nm%ﬂ.__"em e T
Accumulation Accumulation 3470
1,210 120 ’
l o Organic Matter
in Stream

Runoff 10
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Whole-Plant Carbon Cycling and Allocation

The initial products of photosynthesis contain energy in the
form of chemical bonds and carbon skeletons that can be allo-
cated differentially to meet the functional and structural needs
of an individual plant. In a given year, the amount of energy
captured through photosynthesis will vary with environmental
conditions and will be used differentially to meet the needs of
growth, tissue maintenance, defense, storage, and reproduc-
tion (Fig. 4.18). Sugars derived from photosynthesis may be
converted to starches and stored, metabolized into cellulose
and lignin for structural growth, respired to produce ATP for
energy-dependent processes such as nutrient uptake or flower-
ing, or used in various other metabolic processes. Weinstein
et al. (1991) used these concepts in their TREGRO model to
predict dynamic changes in carbon allocation patterns for red
spruce trees exposed to environmental stresses. One might
expect that trees experiencing stress or unpredictable environ-
mental conditions will allocate carbon and energy in ways that
permit survival, while perhaps compromising other competing
demands such as reproduction or storage.

In a study aimed at tracing the seasonal patterns of photo-
synthate distribution in 4 yr-old seedlings of red pine (Pinus
resinosa), Schier (1970) exposed the trees to labeled *CO,
and tracked changes in tissue concentrations of *C over the

Income

Photosynthetic Fixation
of CO, and Solar Energy

!

Plant Metabolic
Carbon &
Energy Pool

Allocation Expenses

Growth and synthesis

Tissue repair

-
~

Maintenance respiration
Reproduction

Defense against herbivores

Energy storage (starch)

Fig.4.18 Carbon and energy fixed through plant photosynthesis enter
a general metabolic carbon pool that is used in growth, maintenance,
and other life processes. Allocation of carbon and energy to various
plant processes and sinks can change with conditions and plant
phenology

growing season. During May—June, rates of shoot and needle
growth were high, these tissues acted as the major sinks for
14C, and relatively little photosynthate was transferred to fine
roots. In July, when elongated shoots were no longer a strong
sink for photosynthate, the proportion of C transferred to
fine roots increased to more than twice the level observed in
May. By autumn, the cessation of shoot and needle elonga-
tion and cambial growth resulted in a large transfer of '*C
photosynthate to fine roots. The author also observed a mas-
sive channeling of '“C into non-cell wall fractions of red pine
roots and shoots during autumn, thus indicating that storage
of non-structural carbohydrates was occurring prior to win-
ter dormancy. Similar results were reported by Horwath et al.
(1994) based on studies with 2 yr old hybrid polar trees. In
July, 80% of recovered “C label was found in aboveground
poplar shoots, whereas carbon allocation shifted to below-
ground sinks in September, with 51% of “C label recovered
from the root system of hybrid poplars.

Metabolic Allocation to Plant Defense

Plants are subject to varying intensities of herbivory and
insect attack; in response, plants often invest some portion of
their energy and carbon budget to biochemical defense
(Harborne 1982). The three general classes of plant defen-
sive compounds used against herbivory include: (i) sub-
stances that reduce palatability of plant tissues (e.g.,
cucurbitacins); (ii) plant metabolites that act as toxic deter-
rents (e.g., alkaloids and cyanogens); and (iii) biochemical
products that reduce the nutritional value of plant tissues
(e.g., tannins). The synthetic pathways that generate these
secondary compounds in plants include the Shikimic Acid
Pathway, terpenoid pathway, and various reaction pathways
involving nitrogen metabolism in plants (Fig. 4.16). The sci-
entific discipline that focuses on the role of these compounds
in plant-insect interactions has been termed ecological bio-
chemistry or chemical ecology.

One intriguing example of a nitrogenous toxin is the class
of cyanogenic glycosides (including compounds such as
linamarin) that are produced by certain plant species. After
ingestion by herbivores, cyanogenic glycosides are broken
down by enzymes to release hydrogen cyanide (Fig. 4.19).

R O - Glucose R OH R
) C 4 ) C 4 \C O + HCN
— —— = +
77N 77N Y
R C=N R C=N R
Glycoside Cyanohydrin Ketone

Fig. 4.19 Pathway for release of hydrogen cyanide from cyanogenic glycosides Reprinted from Harborne, J.B. Introduction to Ecological

Biochemistry Chapter 3 page 81 ©1982 with permission from Elsevier
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Fig.4.21 Examples of water soluble allelopathic agents in plants

This compound inhibits cellular respiration by interfering
with cytochromes in the electron transport system.
Examples of nitrogen-based plant toxins also include
heterocyclic alkaloids such atropine and strychnine
(Fig. 4.20) that cause mortality or nervous system disor-
ders. In some plants, the production of toxic non-protein
amino acids such as 3,4-dihydroxyphenylalanine (Fig. 4.20)
interferes with herbivory. When these compounds are
mistakenly incorporated into protein synthesis by an insect
herbivore, non-functional enzymes are produced that con-
tribute to insect mortality. Other plants rely on polycyclic

toxic flavonoids such as rotenone (Fig. 4.20), quinones
such as hypericin, or triterpenoids such as cucurbitacins
that impart a bitterness to host plants and act as feeding
deterrents (Harborne 1982). An example of the tannins
found in the foliage of oaks and other plants is also shown
in Fig. 4.20. These compounds bind soluble protein in the
gut of insects, thus interfering with digestion and assimila-
tion of amino acids necessary for insect nutrition and
growth.

Some plants allocate a portion of metabolic output to
the production of allelopathic substances that are used in
competitive interactions among different species (Harborne
1982). Most allelopathic compounds are either volatile
terpenes or phenolic substances that are released to inhibit
the growth of potential competitors. Examples of water-
soluble allelopathic agents generated by plants include
p-hydroxybenzoic acid and o-coumaric acid (Fig. 4.21).
Another well-known example is juglone (5-hydroxyn-
apthoquinone), an allelopathic substance produced by
black walnut (Juglans nigra) trees to suppress understory
competitors
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Plant Nutrient Cycling

Plants act as major nutrient sinks and element cycling pumps
in terrestrial ecosystems, and exert a strong influence on the
biogeochemistry of many elements. As an example, new
foliage production in a mature northern hardwoods forest in
New England requires >60 kg N ha~! yr~!, and litterfall recy-
cling of senescent foliage returns roughly 30 kg N ha™! back
to the soil each year. By comparison, annual inputs of N in
atmospheric deposition in the region are roughly 6 to 8 kg N
ha=! yr=!. In the section that follows, we shall examine pat-
terns and processes of plant element cycling, including nutri-
ent absorption, internal nutrient cycling, and element
recycling through leaching and turnover of detritus.

Plant Nutrient Absorption

Plant nutrient acquisition is dominated by belowground
absorption of solutes by plant fine roots and filamentous
hyphae of symbiotic mycorrhizal fungi in the soil rhizo-
sphere. Although plant scientists have historically assumed
that fine root systems primarily absorb soluble inorganic ions
from the soil solution and exchangeable cations from soil
colloids, evidence indicates that plants can also absorb sim-
ple soluble organic forms of nutrients, including glycine and
alanine (Nasholm et al. 1998; Rothstein 2009; Moran-
Zuloaga et al. 2015).

Nutrient acquisition by higher plants is a multi-stage pro-
cess that can be represented in simplified fashion by the dia-
gram in Fig. 4.22. Nutrient ions and solutes in the soil matrix
or rhizosphere move by diffusion and bulk flow toward the
nutrient depletion zone surrounding the fine root tips and

Diffusion

Bulk Flow

XYLEM TRANSPORT —>

Diffusion

! !

| |
Plasmalemma Plasma Membrane
Membrane of the Stele

associated mycorrhizal hyphae of a plant. Initially, ions or
solutes enter the root free space or apoplast and may adsorb
to the cell walls of plant roots. From there, most ions move
by active transport mechanisms across the first membrane
barrier of the root system, the plasmalemma. Ions then dif-
fuse through the cytoplasm within the symplastic system of
the plant until they encounter the next membrane barrier, the
plasma membrane of the stele. After active transport across
that membrane, ions move through the xylem via bulk flow
until they reach a sink destination where the ions are actively
transported into receiving cells or tissues. Along the way,
ions may be subject to chromatographic separation and dif-
ferential transport.

Rates and patterns of nutrient uptake vary considerably
and are subject to different physiological and environmental
controls. If free diffusion were responsible for uptake, the
rate for each ion would be low and essentially proportional to
the concentration gradient. Yet, evidence indicates that (i)
ion uptake rates are much higher than those accounted for by
diffusion, and (ii) plants exhibit ion selectivity and can accu-
mulate ions according to internal demand via active trans-
port, independent of external concentration differences.
Given the importance of active transport in nutrient uptake
processes, one would expect ion uptake to be sensitive to
temperature, oxygen availability (for root respiration), and
metabolic inhibitors. Indeed, low temperatures or decreased
oxygen tensions in the rhizosphere generally tend to inhibit
rates of nutrient uptake.

Plants can enhance the availability and uptake of certain
elements such as Fe and P through the release or exudation
of siderophores into the rhizosphere. These soluble organic
substances have carboxyl and hydroxyl functional groups
capable of complexing and/or reducing ferric iron associated
with insoluble iron phosphate salts in the soil matrix, thereby
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increasing concentrations of both Fe and P for plant uptake.
Burghelea et al. (2015) and others have also shown that
plants and associated arbuscular mycorrhizae can promote
and accelerate nutrient release from mineral weathering in
the rooting zone.

In yet another example, Hamilton and Frank (2001) pro-
vided intriguing evidence that plants can stimulate soil
microbes to increase decomposition rates that contribute to
soil nutrient replenishment. Using a *C label, the authors
found that grazing of the grass Poa pratensis promoted root
exudation of soluble carbon, which was quickly assimilated
into microbial biomass in the soil rhizosphere. This then
enhanced microbial mineralization processes contributing to
soil nitrogen pools, stimulating plant regrowth in response to
improved nutrient availability.

As mentioned earlier, one major mechanism that contrib-
utes to plant nutrient acquisition is the mutualism of endo-
mycorrhizal and ectomycorrhizal fungi with plant roots. In
exchange for valuable energy and carbon subsidies from
their plant hosts, mycorrhizae generate a tremendous surface
area of hyphal filaments that increases the nutrient absorp-
tion capabilities of the forest community. As a result, plants
with mycorrhizal symbionts tend to exhibit higher growth
rates and tissue nutrient concentrations as compared with
plants that lack this benefit (Table 4.4). In a comparative
study of pitch pine (Pinus rigida Mill.) seedlings grown with

Table 4.4 White pine (Pinus strobus) seedling growth with and with-
out mycorrhizal infection after 1 yr (Hatch 1937)

Seedling biomass Leaf (% dry weight)

Dry

Wt. Root/shoot* N P K
405g 0.8 124 020 0.74
321g 1.1 0.85 0.07 043

“Ratio of root:shoot biomass

Treatment
Mycorrhizal
Nonmycorrhizal

Fig.4.23 Acid-base (a)
chemistry of ion uptake

involving charge balance with

(a) coupled uptake of a cation

and anion, (b) exchange of

protons for other cations, and

(¢) exchange of anions

K+

or without symbiotic ectomycorrhizal fungi, Cumming
(1993) found that pine seedlings innoculated with Pisolithus
tinctorius exhibited superior growth and maintained normal
foliar nutrient concentrations under conditions of phospho-
rus limitation. In contrast, non-mycorrhizal seedlings suf-
fered adverse effects under the same growing conditions.

Implications of Nutrient Uptake for Acid-Base
Chemistry

Whenever ion uptake occurs, thermodynamic constraints
dictate that charge balance must be maintained between
cations and anions. This can be accomplished by various
strategies in order to permit selective uptake of certain ions
or preferential uptake of cations in excess of anions
(Fig. 4.23). In the simplest case, a plant root might take up
both K* and CI~ ions from the external solution, thus main-
taining charge balance inside and outside the cell while also
meeting an internal demand for both potassium and chloride.
Alternatively, a plant might absorb 2 K* while expelling two
H* from inside the cell (Fig. 4.23b) or a plant might take up
one K* to balance an internal malate anion while releasing
one H* to balance the residual Cl~ ion in the external solu-
tion. In yet another case, a cell exposed to dilute nitric acid in
the external solution might take up a molecule of NO;™ and
release a molecule of HCO;™ to maintain charge balance
inside and outside the cell (Fig. 4.23c).

The cumulative impacts of plant nutrient uptake on soil
acid-base chemistry can be impressive as a result of the large
quantities of H* and OH™ ions released to maintain charge bal-
ance during nutrient absorption. For example, if a forest
absorbs 72 kg NH,* ion ha=! yr~! to meet its N demand, there
is a potential release of 4 kmol of H* ion ha™! yr~! associated
with that N uptake (compared with atmospheric deposition

Plant cell (b)
2K+ oH+  2Ck
Cl- (©)
lon transport across
cell membrane
H+
NO3' HCO3‘
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inputs on the order of 1 kmol). On the other hand, forest
absorption of 8 kg S ha™! yr~! as sulfate ion could result in the
release of 0.5 kmol ANC ha~! yr~!, thus offsetting some of the
potential acidification associated with cation uptake. Because
woody plants tend to absorb more cations than anions on an
annual basis, forest growth generally contributes to long-term
acidification of the soil (Binkley and Richter 1987).

Plant Transport or Translocation of Nutrients

Following absorption from the external environment, nutri-
ent solutes move in the xylem stream to internal plant sinks.
Some of these nutrients may later be re-mobilized and
retranslocated to new locations via the phloem stream. Those
“mobile” elements that are subject to retranslocation in the
phloem include K, Na, Mg, P, N, S, Cl, and soluble C. Much
of the re-mobilized N transported within the plant phloem
occurs in the form of organic amides such as asparagine and
glutamine, whereas transport of P in the phloem occurs prin-
cipally as inorganic forms of the element (Bloom et al. 1985).
In contrast to so-called mobile nutrients, the elements Ca, Sr,
Ba, B, and structural C (e.g., lignin and cellulose) are rela-
tively immobile within the plant, and generally experience
little to no retranslocation via the phloem.
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Plant Nutrient Resorption

Resorption is an important internal recycling process in
perennial terrestrial plants that permits conservation and
reuse of essential or critical elements that have been
acquired through energy-intensive nutrient uptake pro-
cesses. Plants initiate resorption just prior to or in the
early stages of foliar senescence, the programmed aging
and deterioration of foliage that precedes leaf fall. In
many woody plants, 30-60% of the N and P content of
foliage may be resorbed from leaves or needles prior to
leaf drop, stored over winter in woody tissues, and reused
the following year for the production of new foliage.
Extremely proficient plants are able to lower nutrient
concentrations in senescent foliage to levels of 0.3% N
and 0.01% P, thus conserving the vast majority of their
foliar nutrient capital for those elements (Killingbeck
1996). In a survey of 77 species of deciduous and ever-
green woody perennials, Killingbeck (1996) found that
mean nutrient concentrations in senesced leaves of these
plants were very low compared to green leaves, averaging
0.87% N and 0.06% P. Figure 4.24 illustrates the seasonal
N resorption observed in an oak forest in New York, and a
comparison of foliar nutrient levels in green versus senes-
cent leaves.

Senescing leaves progressively lose
N through resorption, where as Ca
content increases in aging leaves
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Fig. 4.24 N resorption and Ca accumulation in aging leaves in an oak forest (left panel) (Data from Woodwell 1974b); comparison of foliar
nutrients (right panel) expressed in pg cm= for green versus senesced leaves (Data from Killingbeck et al. 1990)
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Resorption
(internal recycling)

|

Foliar Litterfall
leaching |

i Decomposition of root, foliar,
‘ and woody detritus !

Root turnover

Fig.4.25 Cycling of plant nutrients in foliar litterfall and organic mat-
ter turnover

Detrital Cycling of Plant Nutrients

Plant nutrients are recycled when foliage, branches, roots,
and woody stems die and are returned to the soil as detritus
(Fig. 4.25 and Chap. 5). The annual cycle of aboveground
litterfall in forest ecosystems is usually dominated by leaves
or needles that have gone through senescence prior to leaf
drop. These senescent needles or leaves are typically depleted
in N and P (which have been resorbed), depleted in K* (which
has leached rapidly from the leaky senescent plant cells), and
enriched in C and Ca (which have progressively accumu-
lated in the aging foliage). In contrast, green leaves dropped
prematurely during the growing season as a result of distur-
bances tend to have normal concentrations of critical nutri-
ents and low C:N and C:P ratios. Besides the annual cycle of
foliar litterfall, forests may experience episodic or stochastic
inputs of woody detritus associated with disturbance or for-
est decline. The chemistry of woody litterfall is usually car-
bon-rich and nutrient-poor, although bark may contain
elevated Ca concentrations.

In the belowground system, fine root production and
turnover are important nutrient cycling processes that
exhibit seasonal cycles related to plant activity and environ-
mental changes. In many forest systems, there is a peak of
fine root production and associated nutrient demand in
spring, followed by a decline in live root biomass and an
increase in fine root necromass. Forest ecosystems often
exhibit another peak of fine root production in autumn. As
live roots die and decompose, there is a fresh input of organic
matter and nutrients that can be recycled within the soil by
decomposition processes. Although resorption has been

clearly demonstrated in the foliage of many woody species,
there is conflicting evidence from studies of fine root sys-
tems as to whether these tissues undergo senescence and
nutrient resorption prior to death.

Plant Canopy Processes Affecting Element
Cycling

Element inputs and outputs in the forest plant canopy occur
through a variety of mechanisms. Ions and associated solutes
can enter the plant canopy in wet precipitation and through
impaction or condensation of fog water and cloudwater (see
Chap. 6). Although much of the moisture input usually
passes through the foliage as canopy throughfall, 1-2 mm
of moisture can be stored on the canopy as interception,
where it eventually evaporates and leaves behind the dry salt
residues formerly dissolved in the precipitation.

Dry deposition is another important pathway for element
inputs to the forest canopy. Particles, microscopic aerosols,
and gases are filtered or absorbed from the atmosphere
through sedimentation, impaction, and dissolution processes
on the vast foliar surface of the canopy. Canopy enhance-
ment of dry deposition varies as a function of air chemistry,
wind speed, leaf surface area, turbulence, canopy height and
roughness, moisture conditions, and elemental chemistry.

Two of the major pathways for element removals from the
plant canopy are crown leaching and canopy washout.
Crown or foliar leaching occurs as water films or droplets
contact the foliage and remove plant nutrients via diffusion
or ion exchange (e.g., H* in acidic deposition exchanges for
foliar Ca?* adsorbed on plant exchange sites). Foliar leaching
may also involve dissolution of plant substances accumu-
lated on the cuticle or exterior of stomatal pores. Canopy
leaching is an especially prominent pathway for potassium
cycling during the growing season, since K* ion occurs as an
aqueous electrolyte in plant cells and is readily leached dur-
ing precipitation events. In contrast to crown leaching, can-
opy washout refers to the rinsing of accumulated dry
deposition from the canopy surface by moisture derived from
precipitation, fog water, or cloudwater. Canopy throughfall
solutions that pass through the foliage and enter the underly-
ing soil carry the combined element chemistry of the original
precipitation input plus any solutes derived from crown
leaching and canopy washout minus any solutes removed
through absorption or adsorption in the canopy. The portion
of wet deposition (~0-5%) that runs down branches and
flows downward along the stem of a tree and into the soil is
termed stemflow.

Elements deposited in wet or dry deposition are subject to
a variety of potential transformations and transfers in the
plant canopy (Table 4.5). Partial evaporation of moisture
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Table 4.5 Canopy processes that may potentially contribute to
changes in the chemistry of wet deposition passing through a forest
canopy. ANC refers to acid neutralizing capacity or alkalinity in a
solution

Change in solution

Canopy process Effectcon pH  chemistry

1. Neutral salt leaching No net change Increase in ion

or washout concentrations

2. Washout or leaching Decrease Increase in anions and

of acids acidity

3. Uptake of NH,* by  Potential Loss of NH,* and H*

microflora decrease increase

4. Ion exchange of H*  Potential Loss of acidity + cation

on cuticle increase increase

5. Washout or leaching Potential Loss of acidity +

of alkalinity increase increased ANC

6. Uptake of NO;~ Potential Loss of nitrate + free
increase acidity

inputs can concentrate solutes, so that resulting ion concen-
trations in throughfall are higher than those in incident pre-
cipitation. This process can theoretically be checked by
converting concentrations to masses and comparing the mass
balance of atmospheric deposition versus canopy through-
fall. Wet or dry inputs of nitrogen and other critical nutrients
may be assimilated by foliage or by canopy epiphytes (e.g.,
lichens, bromeliads, or algae), rather than washing through
the canopy and entering the soil as throughfall. As mentioned
above, ion exchange processes can also occur in the canopy
as inputs of ions in precipitation or cloudwater adsorb to
charged sites on the plant cuticle or epidermis and cause the
release of exchangeable ions from the host plant. For exam-
ple, inputs of acid precipitation are often neutralized in the
forest canopy when protons from sulfuric or nitric acid
exchange with Ca?* or Mg?* ions on the foliar surface, pro-
ducing a partially neutralized solution of Ca and Mg salts of
sulfate or nitrate in the resulting throughfall solution.

Figure 4.26 illustrates how canopy processes in a forest
ecosystem can dramatically transform the chemistry of input
solutions of wet deposition. In this example based on data
from Cronan and Reiners (1983), the sulfate concentration in
throughfall is greatly enriched compared to precipitation
(presumably through canopy washout), whereas free H* ions
are attenuated in transit through the hardwood canopy (pre-
sumably through ion exchange for Ca* and other cations
leached from foliage)

NUE as an Index of Plant Nutrition
and Nutrient Cycling

The concept of nutrient use efficiency (NUE) provides a
useful indicator for comparing plant performance and nutri-
ent cycling under various environmental conditions
(Vitousek 1982). NUE is commonly defined as the amount
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Fig.4.26 Comparison of ion concentrations (pmol, L") in wet deposi-
tion (dark bars) versus throughfall (open bars) beneath a northern hard-
wood forest canopy

of biomass produced per unit of nutrient; as such, it is sim-
ply the inverse of nutrient concentration (Chapin and Van
Cleve 1989). Efficient plants are able to maximize carbon
fixation per unit of nutrient absorbed, and thus have high
nutrient use efficiencies. On a whole-plant basis, NUE gen-
erally increases under conditions of nutrient stress or limita-
tion, because tissue nutrient concentrations decline and the
ratio of root biomass (with low tissue nutrient concentra-
tions) to leaf biomass (with higher tissue nutrient concentra-
tions) increases (Chapin and Van Cleve 1989). In a
comparison of five species of shrubs, Field et al. (1983)
found more than a two-fold range of variation in the nitro-
gen use efficiency of these plants.

Nutrient Limitation

In the field, plant growth and performance are strongly influ-
enced by resource availability, and when an essential
resource is limited, plants typically respond either with
reduced growth or increased resource use efficiency (e.g.,
NUE). Plant nutrient limitation occurs under a variety of
conditions in response to sub-optimal supply or outright
deficiencies of single or multiple key nutrient elements.
Some of the more common elements that limit plant growth
in forested ecosystems are N, P, Ca, and Fe, although many
other examples are reported in the literature.

Effects of Chemical Stress on Plants

In concluding this chapter, we shall examine ways in which
environmental stresses can influence plant functions through
a variety of biogeochemical interactions. A stress can gen-
erally be viewed as any biotic (e.g., pathogen) or abiotic
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(e.g., drought) constraint or influence that adversely affects
critical life processes for an organism. It is not uncommon
for plants to experience multiple stresses that individually
exert sub-lethal effects on the target, but which collectively
can disrupt normal homeostasis for a plant. In the three
examples below, we shall briefly consider how plants
respond to exposure to acidic deposition, soil metal toxicity,
and oxidant pollution in the form of ozone.

Effects of Acidic Deposition on Plant
Membrane-Bound Calcium

One of the interesting biogeochemical interactions in north-
ern forests is the impact of acidic cloud deposition on cal-
cium cycling and biogeochemistry of red spruce trees.
Studies in the upper elevations of the Green Mountain
National Forest of Vermont have shown that acidic cloud
water leaches membrane-bound Ca from red spruce needles.
This process disrupts normal membrane function and inter-
feres with the ability of mature red spruce trees to achieve
and to maintain winter frost hardiness. Investigators have
concluded that loss of membrane-bound Ca predisposes high
elevation red spruce trees to increased winter injury and risk
of mortality during severe winter cold periods and freeze-
thaw cycles (DeHayes et al. 1999; Schaberg et al. 2000). The
evidence of this freezing injury is often apparent in spring-
time, when rusty red dead needles are observed on the tips of
high-elevation red spruce trees.

Aluminum Antagonism and Toxicity Stress

Investigators have described a wide range of fascinating
environmental conditions where plants are adversely affected
by exposure to toxic elements that interfere with normal life
processes. For instance, when plant roots growing in acidic
soils are exposed to elevated concentrations of ionic alumi-
num (A1**), sensitive species may suffer from (i) antagonistic
interference with cation uptake or (ii) toxic interactions
involving irreversible damage to cells and essential biomol-
ecules (Haug 1984). Symptoms of “aluminum stress” in
these sensitive species may result from any of several spe-
cific biogeochemical interactions: (i) Al may bind to nucleo-
tides and nucleic acids, inhibiting cell division; (ii) Al can
bind to ATP, ADP, or membrane-bound ATPases, interfering
with energy transfer; (iii) Al may interfere with enzyme sys-
tems such as acid phosphatases; (iv) Al can bind to plant
calmodulin, seriously disrupting cellular control, signaling,
and contractile processes; (v) Al may bind to phospholipid
groups and alter membrane permeability; or (vi) Al can bind
to root apoplast surface adsorption sites and interfere with
plant uptake or selectivity for nutrient ions such as Ca** and
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Fig. 4.27 Adverse impact of increasing soluble Al concentration on
growth of red spruce (Picea rubens) seedlings (Data from Cronan 1994)

Mg?* (Cronan and Grigal 1995). In addition, elevated foliar
Al coupled with decreased foliar Ca and Mg, may promote
higher rates of dark respiration, adversely affecting the car-
bon balance of plants (McLaughlin et al. 1990).

In its various manifestations, stress from ionic aluminum
in sensitive plants can adversely affect energy transforma-
tions, carbon balance, cell division, membrane transport,
nutrient accumulation, as well as activities regulated by
calmodulin, a multi-functional, Ca-dependent regulatory
protein (Sucoff et al. 1990). These responses can translate
directly into decreased root and shoot growth in plants
exposed to elevated concentrations of ionic Al (Fig. 4.27).

Plant Responses to Ozone Stress

Tropospheric or ground-level ozone (O;) occurs at concen-
trations ranging from less than 50 to over 100 ppb in the
lower atmosphere. It is a potential health risk and environ-
mental stressor for sensitive forest species at ambient air
concentrations below 100 ppb. Visual symptoms of ozone
stress include foliar stipling (Findley et al. 1996), tip necro-
sis (Wenner and Merrill 1998), bifacial black necrosis and
premature leaf abscission (Yun and Laurence 1999), and
accelerated cellular senescence (Gunthardt-Goerg et al.
2000). Physiological responses to this oxidant gas can
include impaired photosynthetic performance and altered
plant carbon cycling.

The threshold for adverse responses to ozone is a function
of the sensitivity of individual species or phenotypes to ozone
stress, differences in stomatal conductance among species
(Kolb et al. 1997), air concentrations of ozone, and cumulative
plant exposure to ozone. Black cherry (Prunus serotina)
exhibited foliar injury from exposure to ambient ozone con-
centrations in the Great Smoky Mts. (Chappelka et al. 1999a),
and developed foliar stress symptoms in another study with
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cumulative exposures >60 ppb ozone (Hildebrand et al. 1996).
Trembling aspen (Populus tremuloides) and red oak (Quercus
rubra) seedlings experienced reduced growth and photosyn-
thesis at 95 ppb ozone (Volin et al. 1998). In contrast, red
spruce (Picea rubens) tolerated 4 seasons of exposure to 2X
ambient ozone (Laurence et al. 1997), and red maple (Acer
rubrum) cultivars tolerated acute exposures of 300 ppb ozone
(Findley et al. 1996). Overall, studies using controlled expo-
sures to ozone have demonstrated that sensitive tree species
suffer significant adverse effects from ozone stress, whereas
other tolerant species are able endure acute and chronic ozone
exposures without major repercussions.

Ollinger et al. (1997) combined leaf-level ozone
response data from field experiments with a forest simula-
tion model to estimate regional effects of ambient ozone
concentrations on mature hardwood forests in the north-
eastern U.S. Model results suggested that ozone stress
could reduce forest net primary production as much as
16% and wood production as much as 22%. Thus, both
empirical and modeling studies indicate that the structure
and function of forest ecosystems — containing a variable
mix of sensitive and tolerant species — can potentially be
adversely impacted by stresses associated with ozone air
pollution.



Cycling of Organic Matter

Introduction

One of the useful ways of integrating concepts of energy
flow and nutrient cycling in a terrestrial ecosystem is to focus
on the cycling of organic matter. When we consider the
chemical energy and nutrients sequestered in terrestrial plant
biomass or within a forest soil, it is important to understand
that they are part of a larger ecosystem cycle of organic mat-
ter characterized by (i) multiple storage pools with different
residence times and (ii) multiple component processes,
including trophic transfers into consumer organisms, pro-
duction of detritus or necromass from senescent or dead
life forms, release of elements from organic matter via
decomposition and mineralization processes, evolution of
gaseous CO, through respiration, and recycling of nutrients
into new growth of organisms. In this chapter, we examine
how organic matter pools are distributed in the landscape,
what processes control organic matter cycling, and how
organic matter cycling is influenced by environmental and
ecological conditions.

organic matter include: mineral soil organic matter
(280,000 kg dry organic matter ha™'), aboveground biomass
(189,900 kg ha!), forest floor or O horizon detritus
(54,000 kg ha™"), and belowground biomass (50,220 kg ha™").
Transfers of organic matter among compartments and annual
changes in storage pools in the forest ecosystem are as fol-
lows: net primary production of aboveground + belowground
plant biomass (10,700 kg dry organic matter ha! yr™'),
decomposition of forest floor detritus and soil organic matter
(9200 kg ha™" yr™"), litterfall return of leaf and woody detritus
to the soil (6220 kg ha=! yr~!), inputs from atmospheric depo-
sition (34 kg ha™! yr™!), leaching of dissolved organic matter
(DOM) from the forest canopy (62 kg ha=! yr~'), and stream
hydrologic export of DOM and suspended particulate organic
matter or POM (45 kg ha™! yr™").

In this example, we have an ecosystem where the two
largest storage reservoirs of organic matter are living bio-
mass and the combined forest floor and mineral soil pools.
Although the forest biomass pool is aggrading, the soil pool
of organic matter is relatively stable, with annual inputs of
detritus from litterfall and root turnover (6220 + 3620 kg
ha~! yr~!) approximately balanced by losses of organic mat-
ter through decomposition (9200 kg ha™! yr~!). As you con-
sider the example in Fig. 5.1, it is important to note that this
estimate is merely one specific illustration of a terrestrial
organic matter budget. Depending upon the composition and
structure of a forest community, the nature of previous dis-
turbances, topography, soil conditions, climate, and other
environmental factors, the relative and absolute sizes of
organic matter pools and transfers can vary enormously
among different upland and lowland terrestrial ecosystems.

Ecosystem Perspective

The primary pools and pathways of organic matter cycling in
a terrestrial ecosystem can be illustrated with the organic mat-
ter budget of a forest ecosystem from the northeastern U.S.
(Fig. 5.1). In this example, the major storage compartments of
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Storage of Organic Matter in Forest Soils,
Biomass, and Woody Debris

On a world-wide basis, the pool of organic carbon in soils

amounts to approximately 1500 Pg C of stored detritus and
soil organic matter in the upper 1 m of soil (where
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Fig.5.1 Organic matter
budget of an aggrading
mid-successional age
hardwood forest ecosystem at
Hubbard Brook, NH. Units
are kg ha™! for masses and kg
ha~! yr~! for rates of net
primary production (NPP)
and other fluxes (Based on
data from Fahey et al. 2005)
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Pg =10% g), and 2344 Pg C in the upper 3 m of soil (Jobbagy
and Jackson 2000). Organic matter at the soil surface is dom-
inated by litterfall inputs of foliar and woody detritus and
dead fine roots located in the surface soil horizon. Subsurface
organic matter is derived from root system turnover and
decay, vertical infiltration and accumulation of dissolved
organic matter (DOM) on soil mineral colloids, mixing of
surface litter by soil fauna, and growth and turnover of soil
microbial biomass. In wetland ecosystems, organic matter in
the form of subsurface peat may accumulate as successive
layers of Sphagnum moss and plant litter are buried beneath
subsequent annual inputs of plant detritus under waterlogged
conditions that prevent all but minimal decomposition.
Organic matter in forest soils exists in a continuum of
detrital fractions ranging from recognizable litter and woody
debris, to humus, to humic coatings on soil minerals, and
finally to DOM in the soil solution phase. Some investigators
prefer to make a spatial distinction between the litter and
humus of the surface O horizon and the soil organic matter
(SOM) of the subsurface mineral horizons in their analysis
of organic matter budgets. Others focus on turnover rates of
organic matter, treating soil organic matter as a mixture of
two operationally-defined pools: a smaller “labile” pool of
carbon and a larger more stable or refractory pool of “pro-
tected” carbon. Still other investigators distinguish two dif-
ferent density classes of organic matter: a mineral-free light
fraction, which includes partly decomposed plant material
and microbial biomass, and a denser heavy fraction consist-
ing of organic material that is adsorbed onto mineral surfaces
or is sequestered within micro-aggregates (Strickland and
Sollins 1987; McFarlane et al. 2012). These light and heavy

Table 5.1 Comparison of light and heavy fractions in a range of differ-
ent soils and soil textures (Strickland and Sollins 1987)

Heavy Light
Location Soil type % sand % clay fraction % fraction %
Waldo, FL.  Spodosol  91.5 3.3 99 1
HIJA, OR® Inceptisol 46.3 22.2 94 6
Cascade,OR Inceptisol 41 14 74 26
Konza, KS  Mollisol 20 20 99.5 0.5
Costa Rica  Inceptisol 9 73 99.75 0.25

“HJA = H.J. Andrews Forest

SOM fractions can be separated by flotation in solutions of
varying density (e.g., Nal solution with a density of 1.70 g
cm~3). In a comparison of soils from North and Central
America, Strickland and Sollins (1987) reported that heavy
fractions tended to predominate over light fractions
(Table 5.1).

Soil Organic Matter and Soil Carbon Storage

In forest ecosystems, the ash-free organic matter content of
the entire soil profile generally ranges from approximately
100,000 to 500,000 kg SOM ha~!. Jobbagy and Jackson
(2000) surveyed the literature and reported that soil organic
carbon content (SOC) in the upper 3 m of soil averaged
125,000 kg C ha~! in boreal forests, > 200,000 kg C ha! in
temperate forests, and 280,000 kg C ha™! in tropical ever-
green forests (note that soil organic matter is roughly 48%
carbon by mass). The authors also found that total SOC con-
tent generally increased with precipitation and soil clay



Storage of Organic Matter in Forest Soils, Biomass, and Woody Debris

63

Table 5.2 Distribution of soil carbon pools in forest soil profiles at
Harvard Forest, MA (Gaudinski et al. 2000) and Hubbard Brook
Experimental Forest, NH (Huntington et al. 1988)

Harvard Forest, MA Hubbard Brook Forest, NH

Soil horizon g Ckg! soil Soil horizon g Ckg! soil
Oi 450 Oi + Oe 465
Oe + Oa 470 Oa 296
A 270 18] 25
Ap 60 Bh 68
Bwl 20 Bsl 63
Bw2 6 Bs2 36

content and decreased with temperature. However, the
importance of these controls switched with soil depth, so that
climate dominated shallow layers and clay content domi-
nated deeper layers. Mueller et al. (2015) examined controls
on SOC in a common garden experiment with 14 tree species
and reported that total C in the O horizon and upper 20 cm of
mineral soil was negatively correlated with earthworm abun-
dance and positively correlated with the abundance of Al, Fe,
and protons. In Table 5.2, examples of two soil profiles are
shown that illustrate vertical distributions of soil organic car-
bon in cool temperate forest ecosystems of North America.

Forest Floor Storage

The ash-free dry mass of the forest floor or O horizon can
range from <10,000 kg organic matter ha~! to >110,000 kg
ha~!, and often represents 15 to 30% of the total soil organic
matter reservoir. In a review of literature on organic matter
cycling, Vogt et al. (1986) reported that mean forest floor
masses ranged from 2200-22,500 kg ha™! in tropical forests,
from 11,500-20,000 kg ha~! in warm temperate forests, from
14,000-44,500 kg ha=! in cold temperate forests, and aver-
aged 44,700 kg ha~! in boreal evergreen forests. In the same
study, the authors reported that mean residence times of for-
est floor organic matter ranged from <2.5 yr in tropical for-
ests, <5 yr in warm temperate forests, from 4 to 18 yr in cold
temperate forests, and averaged 60 yr in boreal evergreen
forests. Stored nitrogen and phosphorus pools in the forest
floor or O horizon have been reported to range from 35 to
>2200 kg N ha™! and from <20 to 220 kg P ha~!. Table 5.3
presents a comparison of forest floor organic matter and
nutrients for three forest ecosystems.

Turnover Rates and Age of Soil Organic Matter
Reservoirs

How long does organic matter persist in the soil? Studies
have shown that the age and turnover rates of soil organic
matter can vary widely as a function of site conditions,

Table 5.3 Comparison of forest floor pools of organic matter and
nutrients (kg ha™') Data from Lang et al. (1981), Turner and Singer
(1976), and Gosz et al. (1976)

Ash-free
Site Dry mass N P Ca Mg K CN
Subalpine fir, 92,200 2300 215 165 100 95 19
NH
Northern 46,800 830 60 195 25 35 23
hardwood, NH?
Pacific silver fir, 53,500 650 45 545 45 175 --

WA

*More recent data from Huntington et al. (1988) suggest that this forest
floor contains 1300 kg N ha™!

history, and methods of soil fractionation (McFarlane et al.
2012). In a study of three well-drained soils from boreal,
temperate, and tropical forests, Trumbore (2000) reported
that mean residence times for soil C in the 0—40 cm depth
ranged from 200 to 1300 yr. Yet, >40% of the SOM in those
soils cycled on time scales of decades or less, as indicated by
analysis of '“C radiocarbon data. The author concluded from
this evidence that the bulk soil contained a labile faster-
cycling pool of C that turned over much more rapidly than
the overall reservoir of humified and protected soil C. In an
earlier study conducted in California, Trumbore et al. (1996)
reported that the light fraction of SOM in montane forest
soils turned over every 6-8 yr at lower elevations and every
53-71 yr in high elevation forests, where cooler climatic
conditions inhibited decay. Another study of carbon cycling
at Harvard Forest, MA showed that turnover times for SOM
increased with soil depth, averaging 2—5 yr for recognizable
leaf litter, 5—10 yr for root litter, 40—100 yr or more for low
density humified material, and over 100 yr for SOM associ-
ated with soil minerals (Gaudinski et al. 2000). In another
example from New Zealand, Baisden et al. (2011) estimated
mean residence times of 9 to 17 yr for organic matter in the
upper 8 cm of soils, based on *C data.

Influence of Land Management
and Disturbance on SOM

Several studies have demonstrated the dynamic responses of
soil organic matter to changes in land use activity, vegetation
cover, and disturbance. Richter et al. (1999) reported that
conversion of a former cotton field in South Carolina to lob-
lolly pine forest resulted in the accumulation of 39,250 kg
soil C ha~! over a period of 40 yr, with 96% in the forest floor
and 4% in the mineral subsoil. On average, the soil gained
roughly 1000 kg C ha~! yr~! during 40 yr of forest growth,
but the mineral soil only gained 4% of this new net carbon
input, or 40 kg C ha~! yr~'. At Harvard Forest, MA, Gaudinski
et al. (2000) estimated that O and A soil horizons beneath a
temperate deciduous forest accumulated 44,000 kg C ha~!
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above the plow layer during the century following abandon-
ment in the late 1800’s. In contrast, Veldekampe (1994)
reported that deforestation, followed by 25 yr of pasture
cover, caused a net loss of 21,800 kg C ha™! in a forest
Andosol in Costa Rica. Another study of harvesting impacts
in New England showed that the forest floor can potentially
lose 50% of its mass after harvesting, because of decreased
annual inputs of litter and increased decomposition
(Covington 1981). However, over the next 50-75 yr, the for-
est floor regains its original mass as a result of increased
inputs of woody litter from stand thinning. In a lengthy
review of literature on soil C storage, Johnson (1992) found
that current evidence supports the following conclusions:
cultivation leads to substantial decreases in soil C in almost
all instances (see also Cusack et al. 2012); most studies indi-
cate little or no change in forest soil C following harvesting
and reforestation; the effects of fire on soil C storage vary as
a function of fire intensity; and soil C tends to increase with
fertilization. Frey et al. (2014) reported that nitrogen amend-
ments to a temperate forest in central Massachusetts induced
soil C accumulation that was attributed to suppression of
organic matter decomposition, reduced fungal biomass, and
increased lignin accrual in response to fertilization.

Aboveground and Belowground Biomass

Forest ecosystems across the biosphere generally exhibit
aboveground biomass values ranging from <100,000 to
>500,000 kg organic matter ha=!, depending on the climate, soil
fertility, and successional status of a forest. Some of the major
differences in forest biomass in a given biome reflect the impacts
of stand history and disturbance. As an example, Reiners (1992)
documented successional recovery in the aftermath of clear-cut
logging at Hubbard Brook Experimental Forest, NH, noting that
forest aboveground biomass increased from 7500 kg ha™! at 5 yr
to 52,000 kg ha! at 20 yr after disturbance.

Although many estimates of aboveground biomass exist,
estimates of belowground biomass are much less common in
the literature. Total fine root biomass typically ranges from
2000 to 10,000 kg ha~!, whereas coarse plus large root bio-
mass can exceed 100,000 kg ha=!. As illustrated in Fig. 5.2,
the biomass distribution of roots in the soil profile generally
follows an exponential decay curve, with decreasing biomass
as a function of soil depth. Death and subsequent turnover of
root biomass provide large annual transfers of carbon and
other elements to the SOM reservoir.

Coarse Woody Debris
Coarse woody debris is a term that refers to the dead and

decaying remains of downed tree boles, standing dead trees,
coarse roots, and branches in a forest ecosystem. Some
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Fig. 5.2 Depth distribution of root biomass (<3 mm diameter) in a
Norway spruce stand, Maine, USA (Data from Cronan 2003)

organic matter budgets ignore or under-sample coarse woody
debris, others combine it with detritus in the forest floor or
soil organic matter compartments, whereas other organic
budgets explicitly quantify woody detritus as a separate stor-
age reservoir in a forest ecosystem. Coarse woody debris
(CWD) is a carbon-rich substrate that typically averages
449 cellulose, 26% hemicellulose, and 30% lignin (Harmon
et al. 1986). In Douglas-fir stands at H.J. Andrews
Experimental Forest in Oregon, Grier et al. (1981) reported
that standing dead stems plus fallen logs amounted to
>200,000 kg ash-free organic matter ha~!, and constituted
>15% of the total mass of ecosystem organic matter. Harmon
et al. (1986) summarized data indicating that (i) total vol-
umes of CWD in forest ecosystems range from a low of
60 m® ha™! in an Abies balsamea forest to 1189 m® ha! in a
Pseudotsuga-Tsuga forest, and (ii) total masses of CWD
generally range from 11,000-38,000 kg ha™' in temperate
deciduous forests and from 10,000-511,000 kg ha=! in tem-
perate coniferous forests.

Transfers of Organic Matter in Detritus
and Solution

Aboveground Litterfall

Litterfall transfers of organic matter from the aboveground
plant community to the soil are one of the major pathways
for recycling of nutrients in terrestrial ecosystems. Plant lit-
ter can include foliage, flowers, twigs, branches, cones, and
stems or boles of woody plants. The flux of litter to the soil
surface usually exhibits regular seasonal pulses associated
with leaf drop and flowering, episodic inputs of woody litter
resulting from windstorm activity and stand mortality, as
well as continuous minor background inputs of fine litter
over an annual cycle.

Bray and Gorham (1964) compared litter production
across multiple international study sites and reported that
mean annual leaf litterfall increases along a climatic gradient
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Table 5.4 Foliage characteristics of mid-season (L) and senescent (S)
leaves (Cromack and Monk 1975)

Species Location % N % P % Lignin
Chestnut oak (L) NC 2.0 0.18 12.6
Chestnut oak (S) NC 1.2 0.12 25.5
Yellow poplar (L) NC 2.0 0.20 7.2
Yellow poplar (S) NC 1.0 0.12 14.6
White pine (L) NC 1.4 0.17 16.4
White pine (S) NC 0.9 0.11 31.0

from 2500 kg ha~! in cool temperate forests, to 3600 kg ha~!
in warm temperate forests, and reaches a peak of 6800 kg
ha=! in equatorial tropical forests. Total annual leaf plus
woody litter production in the three respective climatic
regions was observed to increase from 3500 to 5500 to
10,900 kg ha™'. In comparing evergreen coniferous and
deciduous angiosperm forests in the northern hemisphere,
the same authors found that conifer forests tended to gener-
ate 10— 15% higher litterfall than deciduous forests. When
they examined inter-annual variations in litter production,
Bray and Gorham (1964) reported that some forests exhibit
relatively consistent litterfall amounts (10— 50% differences
among years), but litterfall in other forests varies by as much
as 2x, 3%, or 5x between minimum and maximum years. Part
of the explanation for episodic pulses of litterfall may be the
stochastic inputs of CWD (coarse woody debris) that result
from disturbance and successional changes in forest ecosys-
tems. Harmon et al. (1986) reported that CWD input rates
can range from 120 to 30,000 kg ha™! yr~! as a function of
differences in environmental conditions and succession.

Transfers of elements in litterfall are important and are
influenced by changes in foliar chemistry during the period
of senescence preceding leaf drop. Critical elements such as
N and P are resorbed from foliage, while soluble elements
such as K* are readily leached. As a result, the nutrient con-
tent and tissue quality of litterfall can be markedly different
from the characteristics of the original live foliage. In their
comparative analysis of organic matter quality for mid-
season and senescent foliage, Cromack and Monk (1975)
demonstrated that leaf senescence is accompanied by declin-
ing N and P tissue concentrations and increased % lignin
(Table 5.4).

The masses of organic matter and nutrients recycled in
aboveground litterfall are a relatively large fraction of net
primary production in a forest ecosystem. Vogt et al. (1986)
reported that litterfall transfers of N range from 24-55 kg N
ha=! yr~!in cold and warm temperate forests, and reach mean
values up to 120-200 kg N ha~! yr~! in tropical forests. In
comparison, values of litterfall P range from 2-11 kg P
ha~! yr~! in temperate and tropical forests surveyed by Vogt
et al. (1986). In the same literature review, the authors noted
that N:P element ratios in litterfall average from 9:1 to

Table 5.5 Aboveground litterfall mass and nutrient content for a
mature northern hardwoods forest in New Hampshire and a mature
southern hardwoods forest in North Carolina®

Mass kg ha=! yr~!

Organic matter N P K Ca Mg
Northern hardwood
Leaf litter 2690 30 2 13 23 4
Woody litter 2070 11 1 2 |12 (1
Southern hardwood
Leaf litter 2775 24 35 13 34 6
Woody litter 1010 5 1 1 7 0.1

“Data from Gosz et al. (1972) and Cromack and Monk (1975)

13:1 in temperate forests and from 22:1 to 27:1 in tropical
forests. In Table 5.5, data are presented showing the magni-
tude of litterfall transfers for northern and southern hard-
wood ecosystems studied by Gosz et al. (1972) and Cromack
and Monk (1975).

One of the questions we might ask ourselves is how do
litterfall transfers of elements compare with other recycling
pathways in a forest ecosystem? To address this question,
Fig. 5.3 presents a comparison of element recycling patterns
from the forest canopy to the soil via leaf litterfall versus
canopy leaching. In this example from a mature red spruce
forest in Maine, we see that recycling of an electrolyte such
as K* is dominated by leaching processes, whereas Ca, N, P,
Al, Mn, and Fe are predominantly recycled through litterfall.
Intermediate between these elements is magnesium, whose
recycling transfers are roughly divided between litterfall and
leaching (Fig. 5.3).

Belowground Detrital Inputs From Root
Mortality and Turnover

How rapidly do roots cycle through life, death, and the pro-
duction of belowground detritus? Some fine roots in the
upper soil profile are probably turned over and are replaced
by new growth one or more times per season. However, the
total mass of live fine roots in a temperate forest has an aver-
age turnover time on the order of 1- 5 yr (Joslin and
Henderson 1987; Cronan 2003; Trumbore and Gaudinski
2003). As shown in Fig. 5.4, seasonal variations in fine root
biomass suggest that there can be pronounced peaks of root
growth and marked declines in root biomass through mortal-
ity over the course of a growing season. These periods of
root turnover result in large inputs of organic matter to the
soil reservoir, accompanied by emissions of CO, from het-
erotrophs responding to these new substrates in the soil
environment.

Gholz et al. (1986) reported that net annual production for
slash pine roots <10 mm in diameter in Florida averaged
6000 kg ha~' and that root turnover contributed an average of
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Fig.5.3 Comparison of relative element transfers in aboveground lit-
terfall versus net canopy leaching (net TF) in a Maine spruce-fir forest
(Data from Rustad and Cronan 1988)
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Fig. 5.4 Seasonal variations in fine root biomass in a Norway spruce
stand located in Maine, USA. Six replicated sample collections are
indicated by the black diamonds (Data from Cronan 2003)

3300 kg organic matter ha~! yr~! to soil detrital pools. In their
literature survey, Vogt et al. (1986) reported that inputs of
detritus from fine root turnover ranged from 1300 kg ha=' yr~
in a red pine plantation in New England to 7370 kg ha=! yr~!
in a Pacific silver fir stand in Washington. They also found
that root turnover accounted for 20-77% of total detrital
inputs to the forest floor from litterfall plus root turnover.
Other studies have indicated that annual detrital inputs to the
soil profile from turnover of fine roots are approximately
twice the mass of annual inputs of foliar litterfall (Raich and
Nadelhoffer 1989; Cronan 2003).

Root turnover processes represent a potentially large
transfer of nutrients from living biomass to detrital and SOM
pools (McCormack et al. (2015). Because roots do not appear
to undergo senescence, it is assumed that fresh fine root
detritus has a higher nutritional content (and a lower C:N

Fluxes of Carbon as DOM
kg ha™ yr'!
Atmospheric Deposition 16
Canopy Throughfall 47
Forest Floor Leachate 263
Mineral Soil Leachate 23
Stream Runoff 20

Fig. 5.5 Fluxes of carbon as dissolved organic matter at Hubbard
Brook Experimental Forest, NH (Data from McDowell and Likens
1988)

ratio) than foliar litterfall that has been subjected to resorp-
tion prior to leaf abscission. Vogt et al. (1986) reported that
root turnover contributed 29— 255 kg N ha™' yr~! to the soil
profile across all forest climatic zones; in most regions, more
N was added to the soil through annual root turnover than by
aboveground litterfall.

Solution Transfers of DOM

Organic matter budgets in terrestrial ecosystems include
important transfers of DOM in canopy throughfall, soil
drainage water, and streamflow (Neu et al. 2011). McDowell
and Likens (1988) estimated that mean annual fluxes of sol-
uble C in DOM at Hubbard Brook Experimental Forest, NH
ranged from 16 kg C ha™! yr~! in precipitation, to 263 kg C
ha=! yr=! in forest floor leachate, to 20 kg C ha™' yr~! in
stream water (Fig. 5.5). Another study estimated that water-
shed DOM exports of soluble C to streams were approxi-
mately 36 kg C ha™! yr~! for hardwood forests and 45 kg C
ha~! yr~! for coniferous forests in the Adirondack Mountains,
NY (Cronan 1990). Based on work in a southern deciduous
forest at Coweeta, NC, Qualls et al. (1991) estimated that
annual fluxes of organic C, N, and P in DOM averaged 120,
3.5, and 0.18 kg ha=! yr~'for canopy throughfall, compared
with 400, 10, and 0.28 kg ha™! yr~!, respectively, for forest
floor leachates. C:N ratios for DOM in that study were
roughly 35 for canopy throughfall and 40 for forest floor
leachate solutions. Currie and Aber (1997) used a mass bal-
ance simulation model (DocMod) to estimate that mean
fluxes of dissolved organic C and N from forest floors in the
White Mountain National Forest, NH are 270 kg C ha™! yr~!
and 6.6 kg N ha~! yr~!. Montieth et al. (2015) applied a logis-
tic regression model to describe spatial variations in DOC
exports from upland catchments in the United Kingdom.
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Decomposition of Organic Matter
General Processes of Decomposition

Decomposition is a critical process that (i) is mediated by
soil invertebrates, insects, bacteria, and fungi and (ii) permits
the breakdown and recycling of organic matter in terrestrial
ecosystems (Fig. 5.6). Melillo et al. (1989) have described
decomposition as a continuum, with fresh litter as one end-
member and soil organic matter as the other end point. Along
this continuum, decay processes transform detritus with
divergent initial chemistries and high C:N ratios into soil
organic matter that is relatively uniform in chemical compo-
sition, with a much lower C:N ratio. In addition, decomposi-
tion processes generate CO, and soluble forms of nutrients
that can be recycled into plants and other organisms.

During the early stages of decomposition, there is a rapid
loss of mass resulting from leaching of water-soluble com-
pounds derived from fresh litter and microbial breakdown of
simple metabolites in the decaying substrate. As decomposi-
tion proceeds, there is an increase in the surface area of
decayed material as litter and detritus are shredded and frag-
mented by soil invertebrates and insects. This is accompa-
nied by colonization and degradation of the decaying organic
substrates by fungi and soil bacteria that release enzymes
such as b-1,4-glucosidase, phenol oxidase, and phosphatases
to enhance decay (Sinsabaugh and Follstad Shah 2011;
Biinemann 2015). After an initial period of exponential mass
loss lasting up to 2 years, the decomposition rate declines to
a lower level controlled by resistant materials in the organic
substrate. At that stage, element ratios gradually converge
toward relatively stable stoichiometries characteristic of
aged soil organic matter.

Much of the weight loss during decomposition occurs as
a result of carbon release from the organic substrate. So,
what happens to that carbon? A mass balance of original car-
bon in fresh litter suggests that the fate of initial C at any
point in time can be accounted for by summing the carbon
released as CO, by decomposers, carbon leached as dis-
solved organic carbon (DOC), carbon immobilized in micro-
bial biomass, and carbon remaining as residual humus or soil
organic matter.

Two of the major processes controlling element dynamics
during organic matter decomposition are microbial
immoblization and mineralization. In the earlier stages of
decomposition, microbes immobilize or sequester limiting
nutrients in their biomass to facilitate growth and the metab-
olism of carbon substrates. As decomposition proceeds,
carbon:element ratios in detritus gradually decline to criti-
cal thresholds where microbial mineralization is favored. At
this stage, microbial growth proceeds with the simultaneous
release of CO, and soluble inorganic nutrients from mineral-
ization processes. As an example, C:N mass ratios typically
decline during litter decomposition toward a value of 30:1 or
less (Fig. 5.7), a threshold at which both carbon and nitrogen
mineralization occur concurrently. Above that approximate
C:N threshold, much of the N released from decaying organic
matter and gained from the surrounding micro-environment
is immobilized in microbial biomass. Conversely, below that
critical threshold, there is net mineralization of detrital N
that becomes available for general uptake, adsorption, or
leaching (Manzoni et al. 2010).

Wood Decay Processes

What are the special characteristics of wood decomposition?
In general, decomposition of woody material is a slow pro-
cess that requires special groups of organisms capable of
degrading the cellulose and lignin that dominate the structure
of woody tissues. The microbes that decompose wood
include two major groups: (i) the molds and staining fungi
that feed on sugars and simple carbohydrates in parenchyma
tissues and sapwood and (ii) the bacteria and fungi (soft rots,
brown rots, and white rots) that degrade cell wall compo-
nents (Harmon et al. 1986). It is the latter group of microbes
that contributes to the major mass losses and structural/
chemical changes in decaying wood. In most environments,
the processes of wood decay are also strongly influenced by
the activities of insects and soil invertebrates. Insects such as
carpenter ants reduce CWD to dust and deposit this material
outside the branch or log as a substrate for microbial attack.
Other forest insects eat wood, reducing the particle size and
modifying the wood during digestion. In addition, wood-

Fig.5.6 Sequential decay of
litter or detrital organic matter
into residual soil organic
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Fig. 5.7 As C/N ratios decline during litter decomposition, microbial
communities shift from N immobilization to mineralization of N in
substrates

boring insects allow non-boring soil invertebrates such as
millipedes, centipedes, and wood lice, along with microbial
decomposers, to invade CWD, thereby contributing to fur-
ther decay (Harmon et al. 1986).

Brown rot is a type of wood decay caused exclusively by
fungi of the Basidiomycetes, especially taxa in the
Polyporaceae family. During brown rot decay, cellulose and
hemicelluloses are broken down in the woody substrate,
while lignin is largely preserved in a slightly modified form.
As a result of the preferential degradation of carbohydrates
and cellulosic materials, the decayed wood acquires a brittle
consistency, breaks up like cubes, and ultimately crumbles
into a powder (Schwarze et al. 1999).

White rot decay processes are caused by Basidiomycete
and some types of Ascomycete fungi that are capable of
breaking down lignin, cellulose, and hemicelluloses, giving
the wood a bleached appearance. In some cases, the process
involves selective delignification in which lignin is broken
down more rapidly than cellulose or hemicellulose. In other
instances, the white rot proceeds with simultaneous degrada-
tion of all three classes of substrates. Evidence suggests that
the white rot fungi break down the lignin by oxidative pro-
cesses involving phenol oxidases and related compounds
(Schwarze et al. 1999; Talbot et al. 2015).

Soft rot refers to the soft consistency of wood that is
decayed by Ascomycete and Deuteromycete fungi that break
down cell walls, but primarily utilize cellulose and hemicel-
lulose. The characteristic feature of soft rot is the preferred
growth of hyphae within the secondary wall, which produces
cavities oriented in a longitudinal direction with the cell axis
(Schwarze et al. 1999). Evidence indicates that this process
is most common in moist wood found in aquatic or riparian
environments (Harmon et al. 1986).
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Fig.5.8 Mass loss of red spruce foliar litter over 60 months in a coni-
fer forest in Maine, USA. From Rustad, L.E. Element dynamics along
a decay continuum in a red spruce ecosystem in Maine, USA. Ecology
75:867-879. ©1994 by the Ecological Society of America

Decomposition Rates and Decay Constants

Rates of decomposition vary as a function of the substrate
(foliar litter, fine roots, woody detritus, or SOM), environ-
mental conditions, and biological factors. Mass loss of
decaying foliar litter often follows a curvilinear negative
exponential pattern as illustrated in Fig. 5.8. In long-term
studies of decomposing conifer litter, Staaf and Berg (1982)
and Rustad (1994) found that needle litter mass declined by
50% or more in the first 24 mo of decomposition, but this
rapid rate of decay was not sustained over the next 36 mo.
Studies of belowground root decomposition have indicated
that mass loss of roots <3 mm in diameter ranges from <25%
per yr to as much as 50 to 70% per yr (Dornbush et al. 2002;
Cronan 2003). Research on the decomposition of woody
detritus has indicated that decay rates for CWD are very low,
typically ranging from 1 to 3% per yr in temperate regions
(Harmon et al. 1986; Foster and Lang 1982; Fahey 1983).
However, tree bole mass loss rates as high as 40— 50% per yr
have been reported in some rain forest environments and
warm temperate forests (Lang and Knight 1979; Lambert
1980). Taken as a whole, estimated residence times for
decaying tree boles generally range from decades to centu-
ries, but can be as short as a decade or less.

It is often useful to compare initial rates of litter decay
using an empirical decay constant, k, based on the follow-
ing curvilinear weight loss model proposed by Olson (1963):
X, =X, e where X, is the mass of litter remaining at time t,
X, is the initial mass of litter, t = time, and k is a litter-specific
decay constant. When decay data are analyzed with this
model, we find that higher k values correspond with leaves
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that decompose more rapidly and have shorter half-lives. As
an example, Melillo et al. (1982) reported that northern hard-
wood leaves exhibited annual decomposition k constants
ranging from 0.08 for American beech (with a slow decay
rate) to 0.47 for white ash (which lost nearly half its initial
mass in 1 year). By comparison, reported annual decay con-
stants for woody stems are primarily in the range of 0.01 to
0.03 (Foster and Lang 1982).

Element Cycling Patterns in Decaying
Organic Matter

Studies have shown that litter or detritus can act as a source
or a sink for nutrients at various time points during decompo-
sition. As a result, dynamic changes are observed in the pat-
terns of nutrient release and accumulation over the course of
litter decay. Elements such as potassium, sodium, and mag-
nesium that occur as soluble ions in biomass are generally
leached rapidly from decomposing organic matter, so that
<25% of the original element content remains after 12-24
mo (Gosz et al. 1973). In contrast, Ca content in decaying
litter tends to decrease at roughly the same rate as mass loss,
because Ca primarily occurs as cell wall structural material

that requires microbial break down (Fig. 5.9). Other ele-
ments such as N, Fe, and Al tend to accumulate in decaying
litter for varying periods of time in response to biotic
immoblization and abiotic adsorption (Rustad and Cronan
1988). The N content of decaying litter can increase by 50%
over original litter N during the first 12-24 mo of decompo-
sition (Berg and Staaf 1981).

Patterns of P immobilization and mineralization during
decomposition are varied and complex. In some studies, P
and N are both immobilized in the early stages of microbial
decomposition (Manzoni et al. 2010), whereas other investi-
gations report that P is released from the beginning of litter
decay, while N is immobilized (Rustad 1994; Thompson and
Vitousek 1997). This dynamic variation in P biogeochemis-
try is associated with at least three factors: (i) variable micro-
bial C:P ratios that range from 6 to 60, but include values
spanning from 5 to 500; (ii) C:P ratios in detritus that tend to
converge around 350, but exhibit large deviations from that
value; and (iii) a variable tendency for significant leaching
losses of P from decaying litter in some environmental set-
tings (Manzoni et al. 2010; Biinemann 2015).

The changes in tissue chemistry during litter decomposi-
tion can be scaled up to an ecosystem-level analysis of nutri-
ent cycling patterns over different periods. As shown in
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Fig.5.10 Ecosystem element
budgets during decomposition
of fine litter in a spruce-fir
forest in Maine, USA. From
Rustad, L.E. Element
dynamics along a decay
continuum in a red spruce
ecosystem in Maine, USA.
Ecology 75:867-879. ©1994
by the Ecological Society of
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Fig. 5.10, decomposing litter in a Maine spruce-fir forest
served as a net sink for N, Ca, and Fe during the first 24 mo
of decay and as a net source for P and Mg (as well as C) dur-
ing the same time period (Rustad 1994). However, after
nearly 5 yr of decomposition, decaying litter became a net
source for all elements measured except Fe and Al. It was
noted that the net loss of N from decaying litter amounted to
<4 kg N ha!, which was less than 20-25% of the N con-
tained in the original litterfall material. In contrast, nearly
80% of the original P content in litterfall for that site was
released through leaching and mineralization in the first 5 yr
of decomposition.

Nutrient dynamics have also been examined in decaying
wood at a number of forest ecosystems. In general, logs and
woody detritus have been found to act as sinks for N over the
course of years to decades, because of the high C:N ratio in
wood and the demand of microbial decomposers for
N. Woody roots exhibited net accumulation of N and Ca over
the course of 7-80 yr of decomposition in a lodgepole pine
forest in Wyoming (Yavitt and Fahey 1982). In their study of
balsam fir logs in the White Mountains, NH, Lambert et al.
(1980) reported that the concentration of N immobilized in
well-decayed buried wood was roughly four times higher
than the concentration in fresh balsam fir bole wood.

Given enough time, would we expect decaying wood to
reach a threshold permitting net microbial mineralization of
N? Hart (1999) attempted to answer that question in a study
of nitrogen transformations in fallen tree boles at an old-
growth conifer stand in Oregon. To his surprise, he found
that well-decayed boles exhibited net N mineralization at an
elevated C:N ratio of 117 (compared to a ratio of 25— 30 in
leaf litter), generating up to 2.5 kg N ha=! yr~! for the ecosys-
tem N budget. His conclusion was that well-decayed boles
contribute low but measurable amounts of available N to for-
est soils; however, the influence of tissue C:N ratios on N

Net release

24 mo. - 57 mo.

mineralization in tree boles was different from the relation-
ships for leaf litter.

Substrate Controls on Decomposition

Detritus contains a mixture of structural and non-structural
compounds that vary in their ease of decomposition in the
following order: sugars + starches + simple proteins > crude
proteins > hemicelluloses > cellulose > lignins + fats +
waxes. After the simple carbohydrates and proteins are read-
ily broken down, the decay process slows as microbes
encounter the remaining more resistant structural compounds
such as cellulose and lignin. Investigators have found that the
initial rate of litter decay is inversely correlated with two
substrate parameters: (i) % lignin and (ii) the ratio of % lig-
nin: % nitrogen in organic matter. Melillo et al. (1982)
reported that the mass of initial litter remaining after
12 months of field incubations with multiple forest species in
New Hampshire and North Carolina was highly correlated
(r?> = 0.90) with the ratio of initial lignin: initial nitrogen, but
that the slopes and intercepts of the regressions varied
between the two regions (Fig. 5.11). Murphy et al. (1998)
examined rates of litter decomposition along an elevation
gradient in Arizona and found that decay rates were inversely
correlated with % lignin in the litter substrate. Berg et al.
(2010) reported that initial Mn level is an important determi-
nant of limit values, the mass loss at which further decay
ceases or becomes minimal. A number of studies have shown
that addition of an exogenous C substrate such as root exu-
dates can produce a priming effect that increases or
decreases the rate of decomposition (Murphy et al. 2015).
One curious observation regarding substrate controls on
decay is that the initial concentration of N in litter can influ-
ence decomposition in two different ways. Many studies
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have demonstrated that a high N concentration in fresh litter
is associated with a faster initial decay rate, which is consis-
tent with Fig. 5.11. However, over a longer time scale of sev-
eral years, litter at N-enriched sites tends to become stabilized
and to decay more slowly than would be expected, which
results in SOM accumulation (Frey et al. 2014; Hobbie
2015). Possible explanations for this influence of N enrich-
ment on late-stage decay are that N may induce abiotic for-
mation of compounds that resist microbial attack or N may
inhibit oxidative enzymes involved in lignin degradation
(Hobbie 2015).

Environmental Controls on Decomposition

Rates of decomposition are strongly controlled by tempera-
ture, moisture, and aeration, so that we would expect higher
rates of decay in a warm humid ecosystem with well-drained
soils. The influence of climate on decomposition is reflected
in the offset decay curves of the New Hampshire and North
Carolina data sets graphed in Fig. 5.11 and by the decay
model of Meentenmeyer (1978) shown in Fig. 5.12. In that
decay model, AET (actual evapotranspiration) is used as an
integrated proxy of temperature and moisture, and we see
that for a given litter substrate and initial lignin concentra-
tion, the annual decomposition rate increases with AET. Thus,
for example, litter with a lignin concentration of 5% at a site
with an annual AET of 900 mm is predicted to lose >80% of
its mass in 12 months, whereas litter containing 40% lignin
at a site with AET = 300 mm is likely to lose <10% of its
mass in the same period.
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The influence of temperature on decomposition rate var-
ies and is often tempered by other factors (Hobbie 1996;
Prescott 2010). As an example, Murphy et al. (1998) studied
litter decomposition along a montane environmental gradi-
ent in Arizona where mean annual temperature ranged from
5.5 to 8.5 °C and mean annual precipitation ranged from 32
to 53 cm. The investigators found that decomposition rates
were significantly greater at upper elevations, which were
colder and wetter. Although this seemed somewhat counter-
intuitive, the warmer low elevation sites were apparently too
dry to permit rapid decay. Melillo et al. (2002) tested the
effects of soil warming on decomposition in a Massachusetts
hardwood forest and observed only a small, short-lived
acceleration of soil organic matter decay in soil warming
plots. Their interpretation was that the soil contains a small
labile pool of reactive soil carbon compounds such as poly-
saccharides that are readily used by microbes and a larger
pool of carbon compounds characterized by aromatic ring
structures that are much more difficult for microbes to
metabolize. They concluded that the first pool is very
temperature-sensitive, whereas the decay rate of the second
pool is not.

Honeycutt et al. (1988) examined the effects of tempera-
ture on decomposition and mineralization using concepts of
heat units and cumulative degree days. Although carbon
mineralization rates varied with temperature and apparent
substrate complexity, similar amounts of C were respired for
the same cumulative heat inputs expressed in degree days.
Furthermore, the total number of degree days accumulated
until commencement of net N mineralization was also simi-
lar for all temperature treatments in their study.
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One of the common assumptions concerning global
warming is that increases in global temperature will be
accompanied by more rapid decomposition of soil organic
matter. Yet, Giardina and Ryan (2000) presented evidence
from a literature review indicating that decomposition rates
of SOM are not well-correlated with changing temperature.
According to the authors, this pattern of variation may result
because decomposition is performed by enzymes, and
enzyme activity is limited by temperature only when the sup-
ply rate of substrate exceeds the reaction rate for that sub-
strate. The authors speculated that heterotrophic decomposer
microbes in mineral soils survive on a supply of substrate
that is sub-optimal for growth, so that there is little apparent
influence of temperature on decomposition rates.

Another hypothesis regarding global climate change and
organic matter turnover is the prediction that regional warm-
ing will decrease winter snow cover, causing increased soil
freezing and associated biogeochemical impacts. Mitchell
et al. (1996) reported that in the aftermath of a major soil
freezing event in December 1989, several watersheds in the
northeastern U.S. exhibited elevated concentrations and
fluxes of nitrate in spring runoff. This suggested that acute
temperature effects such as unusual freezing episodes can
influence N turnover and nitrification processes, with conse-
quences for element cycling patterns.

Biological Influences on Decomposition

To what extent are decomposition rates affected by biologi-
cal influences in terrestrial ecosystems? Coleman and
Crossley (1996) suggested that decomposition is primarily
the result of microbial activities, but that soil fauna are
important in conditioning the litter and in stimulating
microbial actions. In an effort to examine the potential
impact of soil fauna on decay processes, Gonzalez and
Seastedt (2001) examined plant litter decay with faunal
exclusion experiments in contrasting tropical and temper-

ate subalpine forests. They found that climate, substrate
quality, and soil fauna independently influenced decompo-
sition rates, and that soil fauna had a disproportionately
large effect on litter decomposition in tropical wet forests
compared to tropical dry and subalpine forests. In tropical
wet forests, mean litter decay rates ranged from k = 0.30 to
0.64 in fauna-excluded plots, compared with k = 1.47 to
1.99 in control plots.

Transfers of CO, in the Organic Matter
Budget of a Forest Ecosystem

Soil respiration provides a major gaseous recycling path-
way for the transfer of carbon stored in belowground detrital
and biomass pools back into the atmospheric CO, reservoir.
The magnitude of this transfer can be illustrated with an
example from a Norway spruce stand in Maine, where the
annual release of C in soil respiration (5200 kg C ha™! yr™")
was almost twice the size of the fine + small root biomass C
pool (2700 kg C ha™!) and five times the annual C transfer in
foliar litterfall (1000 kg C ha™! yr~!) (Cronan 2003). In that
study, it was estimated that 50% of soil respiration was
derived from decay of fine roots and fresh litter, 35-40% of
the annual CO, efflux was derived from root respiration, and
the remainder was accounted for by decomposition of SOM
and CWD. Other estimates of annual soil respiration have
ranged from 4000-6500 kg C ha™! yr~! in red pine stands in
Wisconsin (Haynes and Gower 1995), 7100 kg C ha=! yr~! in
Norway spruce stands in Germany (Buchmann 2000),
10,650 kg C ha™! yr™! in hardwood stands in Tennessee
(Edwards and Harris 1977), and 4450 kg C ha™! yr~! in a
mixed hardwood forest located in Massachusetts (Bowden
et al. 1993). Schlesinger (1977) examined soil respiration
rates from around the world and determined that annual CO,
effluxes were inversely correlated with latitude, such that
CO, annual evolution rate = —24.2 (LAT) + 1721.5 with
R? =0.60.



Atmospheric Deposition

Introduction

Biogeochemical processes in watershed ecosystems are
closely coupled with dynamic and complex cycling pro-
cesses and source-sink relationships involving the atmo-
sphere. In some cases, terrestrial systems act as important
emission sources contributing to atmospheric chemistry; in
other cases, watersheds serve as major sinks or receptors for
elements and compounds cycling through the atmosphere.
There are few terrestrial ecosystems that are not strongly
influenced by atmospheric inputs of chemical substances.
The atmosphere is the major source for new inputs of nitro-
gen and sulfur to most terrestrial ecosystems, and is a key
transport medium for pollutant contaminants delivered to
local and remote watersheds. Atmospheric dust particles
provide an important input of calcium for many forested
watersheds (Hedin et al. 1994), and dust derived from des-
erts in northern Africa even serves as an essential source of
iron for the Atlantic Ocean (Garrison et al. 2003). Wherever
we look, there are fascinating illustrations of the close cou-
pling between terrestrial and atmospheric processes in the
biogeochemistry of watershed ecosystems.

Atmospheric deposition refers to the complex processes
by which water, particles, gases, and associated elements
and chemical compounds are transferred from the atmo-
sphere to vegetation, soil surfaces, lakes, streams, and other
receptors at the surface of the Earth (Fig. 6.1). Substances
may be deposited from the atmosphere as wet deposition

© Springer International Publishing AG 2018

(including rain, snow, fog, or cloud water) or as dry deposi-
tion in the form of dust, particulate aerosols, or gases. Wet
deposition is defined as the transfer of an element or sub-
stance from the atmosphere to the Earth’s surface within or
on the surface of a hydrometeor (e.g., rain drop). In contrast,
dry deposition is the direct transfer of gases and particles to
natural surfaces such as vegetation, soil, water, or snow via
adsorption or impaction processes.

In the chapter that follows, we will focus on the role of
atmospheric deposition in ecosystem element budgets and
the factors that determine the chemistry and amounts of
atmospheric deposition found in different regions and water-
sheds. We will also examine comparative field data showing
the patterns of atmospheric deposition observed at various
field sites.

Atmospheric Chemistry

The atmosphere contains a huge inventory of gases, ions,
moisture droplets, and particles that generally occur at low
concentrations, but which represent enormous absolute
quantities of substances on a global scale. For instance, car-
bon dioxide concentration in the atmosphere is relatively
low, averaging roughly 400 ppm in 2015; yet, the total pool
of carbon represented by atmospheric CO, is approximately
700 billion metric tons. In North America, typical concentra-
tions of common gases and suspended particles regulated by
U.S. EPA through the National Ambient Air Quality
Standards (NAAQS) are as follows: NO, (10-50 ppb), O;
(20-80 ppb), SO, (30-120 ppb), and particulates <10 pm in
diameter (50-150 pg/m?).

Primary sources for elements cycled through atmospheric
pathways include the following: (i) marine salts; (ii) dust from
agriculture, industrial activities, and roads; (iii) biogenic gases
such as N,O (nitrous oxide), H,S (hydrogen sulfide), NH;
(ammonia), and volatile plant hydrocarbons (e.g., isoprene);
(iv) anthropogenic gases such as SO, (sulfur dioxide),
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Fig.6.1 Conceptual diagram
of wet and dry deposition
processes. The forest canopy
can enhance inputs of fog,
cloud water, and dry
deposition through
interactions with foliar
surfaces. Throughfall
solutions beneath the canopy
can be enriched with elements
derived from leaching and
canopy washout of dry
deposition

NO, (nitrogen oxides), and VOC (volatile organic industrial
hydrocarbons such as benzene and methylene chloride); (v)
volcanic gases; (vi) ash and soot from fires, volcanic erup-
tions, and industrial emissions; and (vii) plant pollen. Munger
and Eisenreich (1983) suggested that the major elements in
precipitation can be separated into three major groups related
to sources — elements derived from soil dust and fly ash (Ca,
Mg, and K), elements associated with marine salt (Na and Cl),
and elements such as S, N, and H (as H* ion) that originate
from anthropogenic combustion. For any terrestrial ecosys-
tem, the contribution of specific natural or anthropogenic
sources to atmospheric deposition inputs depends upon such
factors as the geographic location of the receptor ecosystem in
relation emission sources, prevailing weather patterns, atmo-
spheric residence times of elements, and patterns of precipi-
tation washout during long-range transport.

On a global basis, the dominant suspended particles in the
atmosphere are various forms of sulfur compounds. Toon
and Pollock (1976) reported that the troposphere below 3 km
contains 50% sulfate particles, 35% soil particles, and 15%
sea salt. Above 3 km, the tropospheric particulate phase con-
tains 60% sulfate particles and 40% soil particles. In com-
parison, the stratosphere is dominated by ammonium sulfate,
sulfuric acid, and ammonium persulfate.

Deposition Processes and Patterns

Atmospheric deposition is a major link in a large-scale cycling
loop that begins with enrichment of the atmosphere with chem-
ical substances derived from emission sources on Earth or from
photochemical and physical-chemical processes within the
atmosphere. Examples of enrichment processes that contribute
to the chemical composition of the atmosphere include the fol-
lowing: (i) gaseous nitrous oxide emissions released by micro-
bial activities in soils, (ii) generation of gaseous nitric oxide in
air masses from oxidation reactions involving atmospheric
dinitrogen and lightning, and (iii) formation of ammonium
sulfate aerosols in the atmosphere through reactions between
gaseous ammonia and sulfuric acid.

Wet deposition as rain,
snow, fog, or cloud water

Dry deposition as
. particles and gases

[ P

l

Canopy
throughfall

P -

As illustrated in Fig. 6.2, chemicals that enter the atmo-
sphere through emissions or in situ reaction pathways are
potentially subject to long-range transport and chemical
transformation reactions occurring within air masses or
clouds. As an example, SO, released from power plant emis-
sions in the Ohio River valley may be hydrolyzed and oxi-
dized into H,SO, (in the presence of atmospheric water vapor
and hydrogen peroxide) during transport toward the north-
eastern U.S (Driscoll et al. 2001). Another common transfor-
mation occurs when limestone dust is blown into the
atmosphere and reacts with sulfuric acid droplets to form
gypsum particles, CaSO, (Fig. 6.2). Ultimately, after some
finite residence time in the atmosphere, many of the chemi-
cal substances transported through atmospheric cycling path-
ways return to Earth through various deposition processes
(Figs. 6.1 and 6.2).

There are a number of important processes that contribute
to atmospheric deposition of particles, gases, and dissolved
solutes. Dry deposition occurs through the combined effects
of: (i) gravitational settling of heavier particles; (ii) diffu-
sion of gases and ions; and (iii) impaction and interception
of wind-entrained aerosols and particles that penetrate the
boundary layers of vegetation surfaces or other natural fea-
tures in the landscape. Processes contributing to chemical
enrichment of precipitation and wet deposition include: gas
dissolution and oxidation (e.g., when SO, dissolves in a
hydrometeor and is oxidized to sulfite or sulfate); cloud con-
densation (which occurs during formation of a rain droplet
around a hygroscopic particle); rainout (in-cloud removal of
gases and particles); and washout (below-cloud scavenging
of chemical substances).

As shown in Fig. 6.3, particles, aerosols, and gases in the
atmosphere are part of a continuum of sizes ranging from
sub-micrometer aerosols and gases to large dust particles on
the order of 10—-100 pm in diameter. From a biogeochemical
perspective, there are three important observations that fol-
low from that broad size distribution: (i) element chemistry
is not homogeneous across the size spectrum; (ii) the
deposition velocity (or the rate of transfer of material from
the atmosphere to surfaces on Earth) varies non-linearly
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Fig.6.2 Conceptual
illustration of biogeochemical
cycling through atmospheric
pathways, with examples of
atmospheric chemical

Atmospheric Processes: transport, photochemical
reactions, chemical transformations, and deposition
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Fig. 6.3 Size distribution of molecules, gases, and particles in the
atmosphere

across the size distribution (Fig. 6.4); and (iii) the residence
time of elements in the atmosphere may vary as a function of
the size fraction in which the element occurs.

What are the implications of these observations for atmo-
spheric deposition? At the heavier end of the size spectrum
illustrated in Fig. 6.3, dust and salt particles tend to be
enriched in elements such as Ca, Mg, Al, Si, Na, and
K. Because the larger particles are subject to rapid gravita-
tional settling, the elements associated with that size fraction
tend to have shorter atmospheric residence times and rela-
tively higher atmospheric deposition rates in environments
influenced by dust sources and marine salts.

At the other end of the size spectrum (in the sub-micrometer
range), gases such as sulfur dioxide, nitrogen oxides, and
nitric acid vapor tend to exhibit longer atmospheric residence
times, and are subject to long-range transport from emission
sources to downwind receptor areas. Ultimately, these
molecules are transferred via diffusion or impaction from

Diameter of Particle

Fig. 6.4 Non-linear variation in deposition velocity as a function of
molecular size and particle diameter. Based on Chamberlain, AC. The
movement of particles in plant communities. pp. 155-203 in Vegetation
and the Atmosphere. I Principles. Monteith, J.L. (ed). ©1975 by
Academic Press (Elsevier)

the atmosphere to various surfaces such as forest canopies,
or are washed from the atmosphere in wet precipitation. Dry
deposition of these gases is enhanced when vegetation sur-
faces are moist.

In between the gaseous and large particle size fractions is
a class of microscopic aerosols that ranges from roughly 0.1
to 1.0 pm in diameter and includes components such as
ammonium sulfate particles and lead (Pb) aerosols. Because
these particles are too small to experience rapid gravitational
settling and are too large to exhibit rapid deposition by diffu-
sion, theoretical deposition velocities for that size class are
expected to be less than those observed for smaller and larger
size classes (see non-linear relationship in Fig. 6.4). In reality,
however, deposition of sub-micrometer aerosols can be



76

6 Atmospheric Deposition

increased considerably by impaction processes that result
from the interaction of wind-borne aerosols impinging on the
large surface area of vegetation in the landscape.

Atmospheric Emissions and Deposition
of Sulfur and Nitrogen

Nitrogen and sulfur provide useful illustrations of the relation-
ships between atmospheric emissions and deposition. Sulfur
and nitrogen oxides are two important acid-forming precur-
sors that contribute to acidic deposition and other air quality
problems. Sulfur oxide (SO,) emissions are primarily derived
from combustion of fossil fuels containing reduced or elemen-
tal sulfur and from smelting of metal sulfides such as iron,
lead, zinc, and copper sulfide. Nitrogen oxides (NO,) are
formed and released to the atmosphere during high tempera-
ture combustion associated with transportation, electrical gen-
eration, and heating. Sulfur oxides include the chemical
species SO,, SOs>~, and SO,>-, whereas nitrogen oxides
include NO, N,O, NO,, and NO;~. Emissions of SO, and NO,
increased greatly in the U.S. during the twentieth century of
economic growth, reaching peak annual values of 28-30 mil-
lion metric tons for SO, and 23 million metric tons for NO,
(Fig. 6.5). After the 1980’s, U.S. emissions of SO, declined
steadily in response to federal Clean Air Act regulations,
whereas emissions of NO, remained relatively unchanged.
What is the environmental fate of SO, and NO, emis-
sions? After entering the atmosphere, sulfur oxides can be
oxidized (often in the presence of hydrogen peroxide) and
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Fig.6.5 Annual emissions of sulfur dioxide and nitrogen oxides in the
U.S. from 1900 to 2000 (Data from NAPAP, Washington D.C)

hydrolyzed in water to form sulfuric acid. Both the H,SO,
and remaining SO, may be carried by long-range transport to
areas far downwind of the original SO, emission source.
During atmospheric transport, sulfuric acid may cycle back
to the Earth’s surface as acidic deposition, or it may undergo
further reactions in the atmosphere. For example, sulfuric
acid can react with ammonia gas derived from agricultural
sources to form ammonium sulfate, a neutral but acid-
forming salt. Sulfuric acid can also be neutralized by reac-
tion with atmospheric dust particles to form various sulfate
salts of calcium, magnesium, potassium, or sodium. SO,
emitted to the atmosphere eventually returns to Earth through
atmospheric deposition processes. As shown in Fig. 6.6,
there is a strong relationship between anthropogenic SO,
emissions and sulfur deposition. In this case, as emissions in
the Northeast regional airshed declined in response to regu-
lations in the Clean Air Act, deposition of sulfur in down-
wind locations decreased in a nearly linear fashion.

The environmental fate of NO, is somewhat different from
that of SO,. After NO, compounds are released from station-
ary or mobile sources, nitrogen oxides contribute to four
major atmospheric processes: (i) acidic deposition, (ii) for-
mation of tropospheric ozone, (iii) greenhouse warming, and
(iv) depletion of stratospheric ozone. In terms of atmospheric
deposition, evidence indicates that much of the NO, released
to the atmosphere is quickly oxidized to nitric acid, HNO;,
which may remain as nitric acid vapor, may dissolve in cloud
droplets as aqueous nitric acid, or may react with dust or
ammonia gas to form nitrate salts. Ultimately, most of this N
returns to Earth through wet or dry deposition processes.

70
—_~ .
=
_O
o 60 o
= °®
a2
g )
%) o ©

°®

S 40 o
=] [ ]
i °®
§ 30
o

20

20 18 16 14 12 10 8
SO, Emissions (109kg)

Fig.6.6 Relationship between volume-weighted concentrations of sulfate
ion in bulk precipitation at Hubbard Brook Experimental Forest, NH ver-
sus annual sulfur emissions in the regional source area. From Likens, G.E.,
T.J. Butler, and D.C. Buso. Long- and short-term changes in sulfate depo-
sition: effects of the 1990 Clean Air Act Amendments. Biogeochemistry
52:1-11 ©2001 by Springer with permission of Springer



Measurement and Analysis of Atmospheric Deposition

77

Measurement and Analysis of Atmospheric
Deposition

Wet Deposition

Wet deposition is routinely monitored by sampling networks
in North America, Europe, China, and at various other loca-
tions around the globe. Results from those monitoring net-
works are generally reported in terms of ion concentrations
(e.g., pmol L~! or mg L~!) and wet deposition fluxes of ions
or elements (e.g., kg ha™!, g m=2, mol. ha™!, or mol ha™').
Most networks have adopted a standard automated “wet-
only” inert collector to sample precipitation volume and
chemistry (NADP 1994). This sampler excludes dust and
dryfall materials from the collection bucket between rain or
snow events, and opens only during wet precipitation events.
Unfortunately, the sampler is not an efficient collector of fog,
cloud water, or dew, so that other methodologies are required
to sample those inputs in regions where their contribution to
wet deposition is significant (Lovett 1994).

Historically, precipitation was sampled with bulk precipi-
tation collectors composed of an open plastic funnel and col-
lection bottle that sampled wet precipitation plus an
undetermined amount of dryfall (Likens et al. 1977). However,
Richter and Lindberg (1988) demonstrated at Walker Branch
Watershed in Tennessee that mean concentrations of ions can
differ significantly in wet-only versus bulk precipitation col-
lectors located at the same site (Table 6.1). Potential discrep-
ancies such as these between collector designs unfortunately
introduce uncertainties into historical or contemporary com-
parisons of precipitation chemistries and deposition estimates
involving both wet-only and bulk precipitation collectors.
Hence, investigators must be cautious in noting the collector
design associated with a given wet deposition data set.

Dry Deposition

Compared with precipitation inputs, dry deposition is a much
more difficult process to quantify, because there is no consis-
tent way to sample the heterogeneous gases and dry particles

Table 6.1 Comparison of element inputs estimated with bulk precipi-
tation versus wet-only collectors at Walker Branch Watershed, Oak
Ridge, TN (Richter and Lindberg 1988)

SO NO;- Ca* H*
Mean concentration?, pmol, L=
Wet-only 58.8 16.6 10.5  56.8
Bulk precipitation 67.8 11.3 256  59.2
Annual ion deposition, kmol, ha=! yr=!
Wet-only 0.79 0.22 0.14  0.76
Bulk precipitation 0.91 0.15 0.34  0.79

*Volume-weighted concentration; pmol, = micromoles of ionic charge;
kmol, = kilomoles of ionic charge

that enter an ecosystem. Consequently, investigators often
try to bracket dry deposition through a combination of
estimation techniques (Lovett and Lindberg 1986). One
standard method involves using an air sampler to collect par-
ticles and gases on multiple filter packs, eluting and analyz-
ing the trapped chemical constituents, and calculating mean
air concentrations based on the volume of air that passed
through the sampler. Then, the investigator must calculate or
select a reasonable theoretical deposition velocity for each
substance, and multiply mean air concentration times the
deposition velocity of the gas or particle to obtain an esti-
mate of the dry deposition flux of that chemical to a given
receptor surface (Lovett and Lindberg 1986).

Dry deposition has also been estimated with a variety of
other techniques. Lindberg and Lovett (1985) placed artificial
surfaces in a forest canopy for fixed time periods, eluted the
trapped chemical species, and estimated dry deposition per
unit area. Graustein and Armstrong (1983) used strontium
(Sr) isotopes as geochemical tracers to estimate cation depo-
sition to a montane ecosystem in the southwestern U.S. Lovett
et al. (1992), Rustad et al. (1994), and others have used
watershed mass balance budgets to estimate dry deposition
as a difference term where other elemental inputs and out-
puts are relatively well characterized. Finally, some investi-
gators have used the forest canopy as an integrative collector
of wet plus dry deposition of certain elements such as sulfur
and chloride that have been shown, in many cases, to move
conservatively through the canopy without significant enrich-
ment or depletion. The strength of this estimation approach for
sulfur deposition was demonstrated by Lindberg and Lovett
(1992), who reported a strong 1:1 correlation between total
annual flux of sulfate in throughfall plus stemflow versus
total annual atmospheric deposition of sulfate estimated by
other independent means. In a later paper, however, Rustad
et al. (1994) questioned the reliability of this approach for
mixed forests with heterogeneous conifer cover.

Two comparative field studies in Maine and Tennessee
provide examples of the difficulty we face trying to estimate
dry deposition to forest ecosystems. In their study at Walker
Branch Watershed at Oak Ridge, TN, Lovett and Lindberg
(1986) used three separate methods to estimate dry deposi-
tion of nitrate to a deciduous forest. Estimates of the annual
dry deposition flux ranged from 1.8 to 9.1 kg NO;-N ha™!
among the different methods, with a mean value of 4.8 kg
NO;™-N ha~!. This dry deposition flux estimate represented
almost half of the total annual nitrogen input of 10.1 kg N ha™!
to the watershed.

In a separate study at Bear Brook Watershed in Maine,
Rustad et al. (1994) compared estimates of sulfur and chlo-
ride dry deposition using a watershed mass balance approach
versus measurements of net canopy throughfall enrichment
for each element. For the mass balance approach, the authors
assumed that annual streamflow outputs of each element
minus wet deposition inputs to the watershed provide an
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estimate of unmeasured dry deposition. For their second
approach, the authors assumed that element fluxes measured
beneath the forest canopy as throughfall represent wet depo-
sition plus dry deposition washed from the foliar surfaces.
By subtracting wet deposition chemistry from canopy
throughfall fluxes and assuming that sulfate and chloride are
not depleted or enriched by the canopy, the authors were able
to use net throughfall flux as an estimate of dry deposition.
Their estimates in a mixed northern hardwood forest indi-
cated that mean annual dry deposition of sulfate ranged
from 320 mol, ha™! (throughfall method) to 616 mol. ha™!
(mass balance method), whereas mean annual dry deposi-
tion of chloride varied from 261 mol, ha=! (throughfall) to
380 mol, ha™' (mass balance).

Total atmospheric deposition is estimated as the sum of
wet plus dry deposition. Depending upon the element or ion
of interest and the geographic location, the uncertainty of
wet, dry, and total deposition estimates can be substantial or
relatively small. Because dry deposition typically represents
25-50% of total deposition for most elements, large errors in
estimating dry deposition can translate into large uncertain-
ties in total atmospheric deposition. Likewise, in areas where
cloud water or fog are important components of wet deposi-
tion, errors in their measurement can again introduce large
uncertainties into estimates of total deposition. Finally, it is
important to note that analytical measurements of chemical
species in wet and dry deposition require careful quality con-
trol protocols to avoid further uncertainties. In a landscape
analysis of variations in deposition rates in the Catskill
Mountains, NY, Weathers et al. (2000) found that deposition
to “hotspots” such as coniferous forest edge zones at high
elevation could be 300% greater than deposition to lower
elevation forests on the same mountain. Thus deposition
heterogeneity can be impressive!

Analysis of Precipitation Chemistry

How do investigators characterize and interpret the chemistry
of wet deposition? Once a sample of precipitation has been
collected, it is normally analyzed for complete anion and
cation chemistry (Table 6.2). Results can then be expressed in
units of equivalent charge (e.g., pmol. L") in order to check
cation-anion charge balance to determine if the sample
analysis meets the test of electrical neutrality. If sums of cat-
ion and anion charge equivalents balance within the limits of
analytical error (Fig. 6.7), there is reasonable assurance that
major ion chemistry has been adequately quantified.
Alternatively, if there is a significant discrepancy between
positive and negative ions, this would generally indicate that
one or more ions have been over-estimated, underestimated, or
ignored. In cases where there is measurable dissolved organic
carbon (DOC) in a sample, there may be an “anion deficit”

Table 6.2 Analysis of precipitation chemistry for a sample collected
in New Hampshire, USA (Data from Cronan and Reiners 1983). Units
are pmol, L'

Cations Concentration Anions Concentration
H* 86 Cl- 5
Ca? 11 NO;~ 25
Mg? 5 SO, 98
K* 2 PO~ <1
Na* 3 HCO;- <1
NH,* 22
Eet 1
AP+ 1
Sum (+) 131 Sum (—) 128
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Fig. 6.7 Example of a cation-anion charge balance analysis for pre-
cipitation collected in the mountains of New England (Data from
Cronan 1980a). Units = pmol, L™

Table 6.3 Precipitation chemistry in Wisconsin expressed in mass
units versus charge equivalents

Concentration
Element or chemical parameter mg L' pmol, L!
H* (based on pH = 4.0) 100
Ca? 0.84 42
Mg? 0.10 8
K* 0.30 8
Na* 0.39 17
NH,-N 0.52 37
NO;-N 0.36 26
SO4-S 0.74 46
Cl- 0.48 14
Sum of cations (+) 212
Sum of anions (—) 86

that can be attributed to charged organic anions that have not
been analyzed (Cronan and Aiken 1985).

To illustrate how the principle of electrical neutrality can
serve as a powerful tool for geochemical analysis of water
samples, we can examine chemical data for precipitation col-
lected during a field study in Wisconsin (Table 6.3). In the
original journal article (Ecology 65, 1984), the authors
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Strong acidity Alkalinity

Acid Neutralizing Capacity pmol L™

Fig. 6.8 Conceptual illustration showing a gradient of acid neutraliz-
ing capacity ranging from negative to positive values

reported results in mass concentration units of mg L=!. For
one of our class exercises, my students converted the pH and
ion chemistry values to equivalent charge units and com-
pared the cation-anion balance. To our surprise, mean rain
chemistry reported for the Wisconsin site had a huge
imbalance between measured cations (212 pmol, L=") and
anions (86 pmol, L"), implying that there was an analytical
error or omission in the chemical data (Table 6.3). This over-
sight might have been avoided with a simple charge balance
computation.

Acid neutralizing capacity or ANC is one chemical
parameter that is very useful in tracing the evolution and
transformation of water chemistry during transport of wet
deposition through watershed ecosystems. This term is
defined as the concentration difference in molar charge
equivalents between the sum of basic cations minus the sum
of strong acid anions, Cy — C,. As shown in Fig. 6.8, ANC is
a continuous function that ranges from negative values
(indicating net strong acidity), to zero, and on up to positive
values (indicating net acid neutralizing capacity or alkalinity).
A sample of precipitation that contains net strong acidity and
a negative ANC is, by definition, acidic precipitation
(although other definitions are also recognized). ANC will
be discussed in further detail in Chap. 9.

Ton ratios are often calculated for precipitation samples in
order to discriminate regions affected by different element
sources. For example, at sites near the ocean, the Na:CIl molar
ratio in precipitation is similar to the Na:Cl ratio of 0.86 in
seawater (Broecker 1974). Proceeding inland, Na:Cl ratios can
change considerably as the influence of marine sodium chlo-
ride diminishes and there is an increased contribution of
Na-rich continental dust (Yuretich et al. 1981; Munger and
Eisenreich 1983). Similarly, the sulfate:nitrate ratio in acidic
precipitation can range from >1.0 in areas where atmospheric
strong acids are dominated by industrial SO, emissions from
fossil fuel combustion to ion ratios of <1.0 in areas such as
southern California where nitric acid derived from transporta-
tion emissions of NO, dominates precipitation acidity.

Mean concentrations of ions in precipitation or deposition
may be reported as volume-weighted or unweighted values,
and it is important to understand how and why these esti-
mates can differ. In general, concentrations of ions in pre-
cipitation are inversely related to cumulative volume of

precipitation. Thus, successive rain events or prolonged rain
showers exhibit higher concentrations in the early stages of
rainfall and decreasing concentrations in later stages of rain-
fall, after the atmosphere has experienced washout of most
gases, particles, and ions. The effects of these relationships
on the calculation of mean rainfall chemistry can be illus-
trated with the following example, where the weighted
mean of 48.7 pmol L=! is much less than the unweighted
mean of 80 pmol L~!, a value that does not account for the
dilute chemistry of high volume rain events.

Successive rain events

Example 1 2 3
Sample volume (liter) 0.25  0.10 1.20
Ton concentration 50 150 40

(pmol L")
Unweighted mean = (50 + 150 + 40 pmol L~")/3 = 80 pmol L™!
= [Sum Vol; * Cong;]/[Sum Vol]

= (0.25*50 + 0.1*150

+ 1.2%40)/1.55 = 48.7 pmol L~!

“Where volumes and concentrations are summed over rain events
i=1ton

Weighted mean®

Have you ever seen the term “excess sulfate” used in a
description of deposition chemistry? Investigators will
sometimes make a “sea-salt” correction with atmospheric
deposition data in order to distinguish between ions derived
from marine aerosols versus ions associated with other
sources such as anthropogenic emissions. Cogbill and Likens
(1974) used Na* ion as a basis for this correction, since its
dominant source is the ocean. Using the ratio of Na* to other
ions in seawater, one can predict the equivalent amounts of
sulfate, chloride, magnesium, calcium, and potassium
expected to originate from the sea (Granat 1972). Remaining
“excess ions” above sea-salt are assumed to originate from
terrestrial or anthropogenic sources. At Hubbard Brook
Experimental Forest, NH, Cogbill and Likens (1974) found
that marine sulfate represented ~5% of total sulfate in pre-
cipitation; excess sulfate from fossil fuel emissions repre-
sented the remaining 95% of the total for that anion. These
proportions have since changed somewhat in response to
federal regulations requiring decreases in sulfur emissions
from power plants and industry.

Environmental Patterns of Precipitation
Chemistry and Atmospheric Deposition

Precipitation chemistry and atmospheric deposition vary —
sometimes dramatically — as a function of time and space.
One of the challenges in biogeochemistry is to be able to
discern the environmental patterns of wet and dry deposition,
to understand the processes controlling those variations, and
to assess the consequences of variable elemental inputs from
the atmosphere for ecosystem structure and function.
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Fig.6.9 Mean hourly air concentrations of ozone over a diurnal cycle
at Oak Ridge, TN. Data from G.E. Taylor and P.J. Hanson, Oak Ridge
National Laboratory — used with permission

Daily Patterns

Temporal variations occur at a variety of scales and include
cyclic, episodic, stochastic, and directional patterns. As an
example, Fig. 6.9 illustrates the diurnal changes in mean
hourly tropospheric ozone (O3) concentrations recorded at a
low-elevation site in eastern Tennessee. For that location,
ambient concentrations of ground-level ozone are lowest at
night, build up during the morning (as moisture, NOy, and
volatile hydrocarbons react in the presence of sunlight to
form O;), and reach peak values during the afternoon. Since
ozone deposition to plants is greatest when foliar stomata are
open, this pattern implies that plants are at greatest risk for
ozone exposure and associated oxidant stress on sunny after-
noons in eastern Tennessee (Taylor and Hanson 1992).

Monthly Patterns

Monthly variations in the concentrations of sulfate, nitrate,
ammonium, and hydrogen ions in precipitation from the
Adirondack region of New York are illustrated in Fig. 6.10.
At this time scale, it is apparent that mean monthly weighted
concentrations of sulfate and hydrogen ions vary consider-
ably over an annual cycle, with lowest concentrations gener-
ally observed in winter and highest levels recorded in
summer. How can we account for these large fluctuations in
precipitation chemistry? Some of the important interacting
factors are changes in prevailing seasonal storm tracks, dif-
ferences in the scavenging efficiency of winter snowfall
versus wet precipitation, and variations in regional emissions
and long-range transport patterns.
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Fig. 6.10 Monthly variations in precipitation chemistry in the
Adirondack Mountains, NY (Johannes et al. 1981)
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Fig.6.11 Bulk precipitation trends at Hubbard Brook Experimental
Forest, NH based on volume-weighted concentration data. Reprinted
with permission from Driscoll, C.T., G.E. Likens, L.O. Hedin, J.S.
Eaton, and F.H. Bormann. Changes in the chemistry of surface
waters. Environmental Science and Technology 23:137-143. ©1989
American Chemical Society

Multi-year Trends in Precipitation Chemistry

An example of a 25 yr trend in precipitation chemistry is illus-
trated in Fig. 6.11 based on data collected by Gene Likens and
co-workers at Hubbard Brook Experimental Forest in New
Hampshire (Driscoll et al. 1989; Likens et al. 2001). At that
location, concentrations of sulfate and base cations in bulk
precipitation exhibited erratic, but significant declines from
the early 1960’s to the late 1980’s. Precipitation pH followed
an even more erratic pattern over the same period, but gener-
ally increased in concert with decreasing concentrations of
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strong acid sulfate anions in precipitation. The decline of
sulfate ion in precipitation was presumably a reflection of
declining sulfur emissions in response to the Clean Air Act
and modernization of electrical generation. Decreases of base
cations in precipitation were largely a reflection of regulations
requiring electrostatic precipitators to remove dust and fly ash
from smokestack emissions. What other factors may have
introduced complexity into the pH pattern?

Long-Term Historical Trends in Atmospheric
Deposition of Mercury

Investigators have used historical evidence derived from
wetlands, lake sediments, and ice cores to reconstruct long-
term trends in atmospheric deposition of different elements
and compounds of interest. For example, several groups have
examined peat profiles to determine how inputs of mercury
(Hg) to wetlands have changed over the course of human
civilization. When mercury is used in smelting and manufac-
turing, it enters the atmosphere as volatile elemental Hg and
is ultimately deposited back to Earth via atmospheric deposi-
tion processes. Martinez-Cortizas et al. (1999) analyzed peat
from a Spanish bog and found evidence that metallurgical
advances from the early Celtic and Roman periods, through
the Middle Ages, and into the modern era produced increas-
ing emissions of Hg that were recorded as increasing Hg
concentrations in the dated layers of peat (Fig. 6.12).

Spatial Patterns: Deposition in North America

Deposition patterns across North America exhibit strong dif-
ferences and gradients that reflect regional variations in air

Hg ng g™
. 100 200 300 400 500
ppmmm T - Present
——————
1
50 | s
4
= 4 1,400 B.P
3 4
S 100 | A
£ v
% 1
A 150 | /
\
]
200 | Y,
1
) 3,400 B.P.
250

Fig. 6.12 Historical reconstruction of Hg inputs from atmospheric
deposition based on Hg accumulation in a peat bog From Martinez-
Cortizas, A., X. Pontevedra-Pombal, E. Garcia-Rodeja, J.C. Novoa-
Munoz, and W. Shotyk. 1999. Mercury in a Spanish peat bog: archive
of climate change and atmospheric metal deposition. Science 284:
939-942. Reprinted with permission from AAAS

emission sources, meteorology, geography, and the relative
importance of different deposition processes. Summary data
collected by the National Atmospheric Deposition Program
in 2000 are illustrated in Fig. 6.13 showing wet deposition
fluxes for sulfate, ammonium, and calcium for the U.S. In the
example of sulfate, we see that most of the eastern U.S.
received more than 10-15 kg ha™! of wet sulfate deposition
in 2000, whereas the western U.S. received about one quarter
of that amount or <4 kg ha=! yr~!. How can we account for
the regional differences illustrated for SO,>~, Ca, and NH,* in
the figure?

Specific examples of wet deposition chemistry from dif-
ferent locations in the U.S. are shown in Table 6.4. These
field sites span a geographic range from the eastern to the
western U.S. and exhibit 5-30-fold differences for the vari-
ous chemical parameters. For example, solution pH is as low
as 4.3—4.4 at two sites, but is an order of magnitude higher at
the two western sites. In Washington, rainfall exhibits low
Ca, reflecting minimal sources of Ca-rich dust in the region;
yet, the Na concentration in precipitation at the Olympic
Park is the highest of all five sites, reflecting the influence of
marine aerosols blown in from the Pacific Ocean. The mid-
western site at Argonne, IL exhibits precipitation chemistry
that reflects the influence of agricultural dust (elevated Ca),
emissions from manure or feedlots (elevated NH,*), and S
emissions from fossil fuel combustion (elevated SO,>).
What other patterns are evident?

Spatial Patterns: Influence of Vegetation
and Canopy Structure on Atmospheric
Deposition

Atmospheric deposition inputs to terrestrial ecosystems are
strongly influenced by the composition and distribution of
vegetation, foliage surface area, and plant canopy roughness.
This effect occurs because dry deposition of gases and aero-
sols is greatly enhanced by impaction, absorption, and
adsorption processes in the exposed surface area of the plant
canopy. Field experiments by Grennfelt (1987) in Sweden
provide a graphic illustration of the forest canopy effect on
deposition of sulfate and nitrate. As shown in Fig. 6.14, wet
deposition was sampled in the open and at points along a
gradient from the edge of a pine forest into the forest interior.
At the forest edge, sulfate deposition collected as canopy
throughfall was more than twice as high as deposition to the
open field. Proceeding away from the exposed forest edge
and into the forest, sulfate deposition declined, but remained
at least 50% higher than deposition to the field. A similar pat-
tern was also observed for nitrate deposition. These patterns
are consistent with the prediction that plant canopy surface
area in a watershed increases dry deposition inputs of ele-
ments, and that an exposed forest edge may have even higher
rates of dry deposition. Canopy washout of any dry deposi-
tion accumulated on foliar surfaces prior to a precipitation
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Fig.6.13 Patterns of wet
deposition in kg ha=! yr~! for
sulfate, ammonium, and
calcium (NADP 2000).
Dashed lines delineate
regions characterized by the
indicated ranges of deposition

5 - 15kg/ha 8-15

Sulfate Deposition

<1 kg/ha 1-2kg/ha
W
S\ *
o I St o
— -
/
HO
Vi 4 /,
1 17
-
1
1 |}
\ <2kg/ha
)
' 1 1
1 1
Calcium Deposition 2 -4 kg/ha
<1kgha | 8-5kgha

1-2kg/ha

Ammonium Deposition

Table 6.4 Annual weighted
mean concentrations of selected
ions in wet deposition for several
contrasting locations in the
United States. (Source: NADP
1982). Units = mg L~!

Site

Huntington Forest, NY
Coweeta Forest, NC
Argonne, IL

Davis, CA

Olympic Park, WA

event results in enrichment of throughfall beneath the forest
canopy.

It should be noted that nitrate deposition to a forest canopy
can be more complicated than might be implied by

Rainfall (cm) pH Ca Na NH,* NO;- SO~
104 4.4 0.10 0.05 0.25 1.35 2.30
183 4.7 0.06 0.15 0.10 0.60 1.25
107 4.3 0.25 0.10 0.35 1.55 3.10
83 5.5 0.05 0.20 0.45 0.85 0.60
367 5.4 0.05 0.50 0.02 0.05 0.35

Grennfelt’s data. In some cases, nitrate in wet deposition
(or dry-deposited N) may be absorbed by foliage or canopy
epiphytes during moisture movement through the canopy.
When this happens, canopy throughfall may contain less



Environmental Patterns of Precipitation Chemistry and Atmospheric Deposition 83

nitrate than that observed in a wet-only collector located in
the open, implying perhaps that the canopy does not enhance
deposition of nitrate-N. In reality, however, a complete mass
balance would likely show that the sum of nitrate absorbed in
the canopy plus nitrate in canopy throughfall is greater than
nitrate collected in the open.

In comparing chemistries of canopy throughfall and wet
deposition, it is important to understand that the amount of
an element sampled in canopy throughfall is the result of
multiple potential enrichment and depletion processes. Wet
deposition inputs to the forest canopy may be supplemented
by cloudwater or fog inputs to the canopy, may be enriched
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Fig. 6.14 Comparison of sulfate-S and nitrate-N collected in canopy
throughfall along a sampling gradient proceeding from the edge to the
interior of a pine forest in southern Sweden. Arrows show concentra-
tions in rainfall collected in an open field at the study site. From
Grennfelt, P. 1987. Deposition processes for acidifying compounds.
Environmental Technology Letters 8:515-527. Reprinted by permis-
sion of the publisher, Taylor & Francis Ltd

Fig.6.15 Comparison of wet
deposition (above horizontal
line) versus canopy
throughfall chemistry for a
northern hardwood forest in
New Hampshire, USA.
Concentrations of calcium,
potassium, sulfate, and
chloride ions are enriched in
transit through the canopy,
whereas H* ion is diminished.
Data from Cronan and
Reiners (1983)
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by foliar leaching of solutes or washout of dry deposition,
may be concentrated by evaporation processes, and may be
altered by absorption or adsorption processes occurring
during moisture passage through the canopy. For example,
protons in acidic deposition are often adsorbed by foliage via
cation exchange reactions that result in the neutralization
of canopy throughfall, accompanied by the enrichment of
throughfall with cations (Cronan and Reiners 1983; Lovett
and Lindberg 1984). These differential patterns of through-
fall enrichment and depletion are illustrated in Fig. 6.15.

Spatial Patterns: Comparison of Atmospheric
Deposition at Different Forest Sites

Results from the Integrated Forest Study (Johnson and
Lindberg 1992) provide a rich database for comparative
analysis of the patterns of variation in atmospheric deposi-
tion across North America. Annual atmospheric sulfur
deposition fluxes are presented in Fig. 6.16 for several North
American forested sites sampled during the period 1986—
1989. As shown in the graph, total sulfate deposition varied
more than four-fold among sites, ranging from
<500 mol, ha=! yr! in a Douglas-fir forest in Washington
(DF) to >2000 mol, ha=! yr~! at a high-elevation spruce-fir
site in the Great Smoky Mountains (ST). Comparing the
contributions of wet, dry, and cloud deposition to total sul-
fate inputs, there is further variation among sites — at the
Turkey Lakes (TL) site in Ontario, wet deposition of S is the
dominant input; at the loblolly pine (LP) site at Oak Ridge,
TN, S deposition is split 50:50 between wet and dry deposi-
tion; and at the Great Smoky Mountains, TN (ST) and
Whiteface Mountain, NY (WF) sites, there is a large S input
from cloud water deposition.

A similar range of variation is evident looking at the N
deposition data shown in Fig. 6.17. Again, we see a four to
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five-fold difference between sites with the lowest inputs
(e.g., Douglas-fir forest in Washington (DF) @ 400 mol N
ha~!yr~!') and sites with the highest inputs (e.g., Great Smoky
Mountains spruce-fir (ST) @ almost 2000 mol N ha=! yr™).
Differences are also clearly apparent in terms of the relative
contributions of wet, dry, and cloud water deposition to total
N inputs to the watersheds. Based on the principles that have
been discussed in this chapter, think about how you can
account for the differences in atmospheric deposition of S and
N among these field sites.

Another intriguing example of spatial contrasts in atmo-
spheric deposition can be found in high elevation ecosys-
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Fig.6.16 Annual atmospheric deposition of sulfate by each input pro-
cess for field sites in the Integrated Forest Study, 1986-1989.
Abbreviations for field sites are: DF-Douglas-fir, WA; HF-mixed hard-
wood, NY; LP-loblolly pine, TN; ST-spruce, high elevation in Smoky
Mts.; TL-mixed hardwood, Ontario; WF-spruce-fir, Whiteface Mt., NY.
From Mitchell, M.J. and S.E. Lindberg. Sulfur chemistry, deposition,
and cycling in forests. pp. 72-149 in Johnson, D.W. and S.E. Lindberg
(eds). Atmospheric Deposition and Forest Nutrient Cycling: A Synthesis
of the Integrated Forest Study. Ecological Studies Vol. 91 Springer-
Verlag, NY. ©1992 and used with permission of Springer Units of
deposition = mol, ha™! yr~!

Fig.6.17 Annual
atmospheric deposition of
nitrogen by each input
process for field sites in the
Integrated Forest Study,
1986-1989. From Cole, D.W.
Nitrogen chemistry,
deposition, and cycling in
forests. pp. 150-213 in
Johnson, D.W. and S.E.
Lindberg (eds). Atmospheric
Deposition and Forest
Nutrient Cycling: A Synthesis
of the Integrated Forest Study.
Ecological Studies Vol. 91
Springer-Verlag, NY. ©1992
and used with permission of
Springer. Units of

deposition = mol ha~! yr~!

Nitrogen Deposition

tems. At elevations above 1000 m in the humid north
temperate zone, it is not uncommon for cloud water deposi-
tion to account for 30-50% of the moisture input to forest
ecosystems (Lovett et al. 1982; Dingman 1994). What is also
interesting is the fact that cloud water chemistry differs con-
siderably from the chemistry of wet precipitation. As shown
with data from the White Mountains of New Hampshire, sol-
utes in cloud water can be almost five times more concen-
trated compared to precipitation (Fig. 6.18). When the large
inputs of concentrated cloud water are added to moisture
inputs derived from orographic precipitation, one finds that
total atmospheric deposition of strong acids and other ions to
high elevation forest ecosystems is greatly enhanced com-
pared to lower elevation systems. Indeed, that is why the
Great Smoky Mountain and Whiteface Mountain sites repre-
sent such extreme endpoints in the preceding graphs from the
IFS investigation. In their study of atmospheric deposition of
nitrogen in southern Chile, Weathers and Likens (1997)
reported that cloud water concentrations of ammonium ion
were up to 80 times higher than volume-weighted mean
concentrations in rainfall collected nearby.

Modeling Atmospheric Deposition Patterns

Despite the complexity of atmospheric deposition, there have
been ongoing efforts to incorporate current understanding
into models that can be used to predict patterns of deposition
at various spatial scales and time steps. One such model is
the Regional Atmospheric Deposition Model (RADM) that
predicts air concentrations and deposition for various trace
gases monitored by NAPAP, the National Acid Precipitation
Assessment Program (Chang 1991). Another example is the
spatial model of atmospheric deposition for the northeastern
U.S. developed by Ollinger et al. (1993). In that modeling
effort, regression relationships for deposition chemistry
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Fig.6.18 Comparison of ]
chemistry in cloud water W+
versus bulk precipitation for . O Ammonium
high elevation sites in the Wet deposition BNa + K
White Mts., NH. Ion
concentrations from left to O Sulfate
right in bar graphs are: H*, T O Nitrate
NH,*, Na*, K*, SO,*~, and
NO;™ (Data from Lovett et al. =
1982) Mt. Cloudwater =
0 200 400 600 800 1000
Concentration umol./L
3.60 Table 6.5 Total annual atmospheric deposition of major ions to an oak
forest at Walker Branch Watershed based on 2 yr of data reported by
Lindberg et al. (1986)
3.20 ® e o0
o ° o Atmospheric deposition (mmol, m=2 yr~!)
g Process SO~ NO,~ H* NH,f Ca* Kt
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2 240 ® e Coarse particles 19 8.3 05 0.8 30 1.2
3 9 g
O ( [ 4 Vapors 62 26 85 1.3 0 0
o) -
S 2.00 ’/’ ° g Total deposition 160 54 160 18 43 22
= o .
w
160 8 . o o
U.S. where intensive efforts have been made to assemble
° detailed estimates of total atmospheric deposition to a forested
1.20 catchment. Table 6.5 presents a summary of the annual ion
68 70 72 74 76 78 80 °W

Fig. 6.19 Regression plot of mean annual sulfate ion concentration
versus longitude for precipitation in the northeastern U.S. From
Ollinger, S.V., .D. Aber, G.M. Lovett, S.E. Millham, R.G. Lathrop, and
J.M. Ellis. A spatial model of atmospheric deposition for the northeast-
ern United States. Ecological Applications 3:459—472. ©1993 by the
Ecological Society of America

(Fig. 6.19) were combined with a GIS spatial database in
order to predict annual wet deposition inputs for a variety of
elements across the northeastern landscape as a function of
latitude, longitude, and elevation. Dry deposition was esti-
mated in their study by combining atmospheric concentra-
tions of each element with assumed deposition velocities for
each chemical substance.

A Case Study of Deposition Inputs to a Forest
Ecosystem

Measuring and estimating atmospheric inputs of elements to a
forested watershed is a complex process that requires empirical
measurements, modeling, and considerable expertise with
plant processes and environmental physics. Walker Branch
Watershed in Oak Ridge, TN is one of the few field sites in the

deposition estimates developed by Lindberg et al. (1986) for an
oak forest at Walker Branch Watershed. These data illustrate
for a single ecosystem in one climatic region the relative con-
tributions of different deposition components to the inputs of
sulfate, nitrate, H*, ammonium, calcium, and potassium ions.
The authors noted in their report that the overall uncertainty for
wet deposition flux estimates is about +20 percent, whereas the
uncertainty for dry deposition fluxes is roughly +50 percent for
sulfate, calcium, potassium, and ammonium ions, and approxi-
mately +75 percent for nitrate and H* ions.

In summary, the cycling of elements through the atmo-
sphere and back to receptors in the biosphere is a complex
phenomenon that is critically important for biogeochemical
patterns and processes observed in watershed ecosystems.
As one example, the cycling of toxic methyl mercury
described in Chap. 3 begins with emissions of volatile Hg
from industrial combustion sources, long-range transport of
this contaminant, and subsequent atmospheric deposition of
Hg to watersheds where methylation occurs. Thus, a thor-
ough understanding of Hg biogeochemistry requires a
detailed consideration of major atmospheric transport and
deposition processes affecting this element. Likewise, most
other elements have important atmospheric cycling pathways
that are integral to a comprehensive analysis of ecosystem
biogeochemistry.



Mineral Weathering

Introduction

Mineral weathering is a process characterized by chemi-
cal and physical breakdown of geologic materials, accompa-
nied by the generation of dissolved solutes plus relatively
stable new mineral phases. Weathering is important as a (i)
source of nutrients such as calcium, magnesium, potassium,
sodium, iron, silica, and a variety of trace metals; (ii) source
of acid neutralizing capacity or alkalinity; (iii) source of
phosphorus and sulfur in certain types of geologic forma-
tions; and (iv) vital process contributing to formation of clay
colloids or secondary minerals. In watershed ecosystems,
mineral weathering represents a crucial process of replenish-
ment (Fig. 7.1) that helps to offset cation losses resulting
from leaching and forest harvesting, and it restores alkalinity
consumed by acidic deposition and soil acidification
processes. At any given time in the landscape, weathering

© Springer International Publishing AG 2018

processes may involve minerals with different chemistries,
different rates of reaction, and different locations in the soil
profile, surficial geologic overburden, or bedrock geology of
a watershed.

Ecosystem Context

To gain an initial perspective on the role of weathering in
terrestrial ecosystems, we can consider the calcium cycle at
Walker Branch Watershed in Oak Ridge, TN (Johnson and
Henderson 1989). In that forested ecosystem, annual loss of
dissolved Ca in stream water equals 147 kg ha~!, compared
to annual atmospheric inputs of 16 kg ha~!. By comparison,
the exchangeable Ca pool in the upper 60 cm of soil is just
710 kg ha™'. Clearly, net leaching loss of Ca from the Walker
Branch Watershed cannot be explained by depletion of soil
exchangeable Ca, because that pool is too small to supply Ca
for more than 5-6 years. The evidence indicates, instead,
that primary mineral weathering in this watershed supplies
much of the Ca for stream exports and replenishment of
exchangeable Ca in the soil profile. In this example, it is
dolomitic limestone bedrock enriched in Ca and Mg that is
weathering and exerting a strong influence on Ca cycling.

Mineral Weathering Processes

Chemical weathering occurs as rocks or mineral soil par-
ticles are subjected to aqueous hydrolysis reactions, oxi-
dation, complexation, and dissolution by acids derived
from microbial metabolism, plant roots, or acidic
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Fig.7.1 Mineral weathering
is a key nutrient cycling
pathway that contributes to
pools of soluble and
exchangeable ions in /
watershed ecosystems

precipitation. As a result of these processes, the crystal
structures of minerals break down and release soluble
elements into the surrounding aqueous medium. Two

Weathering of a Primary Mineral, Calcium Feldspar

CaAlzsizog +
Feldspar

2H* + 2HCO;y
Carbonic Acid

Weathering of a Secondary Mineral, Kaolinite

AlSi,O5(OH), +
Kaolinite

SH,O —»—

In the first example illustrated above, the weathering reac-
tion involving feldspar, water, and carbonic acid consumes H*,
releases the nutrient calcium plus bicarbonate (which can act
as an acid buffer), and generates a kaolinite clay crystal that
contributes to the cation exchange capacity of the soil. In the
second example, kaolinite decomposes to form soluble silicic
acid plus residual solid-phase gibbsite. Weathering reactions
such as these examples are referred to as incongruent disso-
lution reactions, because they yield both soluble ions and a
residual secondary mineral phase as reaction products.

Alternatively, chemical weathering may involve congruent
dissolution, which occurs when a mineral completely dis-
solves without leaving any residual secondary mineral phase
clays or metal oxides. Two examples of this type of weather-

/ Soil Minerals

A1203 3 Hzo +
Gibbsite

Uptake

/ M/e
VAR i”er/};g

~»

Soluble = Exchangeable
lons <— lons

Leaching

examples of weathering reactions involving a primary
mineral (feldspar) and a secondary mineral (kaolinite)
are shown below:

Clay Alkalinity

Soluble

/ cation

+ Hzo — — A1281205(OH)4 + Ca?* + 2HCO3-

Kaolinite

2H,Si0,4
Silicic Acid

ing reaction are the dissolution of calcite (calcium carbon-
ate), which occurs relatively rapidly, and the dissolution of
quartz (Table 7.1), which is generally a very slow reaction.
Additional examples of both types of weathering reactions
are also presented in Table 7.1.

Heterogeneous Mineral Weathering
at Different Scales

Evidence from visual and microscopic analysis indicates that
chemical weathering processes are heterogeneous in the envi-
ronment. If you examine an igneous or metamorphic rock
from your garden, you may see small cavities or pits that
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Table 7.1 Examples of congruent and incongruent mineral dissolution reactions (Garrels and Christ 1965)

Congruent
Weathering of calcite
Weathering of quartz
Dissolution of gibbsite
Dissolution of goethite
Incongruent

CaCO; + H,CO; + H,O —» — Ca?* + 2HCO;~ + H,0
SiO, + 2H,0 — — H,SiO,

Al(OH); + 3H* — — AI** + 3H,0

FeOOH + 3H* - — Fe** + 2H,0

NaAlSi,0, +H,CO, +4.5H,0 -—>—> Na' + HCO; +2H,Si0, +0.5ALSi,0, (OH),

albite

kaolinite

KMg,AlSi,0,, (OH), +7H,CO, +0.5H,0 ——> K" +3Mg? + THCO; +2H,Si0, +0.5kaolinite

biotite

Fig. 7.2 Cavity formed through preferential mineral dissolution in a
rock matrix

likely originated through preferential dissolution of an easily
weathered mineral within the overall rock matrix (Fig. 7.2).
At a finer scale, examination of soil mineral grains with scan-
ning electron microscopy often shows etch pits where physi-
cal strain or imperfections in crystal structure have allowed
preferential dissolution in an otherwise homogeneous
mineral (Velbel 1986).

At a larger scale, mineral weathering in a soil profile or
watershed catchment is almost always characterized by spatial
heterogeneity. In other words, we can be assured that the bulk
soil and bedrock are not evenly weathering at a uniform rate.
Rather, weathering is likely concentrated in zones character-
ized by (i) more weatherable minerals, (ii) conditions of ele-
vated acidity (e.g., upper soil and rhizosphere), (iii) smaller
mineral grain sizes with high surface areas, (iv) enhanced
exposure to water infiltration, or (v) prolonged hydrologic
contact between minerals and acidic drainage water (e.g.,
groundwater zone).

Evidence for spatial differences in weathering rates can
be found in research results from a variety of geographic
settings. In a comparative study of soil weathering in three
contrasting forest ecosystems in the northeastern U.S., the
author found that unit weathering rates were roughly three
times higher in upper mineral horizons compared to lower
mineral horizons. The A horizon of a fine textured Inceptisol
exhibited a weathering rate of 3.3 mmol. kg=! yr~! versus a
rate of 1.0 mmol, kg=! yr~! in the B horizon. A sandy loam
Spodosol in the same study exhibited a weathering rate of
0.7 mmol. kg~! yr~! in the upper mineral horizon, compared
to a rate of 0.2 mmol, kg~! yr~! for the B horizon (Cronan
1985b).

In their study of mineral weathering in the Catoctin
Mountains of Maryland, Katz et al. (1985) found further
evidence illustrating the remarkable heterogeneity of
weathering processes. High exports of soluble Ca from
their watershed could not be accounted for by dissolu-
tion of the major minerals in the soils and geologic mate-
rials. The authors concluded that much of the soluble Ca
in stream water originated from preferential dissolution
of small calcite lenses scattered through the porous geo-
logic overburden. Similar results from Horton et al.
(1999) and Price et al. (2013b) have emphasized how
weathering of small amounts of calcite within a matrix of
resistant granitic bedrock can greatly increase Ca exports
in stream runoff.

Controls on Mineral Weathering Rates

Under most conditions, mineral weathering is a rate-limited
process that proceeds rather slowly towards an elusive the-
oretical equilibrium state. It is thus important to ask what
factors control weathering rates and under what circum-
stances faster or slower rates of mineral dissolution would be
expected.
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»  Darker Minerals Lighter Minerals

Olivine
Ca plagioclase
§ Hypersthene
§ Ca-Na plagioclase
;i; Augite
§ Na-Ca plagioclase
.S Hornblende
g Na plagioclase
()
= Biotite

Potassium feldspar
Muscovite
Quartz

Fig. 7.3 Ranking of minerals in terms of relative stability and resis-
tance to weathering; olivine is relatively unstable and highly weather-
able, whereas quartz is stable

Mineralogical Controls

One of the major factors governing rates of weathering in
watershed ecosystems is the mineralogy of surficial and
bedrock geologic materials. Some minerals such as quartz
and muscovite mica are very stable at the Earth’s surface and
are consequently highly resistant to chemical weathering
(Fig. 7.3). In contrast, minerals such as olivine, calcite, and
calcium plagioclase are thermodynamically more unstable,
making them more susceptible to chemical weathering pro-
cesses (Fig. 7.3). In between these examples are many other
mafic and felsic minerals that exhibit intermediate stability
and weatherability.

Geologic formations and surficial deposits in many ter-
restrial ecosystems are dominated by silicate and alumino-
silicate minerals; consequently, these types of minerals exert
a strong influence on watershed weathering rates. Variations
in weathering rates among silicate minerals can be accounted
for in part by the degree of SiO, polymerization in the crystal
structure (Johnson 1984), as well as by the stoichiometry of
base cations in a particular mineral formula. As illustrated in
Table 7.2, silicate minerals range from those that contain iso-
lated silica tetrahedra with low Si/O ratios (e.g., forsterite) to
those characterized by silica double chains, sheets, and
frameworks with high percentages of Si-O-Si linkages and
larger Si/O ratios (e.g., tremolite, talc, and quartz). In gen-
eral, the rate of mineral dissolution in a field setting is
inversely related to the percentage of Si-O-Si linkages within
the geologic substrate, with quartz exhibiting 100% Si-O-Si
linkages and the slowest weathering rate under acidic envi-
ronmental conditions.

Table 7.2 Structure and polymerization of silicate minerals (from
Johnson 1984). In general, minerals with increasing percentages of
Si-O-Si linkages are more resistant to acid hydrolysis and less likely to
dissolve in the field

SiO, polymer Si-O-Si  Anion  Si/O

configuration linkages formula ratio  Example

Isolated 0 SiO, 1/4 Mg,SiO, (forsterite)

tetrahedra

Tetrahedra 25% Si,0; 1/3.5 Ca,Al;0(SiO,)(Si,0;) OH.

doublet (epidote)

Single chain ~ 50% SiO; 1/3 MgSiO; (enstatite)

Closed chain  50% (Si0y), 1/3 Be;Aly(Si0;); (beryl)

Double chain  69% Si,0,,  1/2.75 Ca,Mgs(Si404,)2(0OH),
(tremolite)

Sheet 75% Si,0,p  1/2.5 Mgs(Si0,0)(OH), (talc)

Framework  100% SiO, 12 Si0, (quartz)

The potential influence of mineralogy on weathering rates
can be illustrated with results from lab dissolution experi-
ments using pure samples of different minerals. For exam-
ple, Manley and Evans (1986) compared dissolution of two
feldspars — anorthite (CaAl,Si,05) and albite (NaAlSi;Og) —
in carbonic acid, and reported that release of silica and alumi-
num was 3—4 times faster from the Ca-rich mineral compared
to the Na-rich feldspar. Schott et al. (1981) examined lab dis-
solution rates for diopside (CaMg[Si,O¢]) versus tremolite
(Ca,MgsSigOx»(OH),) and found that silica release from
tremolite was only 10% as fast as silica dissolution from
diopside. This striking difference was largely attributed to
the presence of double chain polymerization in tremolite
(an amphibole), making it less weatherable than diopside
(a pyroxene).

Influence of Acidity and Complexing Ligands
on Weathering Rates

Strong and weak acids are important chemical weathering
agents, acting as a potential source of protons and complex-
ing ligands. In solution, H* ions promote mineral dissolution
by displacing metallic cations in the mineral crystal lattice,
whereas complexing ligands bind to metallic atoms on min-
eral surfaces or in solution, resulting in a lower chemical
activity and increased solubility of the cation. The end result
of these processes is enhanced chemical weathering through
cation depletion of the mineral lattice. Examples of com-
plexing ligands include fluoride, sulfate, citrate, and humic
acid anions.

Many weathering reactions exhibit a pH-dependence, with
dissolution rate increasing in proportion to the free acidity or
H* ion activity in solution. Based on laboratory studies, it has
been suggested that feldspar dissolution varies as a function
of the H* ion activity raised to the power of 0.3-0.8 (Wollast
1967; Wollast and Chou 1985). Thus, a weathering reaction
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rate for feldspar could be written as Rate = k:[H*]>3. The
overall extent of mineral dissolution from weathering reac-
tions can be influenced by the total acidity or acid supply rate
of the system; this reserve acidity insures that as protons are
consumed in weathering reactions, there is constant replen-
ishment of H* ions for further acid attack.

Carbonic acid, which forms when CO, dissolves in water,
is one of the primary weak acids contributing to chemical
weathering in the biosphere (Garrels and Christ 1965).
Carbon dioxide occurs in the atmosphere at a concentration
of approximately 400 ppm (parts per million) and reaches
concentrations in soils that are 10-100 times higher than
atmospheric pCO, as a result of root and microbial respira-
tion, coupled with diffusion limitations within the soil
matrix. When CO, dissolves in a raindrop or into a film of
soil moisture, the following equilibria are established:

CO, +H,0 & H,CO, <> H" +HCO; 7.1)

If CO, is added to soil water from respiration, more car-
bonic acid will be formed, resulting in increased dissociation
to protons and bicarbonate on the right side of the reaction.
Similarly, if the temperature declines, more CO, will partition
into solution, causing a shift toward the right side of the equi-
librium. If the system is acidified by an external input of strong
acid, the reaction will be pushed to the left, with the result that
more of the total CO, will remain undissociated and some of
the CO, may degas from solution. Because of the temperature-
dependent solubility of CO,, a rise in temperature will pro-
duce a similar shift to the left and a degassing of CO,.

In a simple aqueous system dominated by carbonic
acid, solution pH can be computed as a function of the
pCO, or partial pressure of CO,. From Eq. (7.1) above, we
can write two equilibrium expressions representing CO,
dissolution to form carbonic acid and dissociation of car-
bonic acid at 25 °C:

[H,CO,]/pCO, =K, =3.4x107 (7.2)

[H" ]*[HCO; |/[H,CO,]=K, =4x10" (1.3)

Re-arranging Eq. (7.2), we get [H,CO;3] =pCO,*3.4 x 1072
Re-arranging Eq. (7.3) and substituting for [H,COs] in the
denominator, we have the following:
[H" |*[ HCO; | =(4x107)*(pCO,)

#(3.4x107) =(1.36x10" )*(pCO, ) (7.4)

Case 1 Solution pH at Ambient Atmospheric pCO,

If we use an atmospheric pCO, of 380 ppm, solution pH
is calculated from expression (7.4) as follows:

pCO2 =0.000380 = 10—3,42

[H"]*[HCO; |=136x10"xpCO, =494 %107 (7.5)

Assuming that [H*] = [HCO;] at equilibrium and know-
ing that pH = —log [H*], we take the negative log of the
square root of the product in Eq. (7.5) to get pH = 5.65.

Case 2 Solution pH at Elevated pCO,

If we now assume an elevated soil pCO, equal to 100
times the atmospheric concentration in the previous exam-
ple, we similarly calculate the following solution pH in a
simple carbonic acid and water system:

pCO, =10""*atm.
[H]#[HCO; | =4.94x107™"
pH =—log[H" | =4.65

This example thus illustrates how elevated pCO, in
the soil or groundwater environment can theoretically
drive solution pH below 5, producing an aggressive
weathering solution.

Organic acids, which are characterized by carboxylic
(—COOH) and hydroxyl (—OH) weak acid functional
groups, are a second major source of acidity for weathering
reactions in the biosphere. These acids vary widely in struc-
tural complexity from simple aliphatic acids such as the
2-carbon acetic and 4-carbon malic acids derived from plant
and microbial metabolism to large polycyclic fulvic and
humic acids produced during the decay of organic detritus.
Organic acids are important sources of protons plus com-
plexing ligands. An example is the dicarboxylic acid shown
below which can ionize to release two protons, leaving an
oxalate anion capable of forming a bidentate chelate with a
cation such as Ca*".

H,C,0, &> H'+HC,0, > 2H'+C,0>"

oxalic acid oxalate

ligand

In this example, the proton dissociation constant for the
first ionization step is 107'%, and the equilibrium reaction
can be written as follows:

I:H+ :| * [HCZO; :| / [H2C204] =K, = 107

We can use this expression to emphasize an important
insight regarding weak acids. When the first carboxyl group
on this acid is half dissociated, the ratio of [HC,O,7]/
[H,C,0,] equals 1 and the equilibrium expression simplifies
to [H*] = K. Taking the -log of both sides, we get pH = —log
(107'%%) = 1.23. From this, it is apparent that the pH at which
the organic acid is half-dissociated is equivalent to the pK or
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—log of the dissociation constant. In this example, the first
carboxylic acid group will be more than 50% ionized above
pH 1.23. As such, this is considered a very strong “weak
acid”. In comparison, a weaker organic acid such as acetic
acid has a pK around 4.75 and is mostly un-ionized below
pH 3.5 and only 50% dissociated at pH 4.75.

Strong mineral acids, which comprise the third group of
acidic substances contributing to chemical weathering, include
familiar compounds such as sulfuric, nitric, and hydrochloric
acids. These reactive acids ionize rapidly and completely to
release protons and the free inorganic anions SO,>~, NO;~, and
CI". In contrast to many of the organic anions or ligands that
complex easily with metallic cations, these inorganic anions
tend to form weaker complexes with metals and thus exert
most of their influence through direct H* attack. Sulfate does,
however, form potentially important complexes with alumi-
num, calcium, and several other metals.

Experimental Effects of Acidity
on Weathering Rates

The potential influence of acidity and complexation reactions
on rates of mineral weathering have been demonstrated by a
number of investigators using dissolution experiments with
pure mineral samples. For example, Chou and Wollast (1984)
reported that dissolution of albite (NaAlSi;Oyg) increased about
10-fold as treatment pH decreased from pH 5.5 to 2.5. In
another series of experiments, Manley and Evans (1986) com-
pared feldspar weathering rates for equimolar concentrations
of carbonic, organic, and mineral acids under controlled labo-
ratory conditions. As shown in Fig. 7.4, dissolution rates were
lowest for weak carbonic acid, higher for the strong acid HCI,
and highest for citric acid, an organic acid that forms com-
plexes with Al and Ca, thereby increasing their solubilities and
release rates during weathering. In other words, the organic
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Fig.7.4 Rates of release of Ca and Al ions from calcic plagioclase dur-
ing 10 weeks of dissolution in 10~* M mineral, organic, and carbonic
acids (Data from Manley and Evans 1986)
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Fig. 7.5 Relationship between bicarbonate and divalent cation
(Ca + Mg) concentrations for waters flowing from the weathering
zone in the South Cascade Glacier watershed. From Reynolds, R.C.
and N.M. Johnson. 1972. Chemical weathering in the temperate gla-
cial environment of the northern Cascade Mountains. Geochimica
Cosmochimica Acta 36:537-554, with permission from Elsevier

acid generated the highest weathering rate, because it not only
supplied protons for acid attack, but also enhanced dissolution
through complexation reactions.

In their study of chemical weathering in a North American
montane glacier, Reynolds and Johnson (1972) found that
carbonation reactions were the most important mechanism
driving high rates of mineral dissolution. The importance of
carbonic acid weathering was reflected by the fact that cat-
ions exported in streamwater at their study site were tightly
correlated with bicarbonate ion concentrations derived from
carbonic acid (Fig. 7.5). Evidently, other sources of acidity
such as mineral or organic acids were not present or abun-
dant in that glacial environment.

Physical Influences on Weathering Rates

Weathering rates of minerals can vary greatly as a function
of physical characteristics (e.g., particle sizes and surface
areas) and in response to variable climatic and hydrological
conditions (in terms of annual precipitation, temperature,
water contact time, and flushing rates). Schalscha et al.
(1967) examined the influence of particle size and surface
area on dissolution rates of granodiorite exposed to salicylic
acid and found that Fe release from the finest size fraction
(<0.07 mm) was 16 times higher than Fe released from the
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coarsest size fraction (0.25-0.50 mm). Helgeson et al.
(1984) independently confirmed the strong effects of min-
eral surface area on weathering reaction rates. Lanyon and
Hall (1979) demonstrated that weathering rates of minerals
in the laboratory increase with higher temperature, and
White and Blum (1995) reported that weathering release of
SiO, and Na* increased with precipitation and temperature
in a wide range of field studies. Investigators have found
that soils on south-facing slopes in the northern hemisphere
have higher mean annual temperatures and more highly
weathered soil profiles than nearby soils on north-facing
slopes (Losche et al. 1970; Franzmeier et al. 1969). It should
be noted, however, that temperature relationships can be
complicated by the fact that carbon dioxide is more soluble
at lower temperatures (increasing the weathering potential
of the solution) and soil organic acids tend to be more abun-
dant in cooler humid regions (again increasing the weather-
ing potential of the soil solution). Nevertheless, as a general
rule, weathering rates are expected to increase with
decreased particle sizes, increased mineral surface area,
increased hydrologic flushing (Velbel 1985,1986), and
increased temperature (Fig. 7.6).

Biotic Influences on Mineral Weathering Rates

Plants, lichens, fungi, and bacteria exert a prodigious influ-
ence on mineral weathering rates in the field through their
contributions to acid production and release of organic
complexing compounds. As an example, April and Keller
(1990) examined weathering in the rhizosphere of forest
soils and observed evidence of more intense mineral weath-
ering and clay mineral alteration in the rhizoplane adjacent
to plant roots. Hiebert and Bennett (1992) reported that

...........
preL
e
"""
.
o

Temperature

o Hydrologic flushing

Weathering Rate

Particle size

Increasing Physical Parameter

[diameter, surface area, temperature, flushing]

Fig. 7.6 General relationships between weathering rate and physical
factors

feldspar minerals colonized by indigenous bacteria in the
groundwater zone at a site in Minnesota exhibited higher
rates of weathering, presumably because of the high con-
centrations of organic acids formed by the bacteria.
Burghelea et al. (2015) reported that mineral weathering
and associated nutrient release were enhanced by plant pro-
cesses and associated arbuscular mycorrhizae in mesocosm
experiments with porous assemblages of minerals planted
with buffalo grass.

Influence of Mineral Dissolution
on the Solution Chemistry of Natural Waters

Water chemistry evolves and changes as precipitation or
snowmelt drains through a watershed and moves down a
river drainage system. Along this pathway, the signature of
weathering reactions is inscribed in the ionic composition of
the evolving parcel of water. As a consequence, water chem-
istry can be used to make inferences about weathering pro-
cesses in a watershed ecosystem.

The diagrams in Fig. 7.7 provide a conceptual basis for
considering how individual minerals can impart distinctive
characteristics to a weathering solution in a watershed. In
an ecosystem where potassium feldspar is a major source
of weathering products, dissolution of this mineral in car-
bonic acid would release soluble SiO, plus potassium
bicarbonate in the mole ratios shown in Fig. 7.7. In com-
parison, the Na-feldspar, albite, weathers to produce a
sodium bicarbonate solution plus Si0O,. Calcium plagio-
clase feldspar, on the other hand, yields a solution domi-
nated by calcium bicarbonate and SiO,. In the absence of
feldspar minerals, we might observe an example of a
weathering solution containing calcium bicarbonate, with
little or no accompanying SiO,; this evidence could imply
the weathering of calcite (Fig. 7.7). The final two exam-
ples in Fig. 7.7 illustrate that dark minerals such as pyrox-
ene and biotite (black mica) decompose during weathering
to yield their own distinctive mixtures of dissolved silica,
Na*, K*, Mg?*, and Ca*".

In a field setting, of course, natural waters often reflect the
complex geochemical signatures of many different weather-
ing, ion exchange, and absorption reactions, so that it is dif-
ficult to see the pure signal of one particular mineral
dissolution reaction. In one of our biogeochemical studies,
we sampled soil solution chemistry and found the calcium
and sodium-rich cation stoichiometry depicted in the left-
hand bar of Fig. 7.8. The question was: did the base cation
molar concentrations in soil drainage water reflect the domi-
nant influence of mineral weathering or other alternative pro-
cesses? When we determined base cation stoichiometry of
the bulk soil mineral phase, we found that K* and Na* were
the dominant cations on a molar basis, whereas Ca** was rela-
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Fig.7.7 Calculated
compositions of solutions
resulting from dissolution of
single pure minerals. Bars
show mole ratios of solutes
relative to HCO;~ (Data from
Garrels 1967)
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tively depleted or deficient in the bulk soil (Fig. 7.8). By com-
parison, cation chemistry of the major weatherable heavy
mineral in the watershed — hornblende — was dominated by
Ca’* and Mg (Fig. 7.8). In a final step, we examined the
cation exchange pool as a critical geochemical buffer linking
mineral weathering reactions and solution chemistry, and
observed that exchangeable cation chemistry was dominated
on a molar basis by Ca*" and K*, but was deficient in Na*.
We were forced to conclude that soil water chemistry at
the study site is a complex mixture from multiple sources,
rather than a simple solution derived from a specific weather-
ing reaction. In part, soil solution chemistry seemed to reflect
the relative abundances of Ca?* and Mg?* in the cation

Soil Water Exchange Hornblende Bulk Soil

exchange reservoir and in hornblende; however, the relative
abundance of Na* in the soil solution was more of a reflec-
tion of the Na* enrichment of the bulk soil mineralogy shown
in Fig. 7.8. Apparently, there was a mineral source such as
albite within the bulk soil matrix that served as a weathering
source for Na.

Genesis and Weathering of Clays

Weathering processes are important for the formation of
two major classes of soil colloids: silicate clays and
hydrous oxides. In the early to intermediate stages of
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primary mineral weathering (e.g., younger soils), 2:1 alu-
minosilicate clays such as illite, vermiculite, and montmo-
rillonite are likely to predominate in the soil environment.
However, in advanced stages of weathering, it is expected
that 1:1 kaolinite clay and oxides of iron and aluminum
will become more abundant as the final products of the
weathering breakdown of primary minerals and 2:1 sec-
ondary minerals (Brady 1984). These general trends are
evident when soils are compared from different geographic
regions. Where soil profiles have developed over long peri-
ods in warm, humid climates (e.g., southeastern U.S. and
Central America), we tend to find highly weathered, deep
soils containing high concentrations of kaolinite clay and
oxides of iron and aluminum. In contrast, younger soils
that have been less heavily impacted by long-term weath-
ering generally contain lower concentrations of clays, with
higher proportions of illite, vermiculite, and/or montmoril-
lonite 2:1 clays. Examples of these contrasting conditions
can be found by comparing Camp Branch watershed in
Tennessee, where the Ultisol soil contains >22% clay and
is dominated by kaolinite and vermiculite, versus a north-
ern watershed at Big Moose, New York, where the Spodosol
soil contains <3% clay and is dominated by vermiculite
with minor amounts of kaolinite and mixed layer clays
(Cronan et al. 1990).

Methods of Estimating Weathering
Contributions to Ecosystem Element
Budgets

Weathering is the dominant long-term source of cations
and acid neutralizing capacity for most terrestrial ecosys-
tems; thus, efforts to understand element cycling patterns
and processes in watershed ecosystems require rigorous
estimates of mineral weathering rates. Unfortunately, there
is no simple acceptable way to estimate field weathering
rates. For example, estimates of mineral dissolution in the
laboratory are on the order of 10~!! moles m~2 s~!, but these
rates are as much as three orders of magnitude faster than
field estimates of rock weathering (Velbel 1986; Schnoor
1990). Thus, one cannot simply extrapolate from controlled
experimental studies in the laboratory to whole system
weathering rates.

Mass Balance Estimation

One standard approach for estimating watershed weathering
rates involves the use of element mass balance calculations
(Katz et al. 1985; Paces 1986; Clayton 1988). If we represent

a watershed as a series of pools and transfers, we can express
the mass balance of each weatherable cation as follows:

Weathering = Outputs (in streamflow )
—Inputs (in atmospheric deposition)
+Storage (as exchangeable cations or secondary minerals)

+Storage (in biomass)

This relationship implies that if one estimates, over a
fixed time interval, the streamflow outputs of a cation, atmo-
spheric inputs of the cation in wet + dry deposition, net
increases or decreases in storage of the cation on the soil
exchange complex, and net increases or decreases in storage
of the cation in biomass, one can compute the weathering
rate of the cation by solving the difference equation shown
above and in Fig. 7.9. In order to include silica and alumi-
num in a weathering calculation, one could simply modify
the mass balance to account for transfer of these elements
from primary minerals to secondary minerals formed during
specific weathering reactions in the watershed.

Although this approach provides a powerful tool for use in
watershed studies, there are potentially large uncertainties
associated with the technique. Ecosystem mass balance weath-
ering estimates for a variety of study sites have been found to
range from roughly 300 to 3000 mol, ha~! yr~! for the sum of
Ca + Mg + K + Na. How confident can we be with the accu-
racy of these values? Part of the mass balance depends on the
stability or fluctuation of the cation exchange storehouse over
time. Because of the large size of a typical cation exchange
reservoir in a forested watershed, a 10% error in the mass
balance estimate for net storage of cations in the exchange-

Atmospheric Biomass
deposition accumulation \
P B Decomposition
/ D
i w .
Weath ering Solution Stream
of mineral | ==—— phase o
phases Outflow
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T
v
Secondary

Exchangeable
cation gain or
loss

mineral formation

W=0O-P+E+(B-D)+S

Fig. 7.9 Conceptual diagram of an ecosystem mass balance for min-
eral weathering. Bold letters (e.g., W = Weathering) in the diagram are
used in the mass balance equation to represent each process
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able pool can translate into an uncertainty of several hun-
dred mol, ha™! yr~!. Similarly, net accumulation of Ca,
Mg, and K in forest biomass can range from negative values
(in a degrading forest) to positive values as high as several
thousand mol, ha=! yr~'. Thus, errors in estimates for changes
in storage of exchangeable cations or biomass increments of
cations can be large enough to produce uncertainties of £100%
in ecosystem mass balance weathering estimates.

One way to constrain ecosystem mass balance estimates
is to combine them with a consideration of weathering
reaction stoichiometries. Clayton (1988) provided an excel-
lent example of this approach in his study of weathering
rates of orthoclase and plagioclase feldspars in three for-
ested watersheds in the Idaho batholith. The author esti-
mated rates of chemical weathering for three intensive
study watersheds at Silver Creek in southwestern Idaho,
where mean annual temperature is 4 °C and annual precipi-
tation is 100 cm (65% snow). Soils at the site are Entisols
<1 m thick and bedrock is a uniform quartz monzonite,
with equal amounts of quartz, orthoclase feldspar, and pla-
gioclase feldspar. Using mineralogical analyses, bulk rock
chemistry, and stream chemistry, the investigator inferred
reaction stoichiometries for dissolution of the two feldspar
minerals and predicted masses of soluble cations, silicic
acid, and residual solid-phase kaolinite clay expected for
weathering of each mole of orthoclase or plagioclase. The
author then applied a watershed mass balance approach
involving atmospheric inputs, vegetation accumulation,
runoff exports, and secondary mineral storage to estimate
annual weathering of base cations, which ranged from 1480
to 1700 mol, ha=" yr~! for his three study sites (Table 7.3).
As an independent check on his computations, he tested to

Table 7.3 Mass balance fluxes for Idaho watershed SC-2 described by
Clayton (1988). Data show net weathering release of cations, H* con-
sumed in feldspar hydrolysis, feldspar weathering predicted from cat-
ion flux, and predicted SiO, flux from weathering reaction stoichiometry
(which closely matched observed SiO, flux)

Mass transferred

Process kgha='yr~' molha™!'yr-! mol, ha™! yr!
Field measurements

Net Na flux 13.3 579 579
Net Ca flux 18.1 452 904
Net K flux 1.7 44 44
Net SiO, flux 79.6 1321 -
Sum Na + Ca+ K - - 1527
H* consumed - - 1527
Weathering predictions

Albite weathered 152 580 -
Anorthite weathered 126 453 -
Orthoclase weathered 12 44 -
Kaolinite formed 197 765 -
SiO, release 167 2772 -
SiO, consumed 92 1526 -
Predicted net SiO, flux 75 1246 -

see if observed fluxes of silica and base cations in stream
exports were consistent with the mineral weathering stoi-
chiometries he had assumed for his watersheds. Since pre-
dicted SiO, fluxes were 94-99% of the measured fluxes, the
author concluded that stream exports of cations and silica
could be accounted for by mineral hydrolysis of the two
feldspars and formation of residual kaolinite clay in the soil
profile. It was a remarkable final outcome with very close
agreement between predicted and observed fluxes!

Element Tracers as Indicators of Weathering
Rates

Some investigators have used sodium or silica exports from a
watershed as a means of estimating rates of ecosystem min-
eral weathering (Paces 1983). If it is assumed that Na*
released by primary mineral dissolution is not strongly accu-
mulated in plant biomass or retained on cation exchange sur-
faces, then one can measure the annual flux of Na* in stream
outflow and can back-calculate how much of the bulk mineral
phase or a specific sodic mineral such as albite must have
dissolved to release the observed amount of Na*. Knowing
element chemistry of the bulk mineral phase or the presumed
sodic primary mineral, one can use that information to esti-
mate total moles of each cation (including Na*) released by
the weathering process. Unfortunately, this approximation of
weathering depends on simplifying assumptions that are a
potentially large source of uncertainty.

Other investigators, assuming that silica concentrations in
streamwater can only be derived from mineral dissolution
processes, have used silica output fluxes from watersheds to
estimate weathering rates or minimum weathering rates. For
this procedure, one can either (i) back-calculate the amounts
of cations plus silica released from the bulk soil mineral
phase to account for streamwater silica, or (ii) assume that
weathering is dominated by a specific mineral and take into
account the amount of weathering required to account for
both the silica in streamwater and the amount of silica
retained in secondary clay formation. Knowing the silica/cat-
ion ratios in the original mineral phases, it is then possible to
estimate the total base cation release from the weathering
process. Clayton (1988) demonstrated that over half the silica
released by primary mineral weathering at his sites in Idaho
was ultimately stored in secondary mineral formation, thus
emphasizing the importance of knowing reaction stoichiom-
etries for a given watershed and accounting for silica immo-
bilized in residual weathering products such as kaolinite.

Some investigators have used isotopic tracers to estimate
mineral weathering rates in watershed ecosystems. Miller
et al. (1993) focused on natural strontium (Sr) isotopes to
estimate relative contributions of soil exchangeable cation
depletion versus mineral weathering to observed streamwa-
ter outputs of base cations in a high-elevation ecosystem at
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Whiteface Mt., NY. In their analysis, the authors identified
two ‘“end-member” sources of Sr exhibiting contrasting
87Sr/%Sr ratios: atmospheric deposition, with a ratio of
0.70931, and local bedrock and till, with much lighter ratios
of 0.705160 and 0.706585. These isotopic ratios were com-
pared to ratios in the soil exchange complex, vegetation, and
streamwater exports from the ecosystem. Qualitatively, they
found that Sr isotopic ratios in streamwater were depleted in
the heavy isotope and thus were more similar to ratios in the
geologic end-members, rather than ratios in atmospheric
deposition or the soil exchange complex. Their quantitative
analysis showed that roughly 70% of Sr exported in stream-
water originated from new primary mineral weathering reac-
tions. They extrapolated cation weathering rates by assuming
that cations weather from the bedrock and till in proportion
to cation/Sr ratios in the geologic matrix. Again, this method
of extrapolation may be problematic, because of various
untested assumptions.

Weathering Estimation with Mineral Depletion
Techniques

April and Newton (1985) described a technique for estimat-
ing long-term weathering rates based on the concept of min-
eral depletion through the soil profile. They assumed that
surficial parent material in a watershed originates as a rela-
tively homogeneous, well-mixed geologic deposit; thus,
weathering processes should progressively deplete weather-
able minerals from the surface downward under the influ-
ence of gravitational water flow. Accordingly, they sampled
mineral phases at depth increments from the surface and
observed the depletion curves for Ca, K, Mg, and Na
depicted in Fig. 7.10. When they integrated the depletion
curves, they were able to estimate the total loss of base cat-
ions from the upper soil profile since the initiation of soil
formation at the end of the last glacial retreat 14,000 yr
before the present. Dividing base cation losses by the time
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interval, they developed an approximation of the long-term
weathering rate since deglaciation amounting to 500-
620 mol, ha~! yr~!. Land et al. (1999) applied a similar min-
eral depletion technique to estimate historical weathering
rates in northern Sweden, and reported that over the last
8700  years, mineral weathering has released
360 mol, ha=! yr=! of the cations Ca + Mg + K + Na.

Comparison of Weathering Estimates

How do different weathering estimation procedures compare
when applied collectively to a single study system? In an
intensive study of three contrasting forest soils, the author
examined the extent of convergence of multiple independent
techniques for estimating weathering rates. The experiments
involved exposure of undisturbed plant-free soil columns to
simulated rainfall, analysis of cation leaching losses, and
measurement of changes in the soil exchangeable cation res-
ervoirs. As illustrated with a Becket Spodosol from the
Adirondack Park, NY in Table 7.4, the mass balance estimate
of weathering in the 50 cm soil column was
1510 mol, ha=! yr~!. However, an alternative minimum mass
balance estimate of 80 mol, ha™! yr~! was also calculated by
assuming that a large fraction of the base cation loss from
the soil column could be accounted for by statistically
undetectable depletion of the soil cation exchange complex

Table 7.4 Comparison of weathering estimates for a forest Becket
Spodosol based on several independent estimation techniques (Cronan
1985b). Weathering is taken to be the sum of Ca + Mg + K + Na released
from primary minerals, expressed in mol, ha=! yr~!

Soil column mass balance 1510
Soil column mass balance (minimum)? 80
Sodium ion flux ratio® 1030
Silica flux ratio® 250
Soil mineral depletion? 620
Watershed mass balance® 1480

*Half of the 95% confidence interval on the exchangeable cation pool
size estimate was subtracted from the soil column mass balance esti-
mate of 1510 mol, ha™' yr~! (first entry in column) to account for the
possibility of undetectable changes in exchangeable cation reserves
during the experiment

"Because sodium is considered to be relatively conservative, the solu-
tion Na flux and bulk XRF soil chemistry were used to calculate the
release of Ca + Mg + K necessary to account for the observed Na flux
“This technique assumes that solution silica flux is directly related to the
rate of release of Si + Ca + Mg + K + Na from primary minerals

9This estimate from April and Newton (1985) is based on a long-term
weathering rate determined from mineral depletion in the Becket soil
profile

°This estimate is based on data from the ILWAS watersheds where the
Becket soil was obtained. The flux estimate combines annual stream
export of cations from Woods Lake watershed with an estimate of
annual biomass increment of cations. Soil exchangeable cation pools
were assumed to be steady-state

(i.e., without much of a contribution from fresh mineral dis-
solution). This approximation was computed by knowing the
95% confidence interval error bars on the estimates of
exchangeable cation concentrations. Using both the Na* flux
tracer approach and the silica flux ratio procedure described
earlier, additional independent estimates of 1030 and
250 mol. ha™! yr=! were obtained. A fifth estimate of long-
term weathering (620 mol, ha=! yr~!) was provided by April
and Newton’s (1985) calculation of mineral depletion for that
specific soil. Finally, a watershed mass balance budget for the
site where the Becket soil columns originated indicated that
ecosystem weathering rates for base cations amounted to
1480 mol. ha=! yr=.

In spite of considerable variation in the results, there were
indications of convergence among some procedures. Based
on the silica flux ratio and mineral depletion estimates, it
appears that the minimum long-term weathering rate for the
soil and watershed is in the range of 200-600 mol, ha=" yr=".
On the other hand, results from the soil mass balance, sodium
flux ratio, and watershed mass balance calculations suggest
that the soil profile is currently weathering at a rate between
1000 and 1500 mol, ha=! yr=!. Overall, it is apparent that quan-
tifying rates of mineral weathering in watershed ecosystems is
very challenging!

R e
Yosemite granite, F.E. Matthes, US Geological Survey, 1913

Comparison of Weathering in Different
Ecosystems

Many of the older studies of weathering were conducted
by geologists who reported results expressed as a surface
denudation rate or rate of removal of the surface of rock
minerals. Velbel (1985) indicated that the average denuda-
tion rate for the southern Appalachian Mts. was 4 cm per
1000 yr. In comparison, Paces (1986) found that forested
watersheds in Czechoslovakia exhibited denudation rates
in the range of 0.9-1.4 cm per 1000 yr and agricultural
basins were as high as 3.2 cm per 1000 yr. In Rhodesia,
Owens and Watson (1979) estimated denudation rates of
0.5-1.5 cm per 1000 yr.
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Table 7.5 Comparison of weathering export fluxes (mol. ha=! yr~") for
different study watersheds

Weathering
Author Location rate
Reynolds and Johnson  Alpine glacier, WA 9300°
(1972)
Likens et al. (1977) Temperate hardwoods, NH 2000
Rosen (1982) Temperate conifer, Sweden 640
April and Newton Temperate hardwoods, NY 500-620*
(1985)
Cronan (1985b) Temperate hardwoods, NY 1480
Katz et al. (1985) Temperate hardwoods, MD 2200
Paces (1986) Temperate forest, Czech Rep. 6400
Baron et al. (1990) Loch Vale watershed, CO 390°
Miller et al. (1993) Boreal conifer, NY 1500
Land et al. (1999) Northern forest, Sweden 360
Horton et al. (1999) Yellowstone River, WY 2100°

“Long-term weathering rate over thousands of years

"Weathering rate is based on cation denudation in runoff, without a con-
sideration of storage in biomass or soils. The estimate from Horton
et al. (1999) represents granitic weathering in the Yellowstone River
watershed, corrected to exclude the enormous Ca flux derived from calcite
dissolution in the watershed. The same authors estimated that cation
exports from carbonate-rich sedimentary rocks amounted to an astound-
ing 65,900 mol, ha=' yr~!

Other investigators have focused on the release of base
cation equivalents in weathering (Table 7.5). Reynolds and
Johnson (1972) estimated that weathering in the South
Cascade Glacier watershed, WA was as high as
9300 mol, ha™! yr~!. In comparison, Likens et al. (1977)
reported a watershed mass balance weathering rate of
2000 mol, ha=! yr=! at Hubbard Brook Experimental Forest,
NH; Miller et al. (1993) estimated a weathering rate of
1500 mol, ha™! yr~! for a high-elevation conifer forest at
Whiteface Mt., NY; Rosen (1982) reported a weathering rate
of 640 mol. ha™! yr~! in a conifer watershed in central
Sweden; Paces (1986) estimated that weathering of a highly
acidified forested basin in the Czech Republic amounted to
6400 mol, ha~! yr~!; and Cronan (1985b) presented a water-
shed mass balance estimate of weathering for a mixed north-
ern hardwood watershed in the Adirondack Park, NY of
1480 mol. ha~! yr~!. Let’s look at the details of some of these
examples of weathering analyses.

Reynolds and Johnson (1972) investigated mineral
weathering in a temperate glacier environment at an alti-
tude of 1970 m in the Cascade Mountains, WA. Preliminary
analysis indicated that local bedrock was composed of
phlogopite-actinolite schists, quartz diorite metamor-
phosed into greenstone, unaltered diorite, and basaltic
dikes. Associated with these bedrocks were distinct clay
mineral assemblages composed of vermiculite and smec-
tites that provided clear evidence of ongoing mineral
weathering. Using hydrologic discharge data combined
with flow-dependent stream runoff chemistry, the authors

computed an estimated chemical denudation rate of
9300 mol, ha~!' yr~! based on the summed annual exports of
Ca + Mg + Na + K. Because their watershed lacked signifi-
cant vegetation, they were able to ignore biomass accumu-
lation in their mass balance. Furthermore, by focusing on
chemical denudation rate, rather than the more inclusive
chemical weathering rate, the authors were able to avoid
the difficult and uncertain task of estimating cation storage
in secondary minerals and exchangeable cation pools.
Overall, the authors documented an enormous cation denu-
dation rate that reflects the combined influences of a high
annual water flux (runoff = 409 cm) and rapid mineral dis-
solution driven by vigorous carbonic acid weathering.

Katz et al. (1985) investigated chemical weathering in
the Catoctin Mountains, MD, where mean precipitation is
112 cm and mean annual temperature is 12 °C. The site is
underlain by metabasalt bedrock that largely appears to
weather to kaolinite. The authors used a watershed mass
balance analysis, combined with measurements of stream
runoff chemistry, to estimate annual net base cation exports
of 2194 mol, ha~! yr='. They then used a series of simulta-
neous equations to match the observed net exports of cat-
ions, silica, and bicarbonate ion to predicted weathering
stoichiometries of the four major weatherable minerals —
albite, calcite, chlorite, and actinolite. They concluded that
observed solute exports from the watershed could be
accounted for by the annual weathering of 316 moles of
albite, 249 moles of calcite, 115 moles of chlorite, and 23
moles of actinolite per hectare. In their final analysis, strong
acids from atmospheric deposition contributed 40% and
carbonic acid contributed 60% of the H* ions for mineral
weathering in their system. A more recent study in the
Catoctin Mountains by Price et al. (2013b) indicated that
90% of Ca’* export in stream runoff was derived from cal-
cite in bedrock fractures, rather than from the more abun-
dant silicate minerals in the watershed.

In the Loch Vale watershed within the Rocky Mountain
National Park, CO, two other studies have provided insights
regarding weathering patterns of granitic watersheds that
contain calcite inclusions within the bedrock matrix. Baron
et al. (1990) reported a relatively low cation denudation rate
of 390 mol, ha=! yr~! for the granitic basin, and estimated
that 40% of the exported cations were derived from calcite
weathering. In a subsequent study, Price et al. (2013a) exam-
ined 24 years of stream mass balance data, and estimated that
calcite dissolution contributed 40-65% of the Ca** in stream
waters, oligoclase contributed 25%, and apatite contributed
10-35%.

A number of investigators have raised concerns that stream
exports of cations may provide an inflated estimate of primary
mineral weathering under circumstances where soil exchange-
able cation pools are being depleted by modern acidification
processes and the desorbed cations are leaching into streams.
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Two different studies have provided a bit of perspective on this
question. Paces (1986) concluded from his studies of a for-
ested basin subjected to intense acidification in the Czech
Republic that 84% of the Ca ion in runoff was derived from
depletion of exchangeable cation reserves. Thus, environmen-
tal conditions were tipping toward a serious imbalance between
leaching loss and weathering replenishment of exchangeable
cations. In contrast to that study, Miller et al. (1993) used Sr
isotope analysis to infer that cation exchange reactions con-
tributed 30% of the Sr exported in streamwater and 80% of
annual Sr uptake by the plant community in a high elevation
site with an annual weathering rate of 1500 mol, ha! yr=_.

In concluding this chapter, we can appreciate that chemi-
cal weathering processes are a significant driving force in
the biogeochemical cycles of many elements. There is even
recent evidence that weathering of certain sedimentary
rocks can yield measurable releases of N (Holloway and
Dahlgren 2002). Yet, our ability to measure and to predict
weathering rates in watershed ecosystems is somewhat lim-
ited. Given current uncertainties associated with most
quantitative estimates of field mineral weathering rates,
there is a continuing need for new creative research
approaches aimed at improving our understanding of this
core area of biogeochemistry.



Watershed Hydrology

Ecosystem and Landscape Perspectives

Picture a summer thunderstorm in a southern hardwood forest
and consider how the ecosystem might respond to this sudden
precipitation input. How much of this rainfall event will appear
as storm water runoff in the stream channel and how quickly
will streamflow respond to the thunderstorm? In what ways
might this precipitation event influence biogeochemical pro-
cesses and nutrient cycling in this ecosystem? Do we expect this
rain event to produce changes in stream chemistry, perhaps
causing episodic acidification of the stream? In this chapter, we
will focus on understanding basic principles of watershed
hydrology and the influences of hydrologic patterns and pro-
cesses on element cycling in watershed ecosystems.

Figure 8.1 provides a general conceptual diagram for con-
sidering watershed hydrology. As shown, water movement
through a watershed can include vertical infiltration into the
soil or groundwater zones, evaporation and transpiration
of moisture into the atmosphere, lateral transport along shal-
low or deeper flow paths into surface water, and water export
as stream runoff. Inputs of precipitation may be partially
stored as canopy interception, soil moisture, surface water,
winter snowpack, or groundwater. Each of these storage res-
ervoirs varies in size and exhibits a different residence time
for water moving through that ecosystem compartment.

On a map of the landscape, it is evident how individual
streams and rivers are parts of branching drainage networks

© Springer International Publishing AG 2018

composed of small tributaries draining small watersheds
(Fig. 8.2), which combine to form larger streams and rivers
draining larger drainage basins. Each stream or river can be
described in terms of stream order (i.e., its position in the
hierarchy of tributaries). As illustrated in Fig. 8.3, first-order
streams are those that have no tributaries. Second-order
streams are those that have as tributaries only first-order chan-
nels, and so on as shown in the diagram. Thus, a small moun-
tain stream might typically be considered a first or second-order
stream, whereas a large river might be classified as a fifth-
order or larger system. For each stream or river, there is an
upstream catchment or watershed that collects precipitation
and delivers drainage water to the stream system (Fig. 8.2).

Influence of Geology and Soils on Storage
and Movement of Water

Patterns of water movement and storage in the landscape are
strongly influenced by climate, soil conditions, topography,
surficial geology, and bedrock geology, although the impor-
tance of each factor can vary significantly among watersheds

Precipitation Transpiration

Evaporation

Infiltration

Groundwater Flow ————s—

_ Y,

Fig.8.1 Components of hydrologic transfers in a watershed ecosystem
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Fig.8.2 Topographic map showing (i) a watershed delineated by a perimeter drainage divide (dashed lines) and (ii) a stream drainage network.

The stream system drains from left to right

Drainage divide of a
4t order watershed
or river basin

’ N

Stream Outflow

Fig. 8.3 Illustration of Ist through 4th order streams in a drainage
network

and regions. Because bedrock throughout much of the bio-
sphere is buried beneath soils, deposits of unconsolidated
sediments, or the weathered overburden of saprolite, it is
these porous geologic materials that often directly influence

local hydrology. Besides weathered saprolite, other major
types of surficial geologic deposits include volcanic ash,
alluvial sediments, colluvial debris, aeolian silt, marine sedi-
ments, lacustrine silts and clays, and glacial deposits of till
and outwash sand. The flow path of water through each of
these different kinds of geologic settings affects the residence
time of water, discharge patterns of runoff, solid phases that
water contacts and reacts with in its passage through the
system, and the chemistry of surface waters and groundwater
in the watershed (Fig. 8.4).

Figure 8.5 provides an example of a surficial geologic
map and cross-section for a small watershed in the
Adirondack Mountains of New York State. In this illustra-
tion, surficial geology of the watershed is characterized by
four major features: a thick deposit of glacial till >1-3 m in
depth; a wetland peat deposit; an area of thin glacial till
plus bedrock; and areas dominated by exposed bedrock
outcrop. In cross-section, granitic gneiss bedrock is exposed
in parts of the upper hillslope, but the lower basin surround-
ing the lake is covered with one or two layers of glacial till.
The surficial glacial deposits in the diagram are composed
of rock cobbles and stones distributed through a matrix of
quartz and feldspar sand and silt-sized particles. An analysis
of the size distribution of particles within the glacial till
deposit would show a pattern resembling the one shown in
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Precipitation

pH 4.3

Fig. 8.4 The flow path of infiltrating precipitation can influence the
resulting chemistry and acidity of drainage water moving laterally into
streams and lakes. In this example, deeper flow paths correspond to
drainage water characterized by higher pH values and ANC. Reproduced

Fig.8.5 Conceptual diagram
illustrating a map view and
geologic cross-section of
bedrock and surficial geology
in a small watershed located
in a glaciated landscape

Bedrock
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with permission of Springer from Gherini, S.A., L. Mok, R.J.M.
Hudson, G.F. Davis, C.W. Chen, and R.A. Goldstein. The ILWAS
Model: formulation and applications. Water, Air, Soil Pollution 26:
425-459. ©1985 by D. Reidel Publishing Company
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Fig. 8.6. The question a biogeochemist might ask is: “how
does this pattern of surficial geology affect hydrologic and
biogeochemical processes?” Indeed, whether we focus on a
watershed such as the example in Fig. 8.5 or a completely
different catchment, it is important to consider how differ-
ences in the distribution, thickness, texture, and mineralogy
of surficial deposits can influence storage, movement, and
the chemistry of water in a watershed.

Soil Hydrologic Properties

The water infiltration and moisture retention characteristics
of a soil are largely controlled by the combined influences of
soil texture, structure, organic matter content, and the nature
and distribution of micropores and macropores within the
soil matrix. These multiple variables determine whether
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Fig. 8.6 Grain-size distribution for a soil formed on a glacial till in
New England (data from Dingman 1994)

Fig.8.7 Capillary tension
increases as soils dry from a
saturated condition (where
gravitational water drains
freely through macropores),
to field capacity at —0.03
MPa, and down to the thin
water film corresponding to
the wilting point at —1.5 MPa.
The gray shaded area
represents unavailable
hygroscopic water held at
tensions greater than —3.1
MPa. Data from Dingman
(1994)

water infiltrates rapidly through the soil profile, pools on the
soil surface, or is absorbed and retained by soil colloids. In a
soil with good texture, structure, and organic matter content,
water drains from larger pores and is retained in the smaller
pores, giving a balance of water availability and aeration.

The moisture-holding characteristics of different soils can
be compared if we know the amount of water held by the
soils at field capacity (soil tension of —0.03 MPa) and at the
wilting point (soil tension of —1.5 MPa), where one mega-
Pascal (MPa) = 10 bars = 10.13 atm (Fig. 8.7). The differ-
ence between these two measurements is the quantity of
available water that can be stored in the soil between rain
events. As you can recall from Fig. 2.7, there is considerable
variation in the water retention characteristics of soils with
different textures. Whereas sandy soils tend to have low field
capacities and small reserves of available water, loamy soils
exhibit higher more optimal field capacities and reservoirs of
available water.

The potential water infiltration rate varies widely among
soils and separate soil horizons, and can be quantified using
estimates of saturated soil hydraulic conductivity. In the
examples shown in Table 8.1, we see that the sandy Wisconsin
and Missouri clay loam soil horizons differ by three orders of
magnitude in terms of predicted soil water conductivity. This
is a striking contrast! What are the implications of these

Table 8.1 Comparison of hydraulic conductivity for fine-textured and
coarse soil horizons (R. Newton unpub. data)

Soil type Sand Silt Clay Gravel Conductivity
(%) (%) (%) (%) ems™!

B Horizon, Missouri 3 64 33 0 2x 107

B, Horizon, New York 67 23 2 8 1x1073

B, Horizon, Wisconsin 92 4 0 4 1x 1072

Increasing soil moisture content

Wilting Field
Point Capacity
\ \

\ A\

; ; \ \
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Increasing soil capillary tension
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differences in hydraulic conductivity among soils? What hap-
pens when the rate of moisture inputs from rainfall or snowmelt
exceeds the infiltration rate of a given soil horizon?

Not only does hydraulic conductivity vary among soils
with different textures, but it also changes in a given soil as
the volumetric moisture content increases or decreases.
In Fig. 8.8, we see that a five-fold change in volumetric
moisture content, O, of a fine-textured sandy soil is accom-
panied by a 1000-fold change in hydraulic conductivity, K.
Thus, the potential rate of infiltration drops dramatically as a
soil dries. During periods between moisture inputs, an unsat-
urated zone develops in the upper soil as drying occurs; in
contrast, a saturated zone commonly occurs near the depth of
the water table.

Water Movement and Streamflow
Generation in a Watershed

One of the fundamental challenges in hillslope and water-
shed hydrology is to understand the flow paths of water
movement within catchments (Kampf and Burges 2007),
patterns of streamflow generation that result from moisture
inputs to a given watershed (Barthold and Woods 2015), and
the interplay of biogeochemical and hydrologic processes
within a watershed ecosystem. If we sample water chemistry
along a drainage gradient from precipitation inputs, through
soils and surficial deposits, and into a stream channel, we
find that the chemistry of water evolves and changes dra-
matically in response to various biogeochemical transforma-
tion processes during drainage through the catchment.
Furthermore, if we sample at different times during the

annual hydrologic cycle, we are likely to observe important
temporal differences in stream chemistry. These changes and
seasonal differences in stream water quality are determined
by dynamic interactions between hydrologic flow paths and
spatially distributed biogeochemical processes within a
drainage basin. Because of this, it is important to understand
the hydrologic source compartments and drainage pathways
that control runoff patterns and processes in watershed eco-
systems (Raymond and Saiers 2010).

Measurements of precipitation inputs and streamflow out-
puts in a watershed ecosystem are often plotted on rainfall
hyetographs and runoff hydrographs as a means of analyz-
ing relationships between the timing and magnitude of water
inputs and outputs in a drainage basin (Fig. 8.9). Graphs such
as these are intriguing, because they raise so many important
questions as to how observed stream output responses are
related to the internal physical properties and hydrogeologic
parameters in a given watershed. In many watersheds,
streamflow response to a storm event is rapid and pro-
nounced, implying that rainfall is routed quickly to streams,
rather than slowly infiltrating through the soil matrix and
into the stream channel. In other catchments, episodic storm-
flow responses may be relatively rare, only occurring after
the most severe precipitation events. How do these observa-
tions fit together? An answer to this apparent enigma requires
the integration of hydrologic processes across different time
and spatial scales.

As water moves through a watershed ecosystem and emerges
as streamflow, some fraction of the moisture follows pre-
ferred pathways through soil macropores, whereas other
drainage water infiltrates more slowly through capillary
pores in the soil matrix. The relative importance of preferred
pathways is determined by local topography, soil character-
istics, vegetation, animal burrows, and geologic conditions;
movement through these pathways generally occurs only
under conditions of saturated flow observed during a rain
event or at snowmelt. We can also envision preferential water
movement occurring when infiltrating water backs up above



106

8 Watershed Hydrology

a layer of impervious sediments or bedrock, and flows laterally
through a more porous overlying soil horizon. In general, we
would expect preferred pathways to dominate (1) over short
time scales when moisture inputs to the watershed are rela-
tively high and (2) at small spatial scales, particularly where
the depth to bedrock is shallow, the slope is steeper, the inci-
dence of root channels and burrows is higher, or near stream
channels where saturated moisture conditions are more com-
mon. Beckers and Alila (2004) developed a model for
streamflow generation in a temperate rain forest located in
British Columbia, and concluded that subsurface matrix flow
is the largest contributor to streamflow (67% of time), but
preferential flow through macropore networks begins to
dominate streamflow during peak periods when discharge
exceeds 2.8 mm hr.7".

Figure 8.10 provides an illustration of the dynamic influ-
ence of preferential flow paths on stream discharge during
spring snowmelt in the Adirondack Mountains, NY. In this
example, the groundwater table rises rapidly to a plateau dur-
ing early snowmelt, coincident with a slow gradual increase
in stream discharge. During this period, the rising hydraulic
gradient produces a gradual increase in water infiltration
through the deep soil and a steady increase in baseflow con-
tribution to stream runoff. The next day, there is a larger
snowmelt event, a hydrologic threshold is apparently
reached, and both groundwater level and streamflow rise
together in rapid succession. How can we account for this
unusual sequence of events? The evidence suggests that on
the second day of melting (late March 14th), the cumulative
infiltration of meltwater has expanded the groundwater table
upward into a more porous zone that permits rapid lateral
flow into the stream channel. With the water-table now inter-
secting more permeable upper soil layers, the soil hydrologic
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Fig.8.10 Relationship between groundwater stage (black circles) and
stream runoff (open circles) during a March snowmelt event in the
Adirondack Mountains, NY (based on unpublished data from
R.M. Newton — used with permission)

connection to the stream opens up as if a macropore faucet
has been turned on. The rise in streamflow now reflects
combined inputs of groundwater baseflow plus a large pref-
erential flow component derived from near-surface soil
horizons.

One of the dominant concepts in stormflow generation is
the idea that water contributing to storm runoff in streams
largely originates in variable source areas that quickly
become saturated by rainfall or snowmelt and serve as
sources for rapid interflow or saturated overland flow of
water to the adjacent stream channel. These easily saturated
zones are typically in or near the stream riparian zone and
represent only a portion of the entire watershed area.
According to a conceptual model defined by Dunne and
Black (1970), the hydrologic source area contributing to
stream runoff will expand or contract, depending on the
moisture status of catchment soils, the variable height of the
water-table within the system, and the antecedent and current
inputs of precipitation and/or meltwater. In the illustration
depicted in Fig. 8.11, we see that the saturated variable
source area covers 50% of a particular catchment in the left
panel, but shrinks to 30% of the catchment in the right-hand
panel, 1 week later. Nippgen et al. (2015) applied a spatially
distributed hydrologic model to a watershed in the Rocky
Mountains of Montana, and reported that the variable source
area for that catchment ranged from <1% during the fall and
winter base flow period to 71% of the entire watershed
during snowmelt.

Attempts to understand hydrology and drainage path-
ways in small watersheds have used concepts of new versus
old water and quickflow versus baseflow (Hornberger
et al. 1998). Geochemical tracer studies have shown that
stream water runoff during precipitation events or snow-
melt periods is composed of a mix of “newer” water from
current moisture inputs and “older” water that has previ-
ously infiltrated the soil and has reacted with the soil
matrix. The “new” water is presumed to move as quickflow
through near-surface macropores or as overland flow from
saturated variable source areas. The older water apparently
moves as a mixture of quickflow from variable source areas
and as interflow or groundwater baseflow. The hydraulic
pressure of new moisture inputs is thought to generate
movement of subsoil older water via piston-flow displace-
ment (Fig. 8.12). Beven and Kirkby (1979) incorporated
this type of dichotomous view into their watershed hydro-
logic simulation model, TOPMODEL, and assumed that
streamflow is the sum of subsurface flow plus overland or
near-surface quickflow from saturated variable source
areas. In a study of hydrologic flow paths and sources in a
montane watershed in Scotland, Soulsby et al. (2015) used
isotopic records to infer that “old” water was a prominent
component of stream water in their catchment. The average
age of stream water was 1.8 years, but ages ranged from
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Fig.8.11 Illustration of
variable source areas during
(left panel) and after (right
panel) a storm or melt event.
Shaded zones are the portion
of total watershed area that is
saturated as a result of
sub-surface impediments to
drainage. Substantial stream
flow (dashed lines) originates
in these source areas
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1 month (during storm events) to 4 years (in dry periods
when flow is sustained by groundwater).

What happens in a forested catchment between precipita-
tion events? In between episodic rainfall and snowmelt peri-
ods, hydrologic conditions are characterized by drainage of
soil moisture, water removals via evaporation and transpira-
tion, adjustments in moisture storage reservoirs, occasional
low intensity precipitation events, and baseflow runoff in the
stream channel. During these intervals, unsaturated flow
conditions will tend to predominate in upper soil horizons as
water moves via diffusion or infiltrates as matrix flow through
soil micropores. Over long time scales, these unsaturated soil
moisture conditions will tend to even out some of the small-
scale spatial heterogeneity of biogeochemical conditions
generated by episodic stormflow and macropore drainage at
a given moment and location in a watershed.

Soil Horizons —

)

“Newer Water”

—

Deeper Interflow,
Groundwater, or
“Older Water”

Stream
water

Inferring Stream Hydrology from Stream
Chemistry in Small Watersheds

A number of investigators have used chemical tracers or epi-
sodic changes in stream chemistry to make inferences about
the hydrology of small watersheds. For instance, Elwood and
Turner (1989) reported that concentrations of calcium in
stream water at Walker Branch Watershed, TN decline
abruptly during large precipitation events (Fig. 8.13).
They concluded that as stream discharge increases during a
storm, the contribution of groundwater baseflow (which has
a long contact time with calcium-rich bedrock) decreases as
a proportion of streamflow and is diluted by precipitation
reaching the channel via quickflow pathways. Because
drainage water in the upper soil profile is characterized by
minimal calcium enrichment, transport of that water into the
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Fig.8.13 Illustration of a
storm event at Walker Branch
Watershed, TN showing an
abrupt decrease in stream
water calcium ion
concentration coincident with
peak stream discharge. From
Henderson, G.S., A. Hunley,
and W. Selvidge. 1977.
Nutrient discharge from
Walker Branch Watershed.
pp- 307-320 in D.L. Correll
(ed) Watershed Research in
Eastern North America: A
Workshop to Compare
Results. Chesapeake Bay
Center for Environmental
Studies, Edgewater, MD
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stream channel produces a sharp decline in stream water Ca
concentration. As the storm flow recedes, the proportion of
groundwater increases, raising the stream Ca concentration.

Several studies have used chemical approaches to infer
how much of stream runoff at a given time is derived from
baseflow versus other flow paths (Neill et al. 2011). In theory,
if one knows the chemistry of streamwater, precipitation,
canopy throughfall, soil water at various soil depths, and
groundwater, it should be possible to account for stream
chemistry as a mixture of different proportions of water
derived from one or more different source compartments
within the watershed. Hooper et al. (1990) applied this con-
ceptual approach to watersheds in Georgia and Norway, using
end-member mixing analysis (EMMA) to predict stream
chemistry and to infer the dominant flow paths of water con-
tributing to runoff. For their analysis, it was assumed that
streamwater over the course of an annual hydrograph repre-
sents a changing mixture of shallow soil water, deeper soil
water, and groundwater. In drier periods, stream chemistry
contained higher ANC and Ca concentrations (reflecting a
larger contribution from groundwater), whereas episodic
storm events coincided with rising concentrations of acidity,
soluble Al, and dissolved organic matter (indicative of solu-
tion chemistry in upper soil layers). The investigators were
able to use their model in combination with field measure-
ments of solution chemistry to predict changes over time in
the apparent relative contributions of interflow and baseflow
to observed stream runoff.

Mulder et al. (1990) used Cl~ ion and soluble Al as geo-
chemical tracers to infer the contributions of shallow and
deeper soil water to stream runoff during a large precipitation
event at Birkenes watershed in southern Norway. The authors
sampled during a storm event containing a high concentra-
tion of marine salt and found that much of the chloride sig-
nal observed in the stream came from shallow interflow

0.005
0 1 2 3 4 5

Time Since Storm Initiation (hr)

originating in the saturated O horizon of the upper soil
profile. Deeper soil layers exhibited much lower chloride
concentrations during the storm and therefore could not have
been the major source of water for stream runoff during peak
flow. The authors also found that runoff chemistry during
peak discharge was depleted in ionic Al and enriched in H*
ion, a pattern similar to that found in the O horizon, but
unlike the chemistry of water sampled in the deeper soil layers.
Thus, the investigators concluded that hydrologic flow paths
are more heavily dominated by near-surface interflow during
peak runoff events, but that stream discharge is sustained
between large rainfall and snowmelt events by baseflow from
deeper soil layers and ground-water.

Cronan et al. (1999) examined relationships between sea-
sonal hydrology and stream chemistry in 20 small water-
sheds in the Aroostook River Basin in northern Maine.
Results indicated that during low flow, stream chemistry
reflected the dominant influence of groundwater inputs char-
acterized by high Ca concentrations and low concentrations
of dissolved organic matter. In contrast, stream chemistry
during peak runoff periods exhibited much lower concentra-
tions of Ca and much higher concentrations of soluble C
(Fig. 8.14). This change in stream chemistry presumably
resulted from shifting flow paths of water movement into
streams during high flow. When runoff was high, there was
an increased contribution of shallow interflow from surface
soil horizons enriched in soluble C and depleted in Ca in
comparison to groundwater.

Water Balance of a Watershed Ecosystem

One simple, but powerful approach for understanding the
hydrologic cycle is to think in terms of the water balance or
water budget of a given natural system. This approach can
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Fig. 8.14 Comparison of stream chemistry during low and high flow
periods in the Aroostook River basin, Maine. DOC = dissolved organic
carbon (Cronan et al. 1999)

be readily applied to an individual leaf, a single organism, or
to an entire ecosystem, at either shorter or longer time scales.
The general mass balance equation for a hydrologic budget
can be written as follows:

Water Inputs = Water Outputs + Storage Changes

In other words, you can account for the fate of water
inputs to an organism or an ecosystem by summing the loss
of water plus or minus the change in storage of water. If out-
puts exceed inputs, then the organism or system experiences
a negative water balance that depletes stored reserves, and
may lead to water stress. For a watershed ecosystem, the
water budget is written as follows:

Precipitation = Runoff + Evapotranspiration + A Storage

Here, water inputs (P) as precipitation, fog, or cloudwater
are balanced by water losses as stream runoff (R) and evapo-
transpiration (abbreviated ET) plus increases or decreases
in storage of water (S) in soil moisture, biota, groundwater,
or snowpack. In a lake-watershed ecosystem, changes in lake
storage would also be taken into account. It should be noted
that generating a reliable water budget requires a reasonable
assurance that there is little or no groundwater loss from the
watershed via deep bedrock fractures.

By re-arranging the hydrologic mass balance equation, it
is possible to estimate unknowns in the water balance. For
example, if annual precipitation and runoff are measured and
annual change in storage is assumed to be negligible, one can
estimate annual ET (which is difficult to measure) by differ-
ence as the following expression: ET =P - R.

Seasonal adjustments in water budgets are easily under-
stood in the framework of a water balance equation. During
periods of low precipitation, runoff and ET are sustained to
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Fig. 8.15 Average monthly precipitation inputs and streamflow out-
puts for a small watershed in the northeastern United States

some extent by removal of stored water. However, below a
given threshold of water depletion, runoff and ET decline or
cease until the system is recharged by precipitation. During
winter in the cool temperate zone, much of the precipitation
input accumulates as snowpack, ET decreases or ceases com-
pletely, and runoff is sustained by release of stored groundwa-
ter and occasional wet deposition or melting events.

In Fig. 8.15, an illustration is presented showing the
dynamic hydrologic variations that occur in a northern for-
ested watershed. In August, for example, streamflow outputs
are much less than precipitation inputs, because most of the
monthly rainfall is removed from the system by summer
evapotranspiration. In contrast, stream runoff greatly exceeds
precipitation during April, because rainfall inputs combine
with a large pulse of runoff from spring snowmelt to generate
peak discharge conditions for the year.

Measurement Techniques for Ecosystem Water
Budgets

Before proceeding with our analysis of water budgets, we
should briefly review some of the basic methods that are
used to estimate inputs, outputs, and storage of water in stud-
ies of watershed ecosystems. Collections of wet deposition
volumes are generally made using a standard U.S. Weather
Bureau rain gage equipped with wind shield protectors and
positioned at a height of 2 m in a suitable open area away
from the influence of surrounding vegetation and structures
(Likens and Bormann 1995). Forest throughfall volumes are
typically sampled beneath the forest canopy with 20 cm
diameter plastic funnels located at a height of ~1.5 m above
the forest floor (Olson et al. 1981). Snowpack storage in tem-
perate, alpine, and boreal climates is often sampled with
snow core surveys involving successive collections of snow-
pack along marked survey lines; at each sample point, a plas-
tic tube is used to collect a complete vertical snow core that
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is later melted to determine water content. Soil moisture
can be sampled gravimetrically or can be monitored with a
non-destructive technique known as Time Domain
Reflectometry (TDR) that has been described by Topp and
Davis (1985) and others. Changes in groundwater storage
can be monitored with wells consisting of a plastic or metal
pipe inserted into a drilled hole in the ground, screened at the
lower end to permit water entry, and capped at the surface to
minimized contamination and evaporation.

Analysis of runoff patterns requires a means of quantify-
ing and visualizing streamflow or river discharge over time.
In most watershed studies, stream discharge is routinely mon-
itored at a gauging station similar to the example in Fig. 8.16.
A stage height graph generated by a continuous recorder is
converted using a rating curve into a discharge hydrograph
similar to the illustration in Fig. 8.17. This information can
then be used to understand stream hydrologic patterns
(Hornberger et al. 1998).

Although ecosystem evapotranspiration rates are often
calculated by difference in a water budget, rates of evapora-
tion and transpiration can be estimated independently using
other techniques (Shimizu et al. 2015). Potential evaporation
can be estimated with empirical pan evaporation methods or

with models based on physical measurements and meteoro-
logical relationships (Montieth 1965; Dingman 1994;
Ershadi et al. 2015). Transpiration can be estimated with
measurements of sap flux density using a Granier-type flow
meter composed of heated and unheated thermocouple pairs
and applying a heat balance equation to the flow of xylem
water (Cermak et al. 1984; Oren et al. 1998).
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Fig. 8.16 Schematic diagram of a stream gauging station used to
record streamflow depth or stage height as a function of time
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Components of a Water Budget: Precipitation
Inputs

One of the important sources of variation in water budgets
among watersheds is the spatial and temporal variability of
precipitation inputs. Looking at the map of precipitation pat-
terns across the U.S. shown in Fig. 8.18, it is apparent that
continents exhibit pronounced gradients of annual precipita-
tion. For example, moving from the eastern seaboard to the
central plains in the U.S., precipitation decreases by ~50%
from 100 cm yr~! (40 in yr~!) to less than 50 cm yr~' (20 in
yr~!). Another major gradient can be found along the Pacific
coast, where rainfall ranges from 250 cm yr~' (100 in yr™') in
the Olympic Peninsula, WA to 20—40 cm yr~! (~15 in yr™!) in
southern California.

In many geographic regions, there are ecologically impor-
tant elevational gradients in precipitation. At the high eleva-
tions of mountains, water vapor cools, condenses, and
produces orographic precipitation above and beyond the
regional precipitation norm. Moreover, the increased precipi-
tation resulting from orographic influence is often supple-
mented with moisture from cloud water deposited on the
stems and foliage of high elevation plants. Combined inputs
of orographic precipitation and cloud water deposition can
yield total precipitation at upper elevations that is two times
the regional average at lower elevations.

In the Green Mountains, VT, Siccama (1974) reported that
precipitation increases with elevation at arate of 2.9 cm/100 m,
and maximum snow depth increases from about 60 cm at
550 m elevation to 115 cm at an elevation of 1160 m. In the
White Mountains of New Hampshire, mean annual precipita-
tion increases from about 130 cm yr=' at 250 m elevation
(Likens and Bormann 1995) to roughly 180 cm yr~' at 1200 m

(Dingman 1981). Furthermore, Lovett et al. (1982) estimated
that gross cloud water deposition adds an additional 80 cm
yr~! of moisture to subalpine forests at 1200 m in the White
Mountains of central New Hampshire. Thus, atmospheric
inputs of water to high elevation ecosystems can be greatly
enhanced by orographic and cloud deposition processes.

Ollinger et al. (1993) used a regression model to predict
mean annual precipitation as a function of latitude, longi-
tude, and elevation in the northeastern U.S. For locations
below 400 m, the regression model contains the following
form: Precipitation = 670.20 — (7.02 * latitude) — (3.62 * lon-
gitude) + (0.013 * elevation). Above 400 m, the regression is
as follows: Precipitation = 643.43 — (7.02 * latitude) — (3.62
* longitude) + (0.090 * elevation). These elevation coeffi-
cients represent a precipitation increase of 13 ¢cm/1000 m
below 400 m elevation and a precipitation increase of
90 cm/1000 m at elevations above 400 m.

As shown in Fig. 8.19, there are also important temporal
variations in precipitation regimes across the continental
U.S. In the Mediterranean climate around San Diego, CA,
most of the limited rainfall occurs in winter. By contrast,
there is an ample, even distribution of rainfall in New
England, and a summer wet season in Florida. Temporal
variations in precipitation may also include seasonal shifts in
the mix of rain and snow (Fig. 8.20).

Components of a Water Budget:
Evapotranspiration (ET)

Evapotranspirational losses of water from a watershed eco-
system vary as a function of season, climate, topography,
soils, and vegetative cover. At a fundamental level, both
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evaporation and transpiration are strongly influenced by the
temperature and vapor pressure relationships illustrated in
Fig. 8.21. As shown by the solid line in the diagram, air has
a finite, temperature-dependent capacity for water vapor.
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Fig.8.19 Seasonal rainfall regimes in North America; bar graphs show
mean monthly precipitation

Below the dewpoint or saturation level, dry or unsaturated air
draws water from its surroundings through the processes of
evaporation and plant transpiration. The rate of evapotrans-
piration increases as a function of the water vapor pressure
deficit (where vpd = the difference between the present air
concentration of water vapor and the maximum concentra-
tion of water vapor expected at the dewpoint for that air tem-
perature). If temperature increases, air can hold more water
vapor (Fig. 8.21). Conversely, cooling a parcel of air will
reduce its capacity for holding water vapor, will lower the
vapor pressure deficit, and will lower the potential for ET.
As indicated in the earlier chapter on plant processes, the
driving force for plant uptake and transpiration of water is a
gradient termed the water potential. A water potential
gradient develops in response to the plant water deficit cre-
ated by water loss to the dry atmosphere. When there is a
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Fig.8.20 Proportions of rain and snow in precipitation for 2 years in
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water potential difference between the plant and soil, moisture
in the soil responds to the water potential gradient like a
ball rolling down a hill in response to gravity (Fig. 8.22).
Thus, soil moisture moves from a zone of greater abundance
(the soil matrix) to a zone of lesser abundance (inside the
plant). Likewise, free water inside the plant responds to the
vapor pressure deficit of the atmosphere, with increasing
plant water loss as the atmosphere warms and relative humid-
ity declines. The process of plant water uptake will continue
as long as there is a sufficient water potential gradient to
extract water from the soil.

Plant control over transpiration is exerted through the
dynamic process of stomatal conductance, which is mediated
by guard cells that respond to changes in sunlight, leaf-to-air
vapor pressure deficit, leaf water potential, leaf temperature,
and internal CO, concentration. Maximum leaf conductances
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Fig.8.22 Conceptual representation of a water potential gradient from
a moist soil, to a leaf cell (with a negative water potential), and finally

into the atmosphere (with the most negative water potential along the
gradient)
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Fig. 8.23 Seasonal phenology of canopy foliar development (left
panel) and ET (right panel) in a Tennessee deciduous forest. Reproduced
with permission of Springer from Luxmore, R.J. and D.D. Huff. Water

for forest tree species range from roughly 0.11 cm s7! in red

pine to 0.29 cm s~! in red maple to 0.83 cm s~! in Douglas fir

(Lee 1980 in Dingman 1994).

The impact of evapotranspiration on the water budget of a
terrestrial ecosystem is closely coupled to the phenology,
leaf area, and activity of the plant community. When leaves
or needles unfold or emerge from dormancy at the beginning
of the growing season, there is a rapid increase in foliar sur-
face area and a concomitant increase in canopy interception,
canopy evaporation of intercepted water, leaf conductance,
and transpirational water loss through stomata. As illustrated
for a southern deciduous forest in Fig. 8.23, transpiration
rises from negligible levels in early spring to tremendous
levels observed during summer when high temperatures,
high vapor pressure deficits, and maximum leaf area index
occur simultaneously.

Results from an experiment conducted at Coweeta
Hydrologic Lab in North Carolina by Swank and Douglass
(1974) provide an example of the powerful influence of
changes in ET on ecosystem water budgets. The authors
reported that 15 years after two experimental watersheds
were converted from mature hardwood forest to successional
white pine forest, annual streamflow was reduced 20 cm
below that expected for the same watersheds covered with
mature hardwood forest. The implication of these findings is
that, compared to the previous southern hardwood forest
cover, transpiration increased significantly in evergreen
white pines, because of their larger leaf area index and a
year-round canopy.

Working with loblolly pine (Pinus taeda) stands at the
Duke Forest in North Carolina, Phillips and Oren (2001)
estimated that mean summertime transpiration rates ranged
from 1.5 to 2.5 mm d~!, single day maximum transpiration

April May June July August Sept Oct

pp. 164-196 in D.W. Johnson and R.I. Van Hook (eds) Analysis of

Biogeochemical Cycling Processes in Walker Branch Watershed.
Springer-Verlag, NY. ©1989 by Springer
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rates reached 2.9 mm d~', and mean total evapotranspiration
amounted to 1.6 mm d=! (Oren et al. 1998). Curiously,
extrapolation of this mean ET rate to a growing season of
200 days amounts to only 32 cm, which is low compared
with many estimates of annual ET in forested regions. Other
authors have reported estimates of total evapotranspiration in
various pine stands ranging from 0.9 to 3.8 mm d~' (Roberts
et al. 1980; Granier et al. 1990; Cermak et al. 1995).

Components of a Water Budget: Hydrologic
Storage

The major parameters controlling hydrologic storage pat-
terns in watersheds are seasonal climatic factors and physical
characteristics of the drainage basin related to topography
and geomorphology. Water storage in a drainage basin can
include winter snowpack, lake storage, and watershed stor-
age in the form of groundwater, soil moisture, biomass mois-
ture content, or water retained in surface depressions or
vernal pools. In a watershed that lacks winter snowfall, con-
tains no lake or pond for water storage, or is covered by a
shallow overburden of sediments, the significance of water
storage would be diminished. Where storage reservoirs exist,
short-term or seasonal changes in water storage can be an
important quantitative component of a water budget.
However, over longer time periods of one or more years, net
changes in hydrologic storage are often assumed to cancel
out as a zero term.

Canopy interception is one of the hydrologic storage
terms that becomes evident when rainfall collected in the
open is compared with canopy throughfall beneath a forest
overstory. In general, throughfall volumes are less than gross
precipitation inputs, because 1-2 mm of moisture from inci-
dent precipitation is intercepted and is stored on the foliage,
branches, and bark of a forest community (Helvey and Patric
1965). Intercepted water is stored briefly and then evaporates
into the atmosphere. Interception has been estimated to
account for 10 to 40% of annual precipitation in different
forest types and climates (Waring and Schlesinger 1985;
Dingman 1994). For example, interception represented 9%
of gross precipitation in an Amazonia rain forest and 34% of
gross precipitation in a mature Douglas-fir forest in the
northwestern U.S. (Dingman 1994).

Soil moisture storage is one of the most dynamic compo-
nents of an ecosystem water budget, varying from saturated
conditions during rainy seasons and snowmelt periods to much
drier conditions characteristic of summer. At field capacity, a
fine-textured loamy soil may hold 20-25 cm of water in the
upper 1 m of the profile, whereas a sandy soil may hold a
water equivalent as low as 6 cm (Singer and Munns 1996).
Between periods of water recharge, soil moisture decreases
from the combined influences of plant transpiration, diffusion
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Fig.8.24 Simulated patterns of soil water withdrawal by ET (valleys)
and recharge from precipitation (peaks) in a Scots pine forest. Reprinted
from Jansson, P.E. and S. Halldin. 1979. Model for annual water and
energy flow in a layered soil. pp. 145-163 in Developments in
Agricultural and Managed Forest Ecology, with permission from
Elsevier

and evaporation, and gravitational water losses. Simulated
seasonal patterns of soil water recharge and withdrawal are
illustrated in Fig. 8.24 for a Scots pine forest in Sweden inves-
tigated by Jansson and Halldin (1979). The authors used mod-
els to predict dramatic variations in soil moisture content at
shallow depth, but found more subdued fluctuations at a depth
of 100 cm. In their examination of soil moisture depletion in
trembling aspen stands in Minnesota, Mital and Sucoff (1983)
reported that patterns of depletion followed the relative den-
sity of roots (i.e., higher near-surface root densities corre-
sponded with higher rates of moisture removal), which is
consistent with the pattern in Fig. 8.24. At Duke Forest, Oren
et al. (1998) estimated that >90% of the water used in evapo-
transpiration by loblolly pines came from the upper 35 cm of
the soil profile; in a loblolly pine stand in Oklahoma,
Stogsdill et al. (1992) reported that water uptake occurred to
a depth of at least 1.2 m.

Groundwater storage, which is difficult to estimate, can
be monitored with wells located within a drainage basin.
During an annual cycle, the groundwater reservoir may
experience periods of recharge by infiltrating precipitation
and snowmelt, followed by periods of depletion when the
continuous process of groundwater outflow is not offset by
adequate moisture recharge. In summer, strong ET demand
can divert water from infiltrating to recharge groundwater,
thereby imposing pronounced temporal changes in the
amount of groundwater storage. Fig. 8.25 depicts the pat-
terns of water-table recession observed in a Maine forested
wetland, where a steep water-table decline from August to
September was estimated to represent the removal of 12 cm
of stored water from each square meter of catchment.

Seasonal snow pack development in cool temperate and
high-elevation watersheds can retain and store precipita-
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Fig.8.26 Snow pack water equivalents (leff) and snow depth (right) at Sleepers River Watershed, Danville, VT during a single year (data from

Anderson et al. 1977)

tion inputs amounting to 10-30 cm of water during mid-
winter. Later, during snowmelt, that moisture storage
reservoir can release meltwater as a substantial internal
input to groundwater recharge and spring runoff. At
Sleepers River Watershed, VT, Anderson et al. (1977)
found that cumulative snow pack reached a maximum
depth of 70 cm and a water equivalent of 20 cm in February
(Fig. 8.26). In a study of climatic conditions along an ele-
vational gradient in the Green Mountains, VT, Siccama
(1974) reported that maximum snow depth ranged from
60 cm at 550 m elevation to 115 cm at 1160 m, and snow
pack duration ranged from 22 weeks at the lowest elevation
to 30 weeks at 1160 m.

One of the striking aspects of snow pack hydrology is the
unusual biogeochemical behavior of ions released during
snowmelt. As a snow pack ages, freeze-thaw processes lead
to the expulsion of ions from ice crystals and accumulation
of solutes at the grain boundaries within the snow pack. This

sets the stage for ionic enrichment of meltwater during the
first period of spring melt. Typically, 50-80% of the original
ions contained in the snow pack are released in the first
20-30% of meltwater (Dingman 1994). In their study of
snowmelt chemistry in Quebec, Stein et al. (1986) found that
snowmelt pH was as low as 3.5 in early spring and increased
to >4.5 at the end of the melting period. The implications of
this snowmelt pattern is that streams and sensitive organisms
may be exposed to a concentrated slug of ions and acidity
during the early stages of spring melt; this may represent an
important transient ecological stress.

Components of a Water Budget: Stream Runoff
In most watershed studies, stream discharge is routinely moni-

tored at a gauging station, so that runoff can be estimated on
an instantaneous, daily, weekly, monthly, or annual basis.
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Streamflow data can then be used to understand water and
nutrient transport patterns in a given drainage basin.

Although runoff data can be presented and analyzed in a
number of numerical formats, it is most common to express
these values in units of volumetric discharge (m? s=!' or
ft* s7!) or cm of runoff from a given area of ground surface.
Being able to convert between these units can be helpful in
comparing data from different studies and in expressing
fluxes normalized to a common watershed area. As an exam-
ple, we can look at a river in Maine — the Aroostook River —
which has a drainage area of 6440 km? (644,000 ha) and a
mean annual total flow of 3.54 x 10° m? yr~!. In order to
compare this river with another one, we could normalize the
flow to a unit area of watershed and ask how much of the
annual water input to a hectare of drainage basin leaves as
runoff. Dividing through to get the depth of water exported
from each hectare as streamflow, we can estimate that annual
runoff amounts to 55 cm of water per hectare. Data compar-
ing river runoff for some of the largest watersheds in the
world are shown in Table 8.2.

Table 8.2 Comparison of runoff patterns for world rivers (data from
Dingman 1994)

Drainage area  Discharge Runoff
River (10° km?) (km*yr~!)  cmyr! Ratio?
Amazon 7180 6000 83 0.47
Congo 3822 1330 34 0.25
Orinoco 1086 915 84 0.46
Brahmaputra 589 630 107 0.65
Mississippi 3224 560 17 0.21
Ganges 1073 490 45 0.42
Saint Lawrence 1030 330 31 0.33

“Ratio of the mean annual discharge divided by mean annual precipitation

Fig.8.27 Hydrographs for
two forested Adirondack
watersheds, NY. Reproduced
by permission of Springer
with data from Peters, N.E.
and P.S. Murdoch.
Hydrogeologic comparison of
an acidic lake basin with a
neutral lake basin in the
west-central Adirondack
Mountains, New York. Water,
Air, and Soil Pollution 26:
387—-402. ©1985 by D. Reidel
Publishing Company
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Stream runoff represents an integrated watershed response
to geologic conditions in the drainage basin, climate, variable
water inputs, seasonal variations in storage and evapotranspi-
ration, and dynamic changes in the relative contributions
from baseflow and quickflow to stream discharge. Two con-
trasting hydrographs are presented in Fig. 8.27 to illustrate
how stream runoff patterns can vary in space and time for
different drainage basins. We see that both streams exhibit
dramatic peak flows associated with precipitation or snow-
melt events, as well as troughs representing low flow or base
flow conditions. Comparing the two streams, we see that the
hydrograph for WS II is more “flashy” and exhibits greater
extremes between high and low flows, despite the fact that
both streams are located close to each other and have similar
precipitation inputs. In this particular example, the dissimilar
runoff patterns for the two watersheds can be accounted for
by differences in geomorphology and groundwater storage in
the two catchments. In the upper watershed (WS I), a thick
overburden of glacial till holds a large groundwater reservoir
that acts as a hydrologic buffer, absorbing some of the water
during peak flow periods and releasing water during base
flow conditions. As a result, even during drier periods, mini-
mum flows from watershed WS I are much higher than those
observed in watershed WS II, which lacks thick surficial
deposits and contains a much smaller groundwater storage
reservoir.

Another way of visualizing differences in runoff charac-
teristics among watersheds is to plot stream discharge using
a flow duration or flow exceedence graph as shown in
Fig. 8.28. A graph such as this illustrates the percentage of
time a given streamflow occurs over an annual cycle in a
given watershed. We see that peak storm flows are plotted in
the upper left corner of the graph, and that high runoff levels
occur less than 10-20% of the time, whereas flows equal to
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Day of the Year (January 1980-December 1981)
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Fig. 8.28 Flow duration curves for the two small watersheds (WS I
and II) shown in the previous figure. Reproduced with permission of
Springer with data from Peters, N.E. and P.S. Murdoch. Hydrogeologic
comparison of an acidic lake basin with a neutral lake basin in the west-
central Adirondack Mountains, New York. Water, Air, and Soil Pollution
26:387-402. ©1985 by D. Reidel Publishing Company

or exceeding base flow conditions occur 90-95% of the time
(lower right hand corner). In this type of graph, watersheds
with flashier hydrographs and less hydrologic buffering
(e.g.,WS 1II) tend to have steeper negative slopes, whereas
streams draining watersheds with significant groundwater
contributions generally exhibit flatter slopes and have higher
minimum flows.

Integrated Analysis of a Water Budget

The data summarized in Table 8.3 provide an opportunity to
examine the integrated components of a water budget over a
12 month sampling period in a small northern watershed in
the Adirondack Mts., NY. In the first column, we see that
precipitation inputs varied from 3.3 to 16.0 cm per month
and added up to a total of 120.95 cm for the year. In the next
column, the data show that snowpack storage rose in January
and February, declined in March and April, and rose again in
December, giving an annual net balance of +8.0 cm of water

Table 8.3 Monthly water budgets for a small lake-watershed in the
Adirondack Park, NY (Peters and Murdoch 1985). Values are expressed
in cm of water. P is precipitation, AS; is the change in snowpack stor-
age, R is runoff, ET is evapotranspiration calculated by the vapor-
pressure method, AS; is the change in lake storage, and AS,, is the
change in watershed storage during the 1980 water year

Month P AS, R ET AS,  AS,
January 8.1 +3.8 42 0.0 -22 +04
February 3.3 +2.7 1.0 0.0 -0.4  +0.0
March 114 -3.1 179 0.0 +1.1  +5.6
April 10.7 -34 139 3.6 -05 -28
May 7.1 - 24 6.8 +0.2 =24
June 9.6 - 3.5 8.5 -06 -19
July 16.0 - 3.0 10.8 +04  +19
August 7.0 — 1.3 9.6 +0.2 —4.1
September 11.3 — 2.3 5.5 +0.2 432
October 13.1 — 6.4 2.1 +0.1  +4.5
November 12.8 - 10.8 0.0 +0.1  +1.9
December 10.5 +8.0 6.9 0.0 -02 —4.1
Yearly 120.9 +80 636 469 -1.6 +22

equivalent stored in snowpack. Stream runoff ranged from a
minimum of 1.0 cm in February (when precipitation was low
and snowpack storage was high) to a maximum of 13.9 cm in
April (when precipitation and snowmelt were both high),
and totaled 63.6 cm for the year. Evapotranspiration was
essentially zero during the winter months, increased to a
maximum of 10.8 cm of water in July, and summed to
46.9 cm for the year. Changes in lake storage and watershed
groundwater storage are also shown in the table.

For the same watershed, simplified water budgets calcu-
lated over a period of 4 years show that precipitation ranged
from 117.2 to 136.5 cm/yr and averaged 125 cm/yr, stream
runoff varied from 62.7 to 87.8 cm/yr and averaged 73.7 cm/
yr, and evapotranspiration ranged from 35.6 to 73.8 cm/yr
and averaged 51.3 cm/yr Changes in storage were assumed
to be negligible over that multi-year period. Expressing those
results in terms of percentages, we find that roughly 40% of
precipitation inputs returned to the atmosphere as evapo-
transpiration and 60% of moisture inputs left the watershed
as stream runoff.



Aqueous Chemistry

Introduction

Many of the important inputs, outputs, and internal transfers
of elements in watershed ecosystems occur through the
medium of water. As water moves through the drainage gra-
dient in a watershed, solution chemistry evolves and changes
in response to the differential influences of biogeochemical
processes. By tracking changes in aqueous chemistry, it is
possible to infer what processes control aqueous concentra-
tions and transfers of elements. The aqueous chemistry of a
watershed essentially provides a “window on the world” of
biogeochemical processes that are otherwise invisible and
difficult to detect. In many respects, the analysis of solution
chemistry in a watershed ecosystem is similar to the testing
of blood chemistry in a human body. In both cases, concen-
trations of solutes and gases provide important indicators of
the internal functions of the system.

Solution chemistry in a watershed ecosystem can be
examined conceptually in the context of the simplified
hydrologic source compartments depicted in Fig. 9.1. In a

© Springer International Publishing AG 2018

given watershed ecosystem, each of the hydrologic reser-
voirs or pools represents a potential source or sink for dis-
solved solutes and gases. Outputs of water from each
compartment often exhibit distinctive patterns of aqueous
chemistry that differ from other compartments and reflect
the influence of specific biogeochemical processes and envi-
ronmental conditions characteristic of that reservoir. One
compartment may be a source of internal acidity, decreasing
solution pH, whereas another compartment may be a sink for
acidity and a source of ANC, thus raising pH.

The intent of this chapter is to examine patterns of solu-
tion chemistry in watershed ecosystems and to discuss the
major physical, biological, and chemical factors and pro-
cesses controlling the chemistry and fluxes of elements in
natural waters. We shall explore how and why aqueous
chemistry varies in space and over time in a watershed. It
will become evident that elements do not simply “flush down
the drainage pipe” via mass flow and gravity in a watershed
ecosystem. Our ultimate goal will be to develop a basis for
understanding the individual behavior of different types of
ions and solutes in natural waters.

An Example of Soil Solution Chemistry:
Analysis and Interpretation

What kinds of observations and insights can be obtained
from analysis of aqueous chemistry data? In one of our
research studies, we examined how acidic precipitation
influences leaching and ion transport in forest soil columns
in a controlled greenhouse setting. The columns were undis-
turbed cylinders of soil that had no plants growing on them,
but were otherwise representative of natural soils found in
forested ecosystems of the northeastern U.S. Simulated rain-
fall of known chemistry was applied to each column and soil
drainage water was sampled beneath the surface O horizon,
E horizon, and lower B horizon. Results from a sandy Adams
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Fig.9.1 Hydrologic source
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Table 9.1 Changes in solution chemistry of precipitation during infil-
tration through O, E, and B horizons of Adams soil columns® from a
pine-oak forest ecosystem in New Hampshire (Cronan 1985b).
Concentrations in pmol, L™!

O Horizon E Horizon B

Parameter Precipitation  outflow outflow Horizon
pH 3.52 4.30 4.55 5.50
Ca 20 39 61 169

Mg 10 13 42 47
SO~ 330 428 444 18
NO;~ 30 61 76 368
DOC 0 53 2.0 0.33
(mmol/L)

“Replicated undisturbed soil columns lacking living plants

series Spodosol were especially striking, as reflected with
the trends for pH, sulfate, nitrate, and dissolved organic car-
bon (DOC) shown in Table 9.1. Precipitation inputs of
pH 3.5 increased two full pH units to pH 5.5 in transit
through the 50 cm deep soil column. Sulfate concentration in
precipitation was 330 umol, L', increased to 428 pmol, L~!
in O horizon leachate, but then plunged to 18 pmol. L™! in
soil water draining from the B horizon. Nitrate concentration
increased progressively from an initial value of 30 pmol, L™
in precipitation to 368 pmol. L=! in soil water beneath the B
horizon. Finally, DOC was absent from precipitation,
increased dramatically to >5 mmol C L~! in O horizon leach-
ate, but then diminished to <0.5 mmol C L~! in soil water at
50 cm in the B horizon.

How can we account for these variable patterns and
order of magnitude changes in aqueous chemistry? Clearly,
the soil profile was a sink for acidity, and the rise in solu-
tion pH was the result of some combination of processes
contributing to ANC generation (e.g., mineral weathering,
cation exchange, and anion adsorption). The behavior of
sulfate suggests that the O horizon was a source for sulfate,
but the B horizon was a sink for soluble sulfate. Presumably,
removal of sulfate from solution was dominated by sulfate
adsorption on iron or aluminum oxides in the B horizon. In
the case of nitrate ion, the entire soil profile was a source
for this mobile anion. Apparently, mineralization and nitri-
fication of organic N in the soil profile exceeded microbial
demand, resulting in a large flux of soluble nitrate into soil
drainage water. It is interesting to note that the process of
nitrification may have acidified the soil and increased the
anion exchange capacity, thus enhancing the adsorption
and retention of sulfate. Finally, the pattern of DOC con-
centrations indicated that the O horizon was a strong source
for soluble organic C, but the B horizon was an effective
sink for this material. As expected in a podzolized soil,
soluble carbon leached from decaying organic matter in the
O horizon, but was removed from solution in the illuvial B
horizon by a combination of microbial mineralization and
adsorption/precipitation reactions.

Stepping back from this example, we can see a number of
themes emerging concerning aqueous chemistry of natural
waters: (i) individual elements and ions can exhibit very
different patterns of solution chemistry and transport; (ii)
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changes in the chemistry of natural waters reflect the influence
of multiple different biogeochemical processes; and (iii) by
focusing on solution chemistry, it is possible to detect the
signals or evidence of dynamic biogeochemical processes
that are otherwise very difficult to observe based on monitor-
ing of soil solid phase properties. With this introduction, let
us now proceed to develop a framework for understanding
the aqueous chemistry of watershed ecosystems.

General Concepts of Aqueous Chemistry
Sample Collection and Analysis

Solution chemistry parameters in natural waters are typically
measured at very low concentration ranges of pmol L7,
mmol L', parts per million (ppm), or parts per billion (ppb).
Thus, it is crucial that protocols for sample handling and
analysis follow rigorous QA/QC standards for quality con-
trol and quality assurance, so as to maximize the accuracy of
measurements and to minimize data artifacts and uncertainty.
Solution chemistry data sets should always be screened to
verify that acceptable methods have been used for sample
collection, processing, filtration, preservation, storage, anal-
ysis, replication, and QA/QC.

Selection of Analytical Parameters

The choices of parameters to be measured in a water sam-
ple depend upon the study objectives and research design,
the availability of funds and instrumentation for analysis,
and the time budget for a project. In many studies of natural
waters, efforts are made to characterize all major cations
(Ca, Mg, Na, K, and NH,*) and anions (SO,*, NO;~, CI-,
F-, and PO,*), ANC, pH, dissolved inorganic carbon
(DIC), and a variety of trace elements such as Fe, Mn, or
Zn. Other studies may focus on soluble organic C, N, and P,
or specific contaminants such as pesticides, aromatic
hydrocarbons, or heavy metals such as Hg. For some
parameters, the measurement of an element may be based
on an operational definition. For example, ionic aluminum
(Al) may be defined as the fraction of total aluminum that
binds to a cation exchange column at a specified pH. In an
effort to distinguish different fractions or species of an ele-
ment or ion, investigators may use different separation
techniques or analytical probes to quantify each compo-
nent. For example, DOC may be fractionated into hydro-
phobic and hydrophilic classes of compounds using ion
exchange and reverse phase chromatography, followed by
infrared analysis of the DOC concentration in separate col-
umn effluents (Cronan and Aiken 1985). In studies of Al
chemistry, ionic Al may be separated from uncharged Al
using ion exchange chromatography, followed by quantita-

tive speciation of ionic Al using a thermo-dynamic equilib-
rium model (e.g., Driscoll 1984).

Alkalinity or Acid Neutralizing Capacity (ANC)

AlKkalinity can be quantified by titration as the sum of proton
acceptors in a solution, expressed as ALKALINITY = HCO;~
+2C0O;>” + OH~ + RCOO~ — H* and where RCOO~ refers to
organic anions. An example would be a solution of sodium
bicarbonate that contains an alkalinity equal to the concen-
tration of HCO;™. Alternatively, alkalinity or ANC can be
defined using solution chemistry data and the principle of
electrical neutrality. For instance, a typical water sample
might include the following charge balance components
(where each ion is expressed in moles L~! and each polyva-
lent ion is multiplied by its charge):

Cations = H* + 2Ca*" + 2Mg*" + K* + Na* + NH,* + 2Fe** +

nAl™
Anions = 2SO,>~ + NO;~ + CI- + F~ + HCO;™ + 2CO5* +
OH- + RCOO~
Based on electrical neutrality, sum of cations = sum of

anions
This expression can be re-arranged as follows:

[2Ca* + 2Mg** + K* + Na* + NH,* + 2Fe* + nAl™] —
[2SO,> + NO;~ + CI~ + F]

= HCO,™ + 2COy> + OH~ + RCOO- — H* = ALKALINITY

If we then substitute Cy for the sum of base-forming cat-
ions listed above and C, for the sum of strong acid anions
shown above, the equations simplify to the following equiva-
lent expressions:

Cy - C, =HCO; +2CO3* + OH™ + RCOO~
— H*=ALKALINITY = ANC

As demonstrated by Schofield et al. (1985), these two
expressions for charge balance ANC and titration alkalinity
have previously been found to agree closely using empirical
titration and charge balance data. We should note briefly here
that a hydroxy-metal such as AIOH?** can act both as a proton
acceptor in a calculation of titration alkalinity and can also
be considered a component of Cg, but we will not pursue that
particular rabbit hole any further in this discussion.

Let’s consider several examples of solutions with differ-
ent values of ANC or alkalinity. In a dilute solution of nitric
acid at 0.0001 M, the concentration of base cations is zero
and the concentration of strong acid anions is 0.0001 M or
0.1 mmol L~!. Substituting into the relationship Cg — C,, we
calculate that the solution has a negative ANC of 0.1 mmol
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L~! (which equals a free acidity of 100 pmol L~! with a pH
of 4.0). In contrast, a solution of 0.01 M KCI has an ANC of
Cg-C,=0.0l MK*-= 0.0l MCI-=0.

Similarly, a solution of 0.001 M carbonic acid, has an
ANC or alkalinity of zero, because H* = HCO;™; therefore,
the expression ALKALINITY = HCO;~ — H* is equal to
zero. Finally, the ANC of a solution containing 0.01 M
NaHCO;canbe calculated as Cg—C,=Na*—0=0.01 M. This
is equivalent to the expression: ALKALINITY = HCO;™ —
H*=HCO; — 0=0.01 M. Based on these examples, would
you expect a solution to gain ANC from the addition of
CaCl, or KNO;?

Acidity and pH

Free acidity is measured with an electrode as pH = —log
[H*], where the brackets indicate the ion activity of H* ion in
solution. Bound acidity can be determined by titration of
undissociated weak acid protons with dilute NaOH to an
operational endpoint (e.g., 7.0) or an empirical equivalence
point (pH where the concentration of added base cation is
equal to the concentration of the weak acid anion). In esti-
mating acidity, it is important to note that measurement of
solution pH requires careful technique, because the pH probe
is sensitive to temperature, ionic strength, sample stirring,
and the partial pressure of carbon dioxide, pCO,. If CO,
degasses from a super-saturated sample or from a cool field
sample that has warmed, the measured pH may be higher
than the original field pH.

Conductivity

Measurement of electrical conductivity provides a way to
estimate the total ionic contributions to electrical conduc-
tance in a water sample. Conductivity of an electrolyte solu-
tion is inversely proportional to its resistance and increases
with total ion concentration; hence, dilute, deionized water
has a very low conductivity and a high resistance. As shown
in Table 9.2, individual ions have equivalent conductance
values that vary from 350 pmho or pS for H* ion to 51 pmho
or puS for Na* ion. The contributions from individual ions in
a water sample can be summed to estimate the molar con-
ductivity of an electrolyte solution at a specified temperature
(Table 9.3).

Table 9.2 Equivalent conductances @25 °C of selected ions expressed
in pS or pmho (from CRC Handbook 1978)

Ion H* Na* K* Ca*
Conductance 350 51 75 60

Cl- NO;- SO~
76 71 79

Table 9.3 Molar conductivities of electrolytes at 25 °C in water
expressed in pmho cm™! or pS cm™!

NaCl 123.7¢
KCl 146.9
Nal 1243
HCI 421.4
AgNO, 130.5

*From Daniels and Alberty (1975)

In sampling Maine rivers, we have found striking varia-
tions in conductivity at different collection times. For exam-
ple, the lower Kennebec River had a conductivity of 335 pS
cm~! during a high tide cycle versus a value of 43 pS cm™! at
low tide, when freshwater dominated discharge. The
Penobscot River had a conductivity of 37pS cm™' during
high flow associated with a storm, but values increased two-
fold to 78 puS cm~! under low flow conditions when ground-
water inputs dominated river discharge.

Since the relationship between molarity and specific con-
ductance is known for most ionic species, the measured con-
ductivity of water samples can be used as an internal check
on both the accuracy and completeness of analytical mea-
surements of ionic species. After the conductivity of a sam-
ple has been measured, the expected conductivity is
calculated as the sum of the products of the ionic molarities
and the equivalent conductance values for each of the mea-
sured ions in solution (U.S. EPA 1988), corrected for con-
centration effects using the Debye-Huckel-Onsager equation
(Atkins 1978). Then, the measured and calculated values of
conductivity are compared. Application of this cross-
checking technique to streams sampled by U.S. EPA in the
Mid-Atlantic and Southeastern U.S. indicated excellent
agreement (r> = 0.987) between expected and observed con-
ductivity values (Fig. 9.2). This implies that there were no
systematic errors in the analysis of ionic species for those
stream water samples. However, suppose there was a sample
plotted at coordinates x = 100 and y = 200 on Fig. 9.2, what
would you conclude about the chemical analysis of that
stream sample?

lonic Strength and lon Activity

The term ionic strength provides another way of describing
the solution concentration range for a natural water sample.
Aqueous ionic strength can be quantified using the following
relationship:

I1=0.5*) m; * z?% where m; = molarity of ion; and
z; = charge of ion;

As an example, the ionic strength of a 0.001 M solution of
CaCl,is I=0.5 * [(0.001 * 4) + (0.002 * 1)] = 0.003 M.
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Fig. 9.2 Measured versus calculated conductivity for stream samples
(US EPA 1988)

In discussions of solution chemistry, we often use the
term concentration as a simplification for ion activity —
which is the effective concentration in solution. Ionic
activity is roughly equal to molar concentration in very
dilute solutions, but becomes less than concentration as
ionic strength increases. This distinction can be important
when we consider geochemical processes of dissolution
and precipitation in natural waters. As waters become more
concentrated with ions, interactions among solutes decrease
the ion activities in solution, lowering the numbers of ions
that can effectively participate in chemical reactions. Ion
activity is calculated as the product of an ion activity coef-
ficient of a chemical species (y;) times its molarity (my;), or
a; = y; * m;. With increasing concentration, the activity
coefficient diminishes and the ion activity also decreases
accordingly (Fig. 9.3).

Most analytical methods measure concentrations of ions,
rather than ion activities. However, the glass pH electrode
and other ion selective electrodes provide estimates of ion
activities. In order to convert concentration data to ion activi-
ties, one can estimate the ion activity coefficient as follows:

log vi=— (A *z2* /I (1 + 4% B *4/I)
where &=2727.586 + 0.6224107 * T — 4669151 * In
T —52000.87/T
A =1.82%100% (g * T)>?
B=503%*(e*T)"”
T = absolute temperature a = ionic radius
I =ionic strength z; = ionic charge
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Fig.9.3 Ionic activity of fluoride as a function of total ionic strength

Influence of Temperature on Solution
Equilibria

Changes in temperature have important effects on reaction
rates and thermodynamic equilibria in natural waters. For
example, the solubilities of AI(OH); and gaseous CO, in
water are higher at cool versus warm temperatures. In seawa-
ter, CO, solubility increases from 32 moles m= at 24 °C to
65 moles m™ at 0 °C (Broecker 1974). Dissolution of
gibbsite in an acidic stream channel can be described as
Al(OH); + 3H* = APP* + 3H,0, where K., = [AP*] / [H*]® .
For this dissolution reaction, the log K at 25 °C is 8.77, but
the log K at 10 °C is almost an order of magnitude greater at
9.66, reflecting the increased solubility of Al-trihydroxide at
lower temperature. In contrast to these examples, other pro-
cesses such as metabolic reactions and cation adsorption on
clays (Walker et al. 1988) tend to increase with
temperature.

Hydrolysis and Chemical Speciation
as a Function of pH

Many elements occur in natural waters as different aqueous
chemical species, depending upon pH and redox conditions.
For example, the orthophosphate ion in phosphoric acid,
H;PO,, is protonated in acidic solutions (H,PO,~ or HPO,*")
and only dissociates to free PO,*~ at higher pH. Soluble iron
occurs in the ferrous form (Fe?*) under conditions of lower
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aluminum occurs as trivalent AI** in acidic solutions below
pH 4 to 5, but hydrolyzes to form hydroxides such as AIOH**
and Al(OH)," as the pH rises above pH 4.5. Aluminum
hydrolysis results from the reaction of trivalent Al with
water as shown below:

1. AP* + H,0 = AIOH> + H*
2. AP*+ 2H,0 = AI(OH)," + 2H*

From a biogeochemical perspective, it is important to
note that the different chemical species of elements may vary
in their biological availability and chemical behavior. For
example, some evidence indicates that AI** ion is more toxic
to plant roots than the hydroxy-Al ions (Cronan and Grigal
1995). In the carbonate system, the monovalent bicarbonate
ion is very soluble, whereas divalent carbonate ion tends to
form insoluble precipitates with Ca and other metals. Fig. 9.4
provides a general overview of several elements that exhibit
pH-dependent chemical species.

Rate-Limited Versus Equilibrium Conditions

Solute concentrations and element fluxes in watershed eco-
systems are influenced by both equilibrium processes and
rate-limited reactions that may or may not reach equilibrium
in the time frame of water movement along a hydrologic flow
path. Examples of equilibrium processes are acid dissocia-
tion and ion exchange in the soil matrix. In contrast, rate-
limited reactions include mineral dissolution, gaseous and
solute diffusion, and biotic uptake. The rates at which these
reactions proceed in a given environmental setting help to
determine the extent of depletion or enrichment of natural
waters with certain solutes or ions that are subject to kinetic
controls. For example, a soil water sample collected in a cul-
tivated watershed during spring might exhibit higher nitrate
concentrations if low temperature conditions inhibit rapid
plant uptake of nitrate ions from solution.

Fig.9.5 Cation release from albite during a mineral weathering experi-
ment in water at pH 5.6. From Wollast, R. and L. Chou. Kinetic study
of the dissolution of albite with a continuous flow-through fluidized bed
reactor. pp. 75-96 in J.I. Drever (ed) The Chemistry of Weathering.
©1985 by D. Reidel Publishing Company, with permission of Springer

The influence of kinetic limitations can be visualized with
mineral weathering data. In their investigation of albite dis-
solution at pH 5.6, Wollast and Chou (1985) reported that it
took hours or days for the release of soluble Si, Al, and Na to
reach an asymptote approaching an equilibrium state
(Fig. 9.5). This implies that natural waters affected by this
type of dissolution process will exhibit changes in solution
chemistry over time as weathering inputs of Si, Al, and Na
progressively enrich the water parcel. Similar kinetic con-
straints on water chemistry are evident when we examine
ions such as K* that are strongly controlled by root uptake
processes. In soils where root absorption is limited by cold
temperatures or low O, concentrations, these constraints on
uptake of K* ion relative to the rate of K* supply may trans-
late into varying soil solution concentrations of K* in
response to this rate-limited cation removal process.

Differential Anion Mobility

Johnson and Cole (1980) summarized a large body of litera-
ture indicating that nutrient transport in forest ecosystems is
strongly regulated by the availability and mobility of anions in
soil solutions. Each of the major anions in drainage waters has
distinct properties that affect its production and movement
through a watershed. For example, production of bicarbonate
is regulated by soil pCO, and solution pH. Mobility of phos-
phate is greatly affected by soil adsorption reactions, with sec-
ondary control by biological uptake. The mobility of nitrate
ion is regulated almost solely by biological processes (plant
uptake, nitrification, denitrification, microbial immobiliza-
tion), whereas chloride ion is relatively unaffected by either
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biological or chemical retention mechanisms. Sulfate mobil-
ity is controlled by multiple processes such as biological
uptake, sulfate reduction, soil adsorption, and chemical pre-
cipitation reactions. Fluoride ion mobility is largely controlled
by rates of geologic inputs, and is relatively unaffected by
retention mechanisms. Finally, organic anions are controlled
by biological production processes and a combination of
removal processes involving biological mineralization, sur-
face adsorption on soil colloids, and chemical precipitation
with metals. Knowing the factors controlling the differential
mobilities of anions, it is possible to predict general patterns
of cation and anion transport in watershed ecosystems.

Effects of Ecosystem Processes on Solution
Chemistry

Returning to the analogy of human blood chemistry, it is
important to emphasize that the solution chemistry of water
moving through a watershed ecosystem provides a sensitive
assay of dynamic nutrient cycling processes. As water enters
an ecosystem in precipitation and moves through the plant
canopy, soil, and watershed drainage basin, solution chemis-
try progressively changes in response to the influences of
multiple biogeochemical processes. For each of these
processes, we can predict the changes expected in solution
chemistry (Table 9.4). Similarly, the characteristics of aque-
ous chemistry observed at a given time or place in a water-
shed ecosystem can be used to infer the presence or potential
importance of a particular biogeochemical process.

Case Studies: Analysis and Interpretation
of Aqueous Chemistry in Natural Waters

Controls on the Chemistry of Forest Floor
Leachates

In this section, we shall examine a number of case studies in
an effort to understand how and why aqueous chemistry
changes during water movement through watershed ecosys-
tems. To begin with a simple example, imagine a cool rainy
morning high in the mountains of New England and consider
how solution chemistry might change as water drips off the
canopy and infiltrates through the thick forest floor horizon at
the soil surface. Now, take a look at the data from a high-
elevation balsam fir forest in New Hampshire shown in
Table 9.5. On the left side of the table, the mean chemistry of
canopy throughfall water is shown, along with mean ion con-
centrations in forest floor leachate solutions sampled in the
field over a growing season. In contrast, numerical data on
the right side of the table show results from an experiment in
which undisturbed forest floors were removed from the same

Table 9.4 Effects of biogeochemical processes on aqueous chemistry

Process
Mineral weathering

Biological mineralization
Biological immobilization

Plant absorption

Soil respiration
Organic acid release

Foliar uptake

Canopy leaching or washout
Nitrification
Denitrification

Mineral dissolution/
precipitation

Cation adsorption/ ion
exchange

Anion adsorption/ion
exchange

Evaporation/dilution

Effects on solution chemistry

May release Ca, Mg, K, Na, Si, Fe,
Al, P, ANC, and consume H*

May enrich solution with soluble
elements and CO,

Adds elements to microbial biomass
and removes ions from solution
Removes elements from solution
and may contribute H*, OH~,
HCOs5, or organic ligands
(R-COOH)

Increases pCO, and may acidify
solution chemistry

May acidify solution and increase
soluble C concentration

May selectively remove elements
from wet deposition inputs to
canopy

May enrich particular elements and
may alter solution pH

Consumes NH,*, releases NOs~, and
produces H* ions

Causes removal of NO;~ and
possible addition of dissolved N,O
May enrich or deplete specific
elements in solution

May have equivalent removals and
releases of competing cations

May have anion removal
accompanied by release of OH~
Produces general increase or
decrease in ionic concentrations

Table 9.5 Comparative solution chemistry of forest floor inputs and
outputs for a balsam fir forest in New Hampshire (data from Cronan
1980a, b). Concentrations are expressed in pmol, L=!; RCOO~ repre-
sents organic anions.

Field system Laboratory microcosms

Canopy Forest Floor Canopy Forest Floor
Throughfall Leachate Throughfall Leachate
pH 4.02 4.04 4.00 4.01
Ca* 36 25 25 17
Mg** 14 15 10 10
K* 37 16 20 36
NH,* 6 5 5 81
SO 143 137 125 160
NO;~ 12 8 20 22
Cl- 13 16 19 27
RCOO- 28 52 0 63

field site and were exposed to simulated rainfall events in a
controlled environmental chamber. These data summarize
the mean chemical composition of (i) artificial throughfall
solutions applied to intact forest floor microcosms and (ii)
leachate solutions collected beneath the forest floor micro-
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cosms. In comparing the two data sets, the major factor that
distinguishes the field (left-hand) from the lab (right-hand)
systems is the absence of living plant roots and active plant
uptake processes in the lab microcosm forest floor cores.

Two major questions arise concerning the data in
Table 9.5: (i) how can we account for changes in solution
chemistry as canopy throughfall infiltrates the forest floor,
and (ii) how is forest floor solution chemistry affected by
field versus lab conditions? In terms of solution acidity, it is
apparent that input and output pH values are similar in both
field and lab systems, suggesting that these forest floor hori-
zons exert minimal net influence on the free acidity of can-
opy throughfall solutions in the pH range of 4.0. However,
Ca-ion concentrations in forest floor solutions are only two-
thirds as large as throughfall inputs in both systems, indicat-
ing net removal of dissolved Ca in transit through the O
horizon. Given the lack of active plant processes in the lab
system, this evidence implies that the major net retention of
Ca-ion in these forest floors occurs through abiotic cation
exchange processes. In contrast to Ca, the concentration of
divalent Mg-ion exhibits little net change between inputs and
outputs for either the field or lab systems.

The behavior of K* ion is striking in that K* concentration
drops by more than 50% in transit through the field O hori-
zon, but increases by more than 75% in passage through the
lab forest floors. This pattern implies that there is strong bio-
logical retention of K* ion in the field system where plant
uptake processes are active. However, in the lab microcosms
that lack plants, the forest floor solution is actually enriched
in K* ion through mineralization or ion exchange processes.
A similar pattern is evident for ammonium ion, with elevated
concentrations of this ion in leachate solutions from lab for-
est floors that lack active plant uptake and have N mineral-
ization rates in excess of microbial immobilization. Look at
the patterns exhibited by sulfate, chloride, and organic acid
anions (RCOO~) in Table 9.5 and consider how you can
account for these observations.

Comparison of Stream Chemistry
Along a Hydrologic Flow Gradient

Aqueous chemistry evolves and changes in response to bio-
geochemical processes and hydrologic routing as water
moves down a stream drainage gradient. Hence, we see a
changing chemical signature in samples collected from
upper to lower reaches of a stream system. As an example,
Hauhs (1985) reported that stream chemistry in the uplands
of a watershed in the Harz Mountains of Germany contrasted
sharply with stream water collected several hundred meters
downstream in the lower catchment (Table 9.6). In this par-
ticular case, there was a dramatic downstream increase in pH
from 4.3 to 6.3. This decline in acidity was accompanied by
a sharp rise in concentrations of Ca*" ion and Mg?* ion, and a

Table 9.6 Comparison of stream chemistries in headwater and down-
stream reaches of Lange Bramke watershed in the Harz Mountains,
Germany (Hauhs 1985). Upper and lower sample locations are ~500 m
apart along the drainage gradient. Concentration units are pmol, L~

Parameter Headwater Downstream Change
pH 4.32 6.34 +2.02
Ca* 105 178 +73
Mg** 87 158 +71

K+ 24 24 0

Na* 66 69 +3
SO~ 288 242 —46
NO;~ 97 70 =27
CI- 100 99 =l

decrease in the strong acid anions, SO,2~ and NO;~. As such,
these data imply that there was a downstream increase in
ANC that was driven by two major influences: (i) watershed
release of divalent cations from soil ion exchange and min-
eral weathering, and (ii) watershed retention of sulfate and
nitrate ions through adsorption, absorption, or precipitation
reactions. Why did these processes only manifest themselves
in the lower reaches of the stream? Apparently, hydrologic
sources for stream water in the lower elevations of the water-
shed were dominated by drainage water that followed a
deeper flow path that permitted more extensive chemical
transformation of aqueous chemistry.

Changes in Solution Chemistry and ANC
Generation Along a Watershed Drainage
Gradient

In an earlier study, our research team compared patterns of
aqueous chemistry and solute transport in two forested
watersheds located in Tennessee and New York (Cronan
et al. 1990). As illustrated in Table 9.7 and Fig. 9.6, the
northern and southern study watersheds exhibited strong dif-
ferences in aqueous chemistry. Soil and stream drainage
waters in the northern ecosystem were more acidic and con-
tained higher concentrations of base cations, soluble alumi-
num, sulfate, nitrate, and organic carbon than waters in the
southern watershed. What ecosystem processes might
account for these differences?

The major differences in solution chemistry between the
two watersheds were related to different patterns of alkalin-
ity generation and mobile anion transport in these contrast-
ing systems. In the northern watershed, atmospheric inputs
of acidity were partially neutralized through the release of
mixed cations (Ca, Al, Mg, K, and Na) from soils and detri-
tus. Because of the high mobility of sulfate and nitrate in the
northern watershed, there was significant transport of Al and
base cations through the soil profile and into stream water.
At the southern watershed, atmospheric inputs of strong acid
produced a different outcome. In that ecosystem, soil sulfate
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Table 9.7 Mean soil water and stream water chemistries in northern and southern watersheds (units = pmol L")
Camp Branch WS, TN Big Moose WS, NY
(08 B2 C Stream O B2 BC Stream
pH 4.43 5.10 5.22 5.15 4.24 4.55 4.79 4.65
Ca 18 14 7 7 36 44 56 44
Mg 18 26 15 18 8 10 14 10
K 44 12 14 14 37 11 14 10
Na 18 25 16 24 18 33 45 33
Al 16 3 2 3 42 72 61 33
SO 48 47 18 24 60 88 108 73
NO;~ 2 0 0 0 80 67 49 38
Cl- 17 20 23 24 14 12 12 11
DOC 1140 175 65 115 1170 620 235 320
2Soil solutions in O, B, and C horizons were sampled with subsurface lysimeters (Cronan et al. 1990)
Fig.9.6 Comparison of Camp Branch, TN
charge balance contributions
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adsorption, biological retention of nitrate, and base cation
release were the major sources of acid neutralizing capacity
for soil drainage waters and surface waters. Because these
processes resulted in the release of alkalinity and the removal
of mobile strong acid anions, solutions were dilute, only
slightly acidic, and concentrations of soluble Al remained
relatively low throughout most of the drainage profile in the
southern watershed.

lonic charge balance (umol./L)

As a means of integrating the overall changes in aque-
ous chemistry, ANC budgets were prepared for the north-
ern and southern watersheds using solution chemistry data
and estimates of hydrologic transfers between ecosystem
compartments (Fig. 9.7). In both watersheds, there was a
gain of 1400 to 1500 mol. ANC ha~! comparing precipita-
tion inputs to leachate outputs from the O horizon. ANC
gain in the southern ecosystem was the result of base
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Fig.9.7 Components of
ANC generation in southern
and northern watersheds. For
each ecosystem level, the bar
graph indicates the percentage
of net ANC contributed by
base cation release (Cg),
release of ionic Al, sulfate
adsorption, and nitrate uptake
relative to rainfall inputs
(Cronan et al. 1990)
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cation release and strong acid anion removals, whereas
ANC generation in the northern system was dominated by
the release of base cations and soluble Al. Moving through
the soil profile and down the hydrologic gradient to a com-
parison of stream water outputs for the two ecosystems
(Fig. 9.7), there was a striking contrast in the relative
sources of alkalinity. Analysis of stream water indicated
that ANC generation in the southern site averaged roughly
1200 mol. ANC ha~! and this process was dominated by
sulfate and nitrate retention in the watershed. In compari-
son, ANC gain in the northern watershed averaged 1900
mol, ANC ha~' and was dominated by the release of base
cations and soluble Al.

Effects of Land Use on Watershed Exports
of Nutrients in Stream Runoff

Land use activities, disturbance, and forest succession in a
watershed can potentially affect the aqueous chemistry of
drainage and stream waters. In the Aroostook River basin in

Camp Branch, TN
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Percent Contribution to ANC Gain

100%

Big Moose, NY

uCB
OAl+++
oS04
BNO3

0%

20% 40% 60% 80% 100%

Percent Contribution to ANC Gain

Maine, we found that stream water concentrations of
nitrate-N and Ca were positively correlated with the per-
centage of farming in a watershed (Fig. 9.8), whereas con-
centrations of dissolved organic carbon (DOC) were
inversely correlated with the proportion of agricultural land
in the surrounding watershed (Cronan et al. 1999). These
patterns imply that the forested landscape is a relatively
strong sink for N in the Aroostook River basin, but that
increasing amounts of farming in a watershed lead to condi-
tions of N enrichment, diminished retention of soluble N,
and increased leaching of NOs-N. The striking pattern of Ca
exports suggests that streams draining cultivated watersheds
are either enriched by leaching of agricultural lime amend-
ments or by the weathering of richer geologic substrates that
have been preferentially selected for farming activities. In
contrast to these patterns, concentrations of DOC declined
with increasing percentage of farming in a watershed,
implying that agricultural systems are weaker sources for
generation of DOC or are stronger sinks for DOC consump-
tion or retention compared with watersheds dominated by
forest and wetland cover.
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Fig. 9.8 Stream concentrations vary as a function of increasing farm-
land area in the Aroostook River Watershed, Maine (Cronan et al. 1999)



Integrated Element Cycling

Introduction

Previous chapters largely focused on the component biogeo-
chemical processes and pathways that contribute to the
structure and function of terrestrial ecosystems. This chapter
integrates those processes to examine system-level cycling
of nutrients and other elements at scales ranging from local
forest stands to regional drainage basins, and includes a final
section on global-scale cycling. Examples will illustrate the
different ways in which elements accumulate and cycle
under varying environmental conditions.

Element cycling is a simple concept that describes a vast
and complex set of interacting processes that govern the dis-
tribution and movement of elements in the biosphere. Using
the schematic diagram in Fig. 10.1, we can discuss some of
the general principles of element cycling in a forest ecosys-
tem (often referred to as nutrient cycling). For any given
nutrient or element, it is possible to describe pools where the
element is stored or accumulated and fluxes or transfers of
the element between storage compartments or pools. In the
figure, element pools include living biomass, geologic sub-
strates, soil organic matter, and the soil exchange complex.
Element fluxes include transfers in leaf litter, canopy leach-

© Springer International Publishing AG 2018
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ing, soil leaching, stream export, and atmospheric deposi-
tion. It is also possible to discuss element cycling in terms of
ecosystem sources and sinks for nutrients and other ele-
ments. For example, major sources for soluble N in a terres-
trial ecosystem could include atmospheric deposition inputs
and decomposition and mineralization of organic matter,
whereas major sinks for soluble N could include plant and
microbial biomass.

General Concepts of Element Cycling

In any given analysis of an element cycle or budget, investi-
gators try to assemble their best estimates of the important
pools, transfers, and increments of change in storage com-
partments. Depending upon the intensity and priorities of the
study and the specific elements of interest, a biogeochemical
analysis of an element cycle may include some or all of the
major pools and processes listed in Table 10.1.

Although element cycling processes occur at a variety of
time scales, many of the data sets for element cycles and
budgets are reported as mean annual values. This time step is
convenient in terms of providing a consistent measurement
unit and requiring a reasonable level of sampling effort.
However, the emphasis on annual estimates tends to limit our
understanding of natural variations in element cycling that
are associated with seasonal and phenological changes over
shorter time periods.

Terminology
In discussions of element cycling, investigators sometimes

use the terms uptake, requirement, and annual increment to
quantify the behavior of a given nutrient. Nutrient uptake
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Table 10.1 Potential pools and processes for consideration in an element
cycle or budget
Pools
Plant Biomass (foliage, branches, stem wood, woody roots, fine roots)
Microbial biomass
Forest floor detritus
Soil organic matter
Coarse woody debris
Soil solution
Soil minerals
Soil exchangeable ions
Transfers
Atmospheric wet and dry deposition
Plant uptake
Foliar resorption
Litterfall — foliage, branches, wood
Canopy leaching of inorganic and organic solutes
Mortality and turnover of roots (fine and coarse)
Microbial mineralization
Microbial immobilization
Gaseous transfers
Mineral weathering
Soil leaching of inorganic and organic solutes
Stream runoff of inorganic and organic solutes
Increments or Decrements for the Element

Net primary production by tissue type and aboveground versus
belowground

Net microbial biomass increment via immobilization

Net accumulation or loss in forest floor or SOM

Changes in soil exchangeable ions

Tree mortality resulting in changes in live biomass and coarse
woody debris pools

can be defined as the annual plant increment of an element
accumulated in new woody tissues plus annual losses of that
element through litterfall, root turnover, leaching, and net
stemflow. The nutrient requirement for a forest stand is the
annual element increment associated with production of
new shoot and root tissues plus current year foliage.
Depending upon the element of interest and site conditions,
annual uptake of a given nutrient may be more or less than
the nutrient requirement. For a nutrient such as nitrogen, a
forest may meet part of the annual requirement by using pre-
viously resorbed and stored N, while the remaining require-
ment for N is taken up by the root system or is absorbed
directly by foliage exposed to atmospheric deposition inputs.
In contrast, uptake of potassium by a forest ecosystem may
be much greater than annual requirement, because K* is
readily leached from foliage and therefore must be replaced
continuously during the year.

Comparison of Element Cycles in Terrestrial
Ecosystems

Patterns of element cycling vary among elements and are
also influenced by differences in species composition and
site conditions among contrasting ecosystems. In this sec-
tion, element cycles for nitrogen, calcium, and aluminum
will be examined using comparative data from the
literature.
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Nitrogen Cycle

Despite the central importance of nitrogen cycling in terres-
trial ecosystems, the literature contains few detailed and
complete nitrogen budgets for forested watershed ecosys-
tems. Nevertheless, we can use the examples in Table 10.2 to
explore some of the general patterns of N cycling in forested
ecosystems. To begin, we might ask how much N is required
to meet the annual demand or requirement for a growing
mature forest. In the northern hardwood forest at Hubbard
Brook, NH, the annual N requirement for above and below-
ground plant production is roughly 120 + 20 kg N ha-!. Of
this total requirement, perhaps 25% of the N demand is sup-
plied from recycled N derived from foliar resorption in the
previous year. Another 7-8% of the N demand can be
accounted for by atmospheric deposition. Thus, roughly
two-thirds of the N required for production of foliage, woody
tissues, and roots in this hardwood forest must originate via
mineralization of detritus and soil organic matter by soil
microbes. This estimate of 80 kg N ha=! yr~! represents about
7% of the pool of forest floor N and 1.5-2.0% of the com-
bined forest floor and mineral soil pool of N. As shown in
Table 10.2, total annual N mineralization at the Hubbard
Brook forest may actually be as much as 50% higher than
that estimate, or roughly 120 kg N ha=! yr~!. In other studies,

Table 10.2 Annual nitrogen budgets for four North American forested
watersheds: northern hardwoods at Hubbard Brook Experimental
Forest, NH (HBEF), chestnut oak at Walker Branch Watershed, TN
(WBW), western conifers at H] Andrews Forest, OR (HJA), and sugar
maple stands in Michigan (SMMI)

Component HBEF* WBW HJA SMMI
Pools (kg N ha!)
Biomass

Aboveground 350 430 - 600

Belowground 180 100 - -
Forest Floor 1100 300 - 500
Mineral Soil 3600 4700 - -
Transfers + Transformations (kg N ha™! yr™')
Atmospheric Deposition 8 13 2 13.5
Mineralization 70-120 - 117 90
Plant uptake 80-105 62 42 1640
Foliar resorption 35-40 38 18 -
Litterfall 45-55 34 18 19
Root Turnover 6-60 - 22 -
Canopy Throughfall + SF 9 3 1 0
Denitrification - - -
Microbial immobilization - = = =
Stream Runoff export 4 3 15 -
Annual Increments or Changes (kg N ha! yr')
Plant Biomass Increment 9 25 - 0-16

“From Likens et al. (1977), Johnson and Henderson (1989), Sollins
et al. (1980), Fisk et al. (2002)

annual N mineralization rates have been reported to be
approximately 115 kg N ha~! yr~! in a western conifer forest
at HJ Andrews Forest, OR (Sollins et al. 1980) and 90 kg N
ha™! yr~! in northern hardwood stands in Michigan (Fisk
et al. 2002).

Mineral soil organic matter (SOM) is generally the larg-
est pool of stored N, followed by forest floor detritus and
plant biomass (Table 10.2). Johnson and Turner (2014) esti-
mated that the overall median N content of litter plus SOM
is 5900 kg N ha~!. They also noted that the vast majority of
forest ecosystems contain less N than would be expected
from even modest cumulative inputs from atmospheric
deposition and N fixation. They suggested that the reason for
this is periodic fire, which can remove large amounts of N
by volatilization, even in humid ecosystems when they
experience droughts.

As illustrated in Table 10.2, nitrogen fluxes associated
with litterfall, foliar resorption, and fine root turnover are
generally of the same magnitude, ranging from about
20-60 kg N ha~! yr=!. Much smaller fluxes (on the order of
0-9 kg N ha~! yr~!) are associated with leaching and wash-
out of N in canopy throughfall and stemflow (Table 10.2).
In these undisturbed forest ecosystems, stream exports of N
(1-4 kg N ha=! yr~!) are smaller than N inputs from atmo-
spheric deposition. Assuming that denitrification outputs of
gaseous N are low in these ecosystems, the N budgets
imply that these forested watersheds are acting as sinks for
N retention.

Forests generally act as effective sinks for moderate N
additions, although watershed losses of N are stimulated by
chronically elevated N inputs. In the northeastern U.S.,
50-100% of atmospheric inputs of inorganic N are retained
on an annual basis by forested watersheds (Aber et al. 2003).
Christ et al. (1995) added up to 520 kg N ha=! yr~! for 2 yr to
an American beech stand at Hubbard Brook Forest, NH
using ammonium sulfate, and found that plots retained >95%
of added N. In the Netherlands, Koopmans et al. (1996) stud-
ied the fate of >N added to N-saturated Douglas fir and Scots
pine forests receiving addition rates of 5 and 50 kg N ha='. In
low N-input plots, 95% of the isotope was retained, while
high N-input plots retained 80-90% of the 'N. Gundersen
(1998) reported that a 75-yr-old Norway spruce stand in
Denmark exposed to chronic annual additions of 35 kg N
ha~! as ammonium nitrate retained 92% of added N inputs. A
comparison of European watersheds by Dise et al. (1998)
suggested an average retention rate of nearly 65%, with
higher retention in systems receiving more ammonium than
nitrate. It should be noted that retention of added N in forest
soils tends to narrow C:N ratios over time, which can lead to
increased rates of net nitrification by soil microbes and
increased potential for nitrate export.
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Table 10.3 Annual calcium budgets for North American forest ecosystems, including northern hardwoods at Hubbard Brook, NH (HBEF), oak
forest at Walker Branch Watershed, TN (WBW), western conifers at HI Andrews Forest, OR (HJA), eastern hardwoods at Coweeta Hydrologic
Lab, NC (CW), slash pine in FL (SP), loblolly pine in MS (LP), and high elevation forest, NY (HEF).

Component HBEF* WBW
Pools (kg Ca ha™')

Biomass Ca 480 980
Forest Floor Ca 370 430
Soil exchangeable Ca 510 710
Total soil Ca 9600 3800
Transfers + Transformations (kg Ca ha' yr™')

Atmospheric deposition 2 16
Litterfall 41 55
Canopy leaching/washout 7 14
Plant uptake 62 100
Mineralization of detritus 42 -
Woody increment 8 31
Root turnover 3 -
Mineral weathering 21 -
Stream export 14 147

HIA CcwW SP LP HEF
750 830 - 90 350
570 130 - 80 390
4450 940 - - 515
- 2500 = = =

4 - 5 5 3
41 44 20 - =

8 8 7 3 3
45 75 23 - =
64 - - 7 =

0 23 - - =
25 = = = =
119 - - - 9
123 - - - 7

“Data from Likens et al. (1998), Johnson and Henderson (1989), Sollins et al. (1980), Henderson et al. (1978), Gholz et al. (1985), Switzer and

Nelson (1972), Friedland and Miller (1999)

Calcium Cycle

There are few comprehensive examples of Ca budgets for
forested watersheds in the literature, but the data compiled in
Table 10.3 provide a basis for examining general patterns of
Ca cycling. On an annual time step, plant uptake of Ca by
forest communities is relatively large, ranging from ~45 to
100 kg ha='. Much of the annual demand for Ca is met by
microbial mineralization of detritus and mineral weathering,
whereas atmospheric deposition is generally a much smaller
source of available Ca. As an example, annual transfers of
available Ca at Hubbard Brook Experimental Forest, NH are
dominated by mineralization (42 kg ha™! yr~!) and weather-
ing (21 kg ha=! yr~!), with a small contribution from atmo-
spheric deposition of Ca (2 kg ha~! yr=!). In comparison, Ca
demand at HJ Andrews Forest, OR is largely met by solution
transfers from weathering (119 kg ha~! yr~') and mineraliza-
tion (64 kg ha=! yr~!), with atmospheric inputs amounting to
only ~4 kg ha=! yr=! (Table 10.3). Annual recycling of Ca by
forest communities includes a large flux of Ca in litterfall (up
to 50-60 kg ha=! yr7'), a smaller transfer of Ca in canopy
leaching and washout (<10-15 kg ha™! yr~!), and small to
medium Ca transfers in root turnover. In contrast to the ele-
ment N, Ca is virtually immobile in plants and is therefore
not recycled internally via foliar resorption processes. Stream
exports of Ca vary as a function of geologic conditions and
mobile anions in a given watershed, but range from lower
values on the order of 5 to 15 kg ha™! yr~! at sites such as
HBEF in New Hampshire up to larger fluxes approaching
150 kg ha=! yr~" at WBW in Tennessee.

In most watersheds, soil and bedrock minerals contain
the largest pool of stored Ca, and it is this reservoir that
slowly replenishes ecosystem Ca through mineral weather-
ing processes. At HBEF and WBW, the pools of total Ca in
the soil profile are estimated to be approximately 9600 and
3800 kg ha™!, respectively. By comparison, plant biomass
and soil exchangeable cation pools of Ca generally range
from 500 to 1000 kg ha='. A final important storage pool for
Ca is the forest floor horizon, which typically contains
roughly 100 to 500 kg ha=! of organically bound and mineral
particulate Ca.

Aluminum Cycle

Aluminum is a nonessential element for living organisms,
but is a critical geochemical component of most forest eco-
systems. As such, the cycling of aluminum provides an inter-
esting contrast with nutrients such as nitrogen or calcium.
In those watersheds where Al has been examined, it is esti-
mated that the biomass pool of Al ranges from roughly 10 to
75 kg ha™!. This small accumulation of Al in forest biomass
is consistent with the expected behavior of an element that is
not readily taken up or recycled within plants. Although Al
uptake rates have not been examined in most field studies,
the data in Table 10.4 indicate that very little Al is recycled
in litterfall (generally <1.5 kg ha™! yr7!) and combined
canopy leaching + washout (<3 kg ha™! yr~!). Thus, we do
not generally observe a strong direct plant influence on the
cycling of Al in forest ecosystems.
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With Al cycling, we are forced to look belowground at the
forest floor and mineral soil in order to see the major sources,
sinks, and transfers of this element (Fig. 10.2). Most soils
contain large amounts of Al that can be selectively extracted
or digested into various operationally-defined pools. For
example, amorphous Al hydroxides and oxides occur in soils
at 12,000 to 73,000 kg ha™!, Al adsorbed to organic humic
substances ranges from roughly 2000 to 7000 kg ha~!, and
KCl-exchangeable ionic Al ranges from approximately 500
to 4500 kg ha™! (Table 10.4). In comparison, forest floor
horizons have been shown to contain smaller amounts of Al
ranging from 100 to 850 kg ha=".

The transfer of aqueous Al in soil drainage waters and
streamflow varies among watersheds as a function of bio-
geochemical conditions. Although many soils exhibit ele-
vated fluxes of soluble Al moving through surface organic
horizons (on the order of 2 to 9 kg ha=! yr™!), Al transfers
through mineral subsoils can range widely from values
<0.2 kg ha™! yr~! to fluxes of >50 kg ha=! yr~! (Table 10.4).
These differences in Al transfers are largely controlled by
the acidity and anion chemistry of each soil. Similarly, the
export of Al in stream water can vary considerably from
less than 1 to more than 7 kg Al ha™! yr~!, depending on the
hydrologic sources and ANC of stream runoff (Table 10.4
and Fig. 10.2).

Nutrient Cycling in Relation to Ecosystem
Succession

One of the central ecological paradigms proposed by Odum

(1969) and echoed in other subsequent publications is the
proposition that terrestrial ecosystems exhibit greater con-

Southern Watershed

\

Litterfall Al
4.7

Al Export Fluxes

Soil Al Pools

O/A Horizon 1.8
Exchangeable 4,670

B Hori 0.5
Humic 2,290 orizon

C Horizon 0.2
Amorphous 11,800

Stream 0.5

Table 10.4 Annual budgets for aluminum cycling at Big Moose, NY
(BMW), Camp Branch, TN (CBW), Tunk Mt., ME (TMW), Findley
Lake, WA (FLW), Pine Barrens, NJ (PBW), and Solling, Germany (SP)

BMW: CBW TMW FLW PBW SP
Pools (kg Al ha™!)
Biomass - - 17 74 8 -
Forest Floor - - 840 255 110 370
Soil
Exchangeable Al
Humic Al

Amorphous Al
hydroxides

Transfers (kg Al ha™! yr!)
Atmospheric deposition — - 0.2 - - -
Litterfall 0.4 4.7 0.7 12 2

Canopy leaching/ = = 0.1 03 14 29
washout

Plant uptake - - — - - _
Mineralization = = 0 — — _
Woody increment - — = = — _
Root turnover = = 0.6 59 — _
Mineral weathering - — = = - _
Soil solution by horizon

O/A 8.6 1.8 2.1 - 31 -

B 17 0.5 - - 3.6

C 0.5 0.2 - - 36 -
Stream export 7.3 0.5 2.6 - - -

aData for all sites from Cronan (1994)

1510
6880
72,900

4670
2290
11,800 — = = =

530 -

servation of nutrients and more closed nutrient cycles as they
proceed through succession toward maturity (often termed
old-growth or “climax” conditions). Woodwell (1974a)
expressed similar views, stating that “mature systems are
tight; disturbance causes leakage of nutrients” and noting

Northern Watershed

Litterfall Al
0.4

Al Export Fluxes
O/A Horizon 8.6

B Horizon 17.0

BC Horizon 0.5
Stream 7.3

Soil Al Pools
Exchangeable 1,510

Humic 6,880
Amorphous 72,900

Fig.10.2 Comparison of Al pools and cycling in northern (Big Moose, NY) and southern (Camp Branch, TN) watersheds (Cronan et al. 1990).

Units are kg Al ha™! for pools and kg Al ha=! yr~! for fluxes
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elsewhere that “more mature stages use nutrients and energy
more efficiently”. As these themes were tested and chal-
lenged, investigators began to refine our understanding of
the relationships between succession and patterns of element
cycling in watersheds.

In their conceptual analysis of ecosystem succession
and nutrient retention, Vitousek and Reiners (1975)
hypothesized that changes in net ecosystem production
(NEP) are a major determinant of element export fluxes in
terrestrial ecosystems. The authors argued that during pri-
mary succession, element outputs in stream runoff are ini-
tially high (roughly equal to inputs) and then decline to a
minimum as elements are accumulated in biomass and
detritus during mid-succession when NEP is highest. Their
model also predicted that output rates eventually rise again
in late succession when NEP approaches zero and inputs
are roughly balanced by outputs. A major part of their par-
adigm shift focused on the notion that steady-state condi-
tions (where inputs equal outputs) are to be expected in
more mature non-aggrading ecosystems. The authors
noted that secondary succession is often accompanied by
negative NEP immediately following disturbance, so that
output rates can exceed input rates during early succes-
sion. In a follow-up to that publication, the authors revised
their hypothesis somewhat to clarify the point that abso-
lute inputs and outputs of elements can both vary consider-
ably from the beginning to the end of ecosystem succession,
and that output patterns will depend on the element under
consideration, the nature of the parent material, and inter-
actions among multiple ecosystem processes (Gorham
et al. 1979).

During the same time period, Bormann and Likens
(1979) wrote about this subject and questioned Odum’s con-
tention that ecosystem development is accompanied by a
trend toward tighter nutrient cycles. They argued that the
greatest regulation over watershed nutrient export occurs in
the “Aggradation Phase” of second-growth forest recovery
(first 100 yr or so), and that increased nutrient loss is
observed as a forest approaches and enters the “Shifting-
Mosaic Steady-State”. They agreed with Vitousek and
Reiners (1975) that there “is little doubt that total biomass
storage plays a major role in regulating nutrient export from
the northern hardwood ecosystem”. Similarly, they agreed
with Gorham et al. (1979) that other factors besides biomass
storage may change with time and affect patterns of element
inputs and outputs. Since that period of dynamic debate,
ecosystem ecologists have tended to reject the original nutri-
ent conservation hypothesis proposed by Odum (1969) in
favor of the interpretation of Vitousek and Reiners (1975)
and others.

Chemical Input-Output Budgets
for Watershed Ecosystems

Watershed ecosystems are often analyzed and are compared
using chemical budgets based on inputs in atmospheric
deposition and outputs in stream runoff (Gorham et al.
1979). When the budget is expressed as the annual input of
an element (I) minus annual output in runoff (O), the result-
ing net difference (I — O) indicates whether the watershed is
acting as a source or a sink for that element. If outputs are
less than inputs (I > O), the difference term is positive and
the ecosystem is assumed to be accumulating that element
in biotic or abiotic storage pools. In contrast, if outputs are
greater than inputs (I < O), the negative difference term
implies that the ecosystem serves as a source for exports of
that element. Finally, if element inputs are equivalent to
outputs (I = O), a watershed is assumed to be in a more or
less steady-state condition with respect to that element.
For illustration, we can compare chemical budgets for two
different forested watersheds in the eastern U.S.: Hubbard
Brook Experimental Forest, NH (HBEF) and Walker Branch
Watershed, TN (WBW). HBEF is a mature northern hard-
woods forest underlain by glacial till and igneous/metamor-
phic rocks, whereas WBW is a mature southern hardwoods
forest underlain by soils and residuum derived from dolomitic
limestone. As shown in Table 10.5, both watersheds exhibit
similar general patterns of export of magnesium, potassium,

Table 10.5 Comparison of chemical budgets for selected elements at
Hubbard Brook Experimental Forest, NH and Walker Branch
Watershed, TN (Likens et al. 1977; Johnson and Henderson 1989).
Units are in kg ha™! yr~'.

Element Inputs Outputs  Inputs — Outputs
Magnesium (Mg)

Hubbard Brook 0.6 33 -2.7

Walker Branch 2.1 77.1 -75.0
Calcium (Ca)

Hubbard Brook 22 13.9 —11.7

Walker Branch 14 148 —134
Potassium (K)

Hubbard Brook 0.9 24 —1.5

Walker Branch 3.1 6.8 =3.7
Sodium (Na)

Hubbard Brook 1.6 7.5 -5.9

Walker Branch 3.9 4.5 —0.6
Sulfate-S

Hubbard Brook 18.8 17.6 +1.2

Walker Branch 18.8 11.3 +7.5
Nitrogen (N)

Hubbard Brook 20.7 4.0 +16.7

Walker Branch 8.7 1.8 +6.9
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calcium, and sodium, and accumulation of sulfur and
nitrogen. However, the magnitude of these source and sink
patterns differ, because of underlying differences in environ-
mental conditions. The export of base cations from both
watersheds suggests that mineral weathering provides a net
source of cations to stream runoff. Yet, the very large export
of Ca and Mg from WBW implies that the carbonate bedrock
is a much stronger source for divalent cations, compared to
the glacial till and resistant bedrock of the northern site. On
the other hand, soil minerals and bedrock at HBEF are a
larger source of Na for stream runoff as compared with the
dolomitic limestone that dominates the southern ecosystem.

How do we account for the positive chemical budgets for
N and S in the two watersheds? At WBW, the strong reten-
tion of sulfate-S is largely the result of sulfate adsorption in
the Ultisol soils of this southern watershed. At HBEF, the
relatively small net retention of sulfate-S may be the result of
biotic and abiotic retention mechanisms or may be an insig-
nificant difference resulting from estimation inaccuracies. In
effect, the HBEF watershed may currently be in a near
steady-state condition with respect to sulfate-S, although
studies by Likens et al. (2002) suggest that net exports of
sulfate-S are increasing. Based on the striking retention of N
in each watershed, there is a clear indication of the presence
of strong biotic sinks for N at HBEF and WBW.

Investigators have also applied chemical budgets to water-
sheds in an effort to examine the fate of strong acids derived
from atmospheric deposition. For example, Paces (1985)
reported that inputs of H* ion in wet deposition at four
Czechoslovakian watersheds ranged from 37 to 46 mmol
m~2 yr~!, whereas exports of H* ion were negligible. Thus,
the study watersheds acted as very strong sinks for H* ion,
which was consumed in weathering and soil cation exchange
reactions.

Element Cycling at the Landscape Scale:
Exports of N and P from Large Watersheds

David and Gentry (2000) examined large scale patterns of
nutrient cycling across the agricultural, suburban, and urban
landscapes of Illinois, USA. The authors calculated net
anthropogenic inputs of N and P as inputs of fertilizer, atmo-
spheric deposition, and N, fixation minus net exports of N or
P in grain or animal products. Estimated net anthropogenic
inputs of N were roughly 32 kg N ha! yr~!, whereas N export
fluxes for major river systems in Illinois ranged from 5 to
24 kg N ha~! yr~! and averaged 17 kg N ha~! yr=!. Thus, riv-
erine export flux of N was >50% of estimated anthropogenic
inputs. Over the study period from 1979 to 1996, the net
input of N to Illinois was estimated at >8.6 million Mg N

(Mg = 10° g), compared with riverine exports of 4.4 million
Mg N. The authors assumed that the majority of the 4.2 mil-
lion Mg N retained by the Illinois landscape was actually
recycled to the atmosphere via denitrification. They also
described a huge internal cycle of ammonia, where perhaps
50% of the N in manure was volatilized as NH; over the
Illinois landscape.

Phosphorus exhibited a more conservative pattern of
cycling in the Illinois landscape. The authors reported that
net annual anthropogenic P inputs were high through the
year 1990, but declined to minimal levels after that time
period. Annual P exports in river runoff ranged from 0.7 to
1.1 kg ha ! yr~!, with 38% in dissolved forms and 62% of
total P in particulate forms. Over the period from 1979 to
1996, cumulative P inputs to the landscape were 739,000 Mg
P, whereas riverine exports in Illinois amounted to
255,000 Mg P. The authors assumed that soil sorption of P
helped to conserve roughly two-thirds of anthropogenic P
inputs to the Illinois landscape. Elsewhere, rising exports of
riverine P have been reported for watersheds in China con-
taining intensive agriculture or high population densities
(Chen et al. 2015; Zhang et al. 2015).

Castro et al. (2000) conducted a broad landscape analy-
sis involving 34 watersheds in the eastern U.S. Net anthro-
pogenic inputs of N were calculated as the sum of fertilizer
inputs, N, fixation, atmospheric deposition of nitrate-N,
net import of N in food, and net import of N in livestock
feed. Annual N inputs ranged from 6 to 71 kg N ha™! yr!
among the 34 watersheds, with a mean net anthropogenic
input of 28 kg N ha™' yr~!. Major sources of N inputs var-
ied among regions. In the northeastern U.S., net food
import and atmospheric deposition of nitrate-N accounted
for 49% and 22% of total N inputs, respectively. In con-
trast, N fertilization (29%) and net food import (24%)
dominated net N inputs to the watershed of Delaware Bay,
whereas net livestock feed import (31%) and N fertilization
(26%) were the dominant inputs to watersheds draining into
Chesapeake Bay. Overall, the authors estimated that water-
shed retention of anthropogenic N [(inputs — outputs)/inputs]
ranged from 18 to 80% among watersheds, with a mean
annual retention of 62%.

Element Cycling at the Global Scale
Global Nitrogen Cycle

Nitrogen cycles at the watershed and landscape levels are all
linked to a dynamic global nitrogen cycle involving atmo-
spheric, terrestrial, freshwater, and marine compartments
and fluxes. For example, the increasing local use of fertilizer
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Table 10.6 Global nitrogen cycle based on estimates from Vitousek  Table 10.7 Global carbon cycle based on estimates from Schlesinger

et al. (1997) and Schlesinger (1991)

Nitrogen Pools Units =Tg=10"2%¢g

Atmosphere 3.8 billion
Soils 95,000
Plant biomass 3500
Annual Inputs to Reactive N Pool
Lightning fixation <10
Natural biological N, fixation
Terrestrial 140
Marine >30
Anthropogenic fixation 140
Annual Transfers of N
Denitrification 240
River runoff to oceans 40
Burial in ocean sediments 10
Internal Cycling of N in Biosphere
Terrestrial 1200
Marine 6000

in Chinese agriculture has greatly enhanced global microbial
emissions of nitrous N,O (nitrous oxide), a greenhouse gas
that contributes to increased global warming potential in the
atmosphere. Thus, local and regional changes in nitrogen
cycling have potential implications for global biogeochemi-
cal processes.

As indicated by the data summarized in Table 10.6, the
global N budget is dominated by a huge pool of unreactive
N, gas in the atmosphere. Much smaller quantities of reac-
tive or biologically available N are found circulating through
the biosphere. Compared with the atmospheric pool of N
(3.8 billion Tg), soils contain roughly 95,000 Tg of N and
terrestrial plant biomass contains approximately 3500 Tg
N. It is estimated that natural background levels of N fixation
from lightning, terrestrial biological N, fixation, and marine
N, fixation have historically amounted to as much as 150 to
200 Tg yr~! (Table 10.6). However, human production of fer-
tilizers, combustion of fossil fuels, and expansion of agricul-
ture have contributed an additional 140 Tg N to annual inputs
of reactive N in the global N budget (Vitousek et al. 1997).
Thus, the influence of human activities has roughly doubled
annual sources of reactive N in the biosphere.

What are the major cycling pathways for reactive N
inputs in the global N budget? As shown in Table 10.6, there
is a vigorous internal circulation of N in the biosphere
involving the recycling of perhaps 1200 Tg N yr~! in terres-
trial systems and 6000 Tg N yr~! in marine systems. In addi-
tion, roughly 240 Tg N is returned to the atmosphere each
year via microbial denitrification from terrestrial, aquatic,

(1991). Units = 10" g C = gigaton = billion metric tons = Pg (petagrams)

Carbon pools

Atmosphere 720
Land plants 560
Soils 1500°
Oceans 38,000
Fossil fuels and shale 5000
Annual Transfers into Atmospheric Pool
Respiration
Terrestrial 122
Marine 105
Fossil fuel combustion 5
Annual Uptake from Atmospheric Pool
Photosynthesis
Terrestrial 120
Marine 107
Annual increase in Atmospheric CO, 3

“Upper 1 m of soil

and marine systems. Another 40 Tg of N is exported from
terrestrial systems to the oceans in river runoff, and approxi-
mately 10 Tg N is buried in ocean sediments. Remaining
annual inputs of reactive N accumulate in living biomass
and contribute to enrichment of the atmosphere with trace
gases such as N,O, NO, and NO,.

Global Carbon Cycle

In recent years, there has been intense interest in understand-
ing the global carbon budget, because of interactions between
rising concentrations of atmospheric CO,, global warming,
and climate changes. The modern trend of atmospheric
enrichment with CO, stems from an imbalance in the relative
rates of CO, release from respiration plus combustion versus
the offsetting rates of CO, absorption and storage in the bio-
sphere. Currently, the enhanced CO, release from fossil fuel
combustion and land clearing activities exceeds the assimila-
tion and sequestration of CO, in biomass, new detritus, and
ocean systems.

As indicated in Table 10.7, the major storage reservoirs in
the global carbon budget include the following pools: oceans
(38,000 Pg), fossil fuels and shale (5000 Pg), soils (1500
Pg), atmosphere (720 Pg), and land plants (560 Pg). Annual
transfers of C into the atmospheric reservoir include large
fluxes from terrestrial (122 Pg) and marine (105 Pg) respira-
tion, plus a smaller but significant flux from fossil fuel com-
bustion amounting to approximately 5 Pg C yr~!. This annual
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transfer of 232 Pg C yr~! is largely offset by annual photo-
synthetic uptake from the atmospheric pool by terrestrial
(120-122 Pg) and marine (107 Pg) systems. Residual C that
is not absorbed and sequestered in terrestrial or ocean pools
contributes to annual increases in atmospheric CO, amount-
ing to about 3 Pg C yr~'.

At present, the global C budget contains various degrees
of certainty and uncertainty. While we are reasonably confident
of estimates of annual C emissions associated with fossil fuel

combustion and annual increases in mean global CO, con-
centration, many other parts of the budget are less certain. In
particular, scientists are continually trying to improve esti-
mates of C transfer rates between the atmospheric pool and
C reservoirs in biomass, soils, and the oceans. For example,
the source-sink behavior of forested land in different regions
of the biosphere is under investigation to determine the
extent to which net C sequestration in forests can account for
observed rates of CO, increase in the atmosphere.



Biogeochemical Models

Introduction

Part of our insatiable quest for scientific understanding is
really an effort to assemble an integrated knowledge base
that allows us to extrapolate and to make predictions about
the behavior of living systems and the environment. Although
some natural systems are relatively simple, many others are
complex and contain intricate relationships and feedbacks.
Whatever the level of complexity, it can be very useful to
have a framework or a model for integrating current under-
standing about a particular system of interest. In scientific
terms, a model can be defined as a qualitative conceptual or
quantitative numerical representation of a process, pattern,
or system. According to Levin (1999), models provide a tool
for making connections between observations and the mech-
anisms responsible for those phenomena. Biogeochemical
models range in scale and complexity from rudimentary
exponential decay equations describing the loss of leaf mass
in decomposing litter (Fig. 11.1) to large integrated ecosys-
tem models capable of simulating the dynamic patterns of
energy flow, nutrient cycling, and hydrologic routing in a
watershed. In this chapter, we will examine how biogeo-
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chemical models provide valuable tools for integrating
knowledge and synthesizing new insights regarding element
cycling patterns and processes.

There are a number of compelling reasons why models
are valuable tools in biogeochemistry. Whenever a model
is designed and developed, the investigators are forced to
define what is known about the ecological patterns or pro-
cesses in the model framework and to identify the key
interactions controlling changes in the ecological system
of interest. Not only is this process of synthesis and inte-
gration important by itself, but it also helps investigators
to identify information gaps in our understanding and to
target areas for further empirical or experimental investi-
gation. Biogeochemical models are most effective when
they are used as a synergistic tool to complement the
efforts of empirical or experimental research; in this inter-
active role, models can contribute to achieving the major
goals listed in Table 11.1.

Considerations in the Development
of a Biogeochemical Model

Suppose we wished to design a numerical model to simulate
carbon cycling processes in a forested watershed. How
would we organize a strategy to accomplish this task? To
begin, it would be important to state the objectives of the
modeling exercise and to list the kinds of biogeochemical or
ecological questions that would be addressed by the carbon
cycling model. At every step, it would be necessary to deter-
mine which assumptions would be incorporated into the
model in terms of key variables, processes, interactions, and
simulation time steps. For example, would it be acceptable to
assume that tissue respiration varies with temperature
according to a Qg relationship? It would also be important to
ask what kinds of scales and aggregation would be incorpo-
rated into the model and how these choices would affect
resolution, accuracy, and efficiency. Decisions would also
have to be made as to how system components or processes
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Fig. 11.1 Examples of models for (a) leaf litter decomposition as a function of elapsed time, t, and a species-specific decay constant, k, and (b)
density-dependent population growth based on rate of growth, r, and carrying capacity, K

Table 11.1 Objectives of biogeochemical models

1. Compile and integrate information and current understanding
2. Identify gaps in our knowledge base and current understanding

3. Explore feedbacks and interactions among multiple variables in
a study system

4. Generate questions and hypotheses for empirical testing

5. Evaluate apparent sensitivity of biogeochemical relationships
and variables

6. Make predictions and simulate outcomes of new scenarios (with
due caution)

would be represented in terms of a balance between simplic-
ity and realism. For instance, would we select a generic type
of tree for our forest or would the model include a realistic
variety of species that might differ in carbon cycling charac-
teristics? It would then be necessary to determine how these
choices would affect run times, cost, data requirements, and
applicability of the model to other systems or sites.

Design and development of a model require specific deci-
sions about the kinds of data inputs and model outputs to be
included. Will both the input parameters and model outputs
be easily measured, so as to permit reliable execution, cali-
bration, and validation of the biogeochemical model? In a
carbon cycling model, this might require specifying whether
plant moisture status would be determined by soil water
potential or by another more readily measured parameter.
Likewise, model simulations of carbon fixation could poten-
tially require more simple (e.g., mean daily solar radiation
flux) or more complex input data (e.g., hourly solar flux and
vapor pressure deficit). Finally, it must be clear how the
model will be tested and validated to determine its ability to
represent a real biogeochemical system.

Produce : Build
conceptual ———p  QUaNtfy o computer
model relationships code
Calibrate  wmmep  Validate — —mmep ~TEStand

refine

Fig.11.2 General sequence of activities in the development of a model

Steps in Building a Biogeochemical Model

There are a number of sequential steps that occur in the
design and implementation of a model (Fig. 11.2). After
identifying the objectives of a new biogeochemical model,
an investigator produces a conceptual representation of the
system or process showing state variables, interactions, or
transfers (Fig. 11.3). This qualitative framework is then
transformed into a quantitative description of initial condi-
tions, state variables, transfer functions, and the various
interactions, relationships and processes prescribed in the
conceptual model. For example, in a carbon cycling model,
one might prepare a function describing soil efflux of carbon
dioxide in terms of temperature, moisture, and substrate
conditions.

Once a model has reached the quantitative design stage,
the model structure is translated into computer code using a
PC spreadsheet or programming language. Next, the inves-
tigator uses baseline data to define all variables and initial
parameters, so that the model can be tested and calibrated.
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Fig.11.3 Example of a
simple conceptual model
showing major storage
compartments and water
transfers in the forest
hydrology model, BROOK,
developed by Federer and
Lash (1978)

Fig.11.4 Observed and
predicted hydrologic flows
can be compared at two
different time scales as a
means of calibrating a
hydrologic model. In the left
panel, predicted cumulative
stream runoff over a period of
12 months departs somewhat
from measured runoff; in the
right panel, predicted storm
runoff peaks are close to
observed streamflow patterns,
but are not identical
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The calibration procedure involves checking the model to
determine if it can reproduce the general behavior of a refer-
ence system. During this tuning or tweaking phase, faulty
relationships may become apparent in the model and adjust-
ments may be required to address shortcomings of the model
design. As an example, calibration of a watershed hydrol-
ogy model may require comparison of observed and pre-
dicted cumulative annual flows and instantaneous flows
(Fig. 11.4), followed by iterative model adjustments (e.g.,
Gherini et al. 1985).

Ultimately, when a model has been shown to reproduce
the observations of a calibration data set, a validation test is
performed to determine if the model can reproduce the behav-
ior of a new independent set of observations. For instance, a
hydrology model might be calibrated with data from the 1999
to 2003 water years, but the validation test might involve
checking model predictions against stream flow and climatic
data for the 2004-2006 water years. As a final test, models are
often subjected to a sensitivity analysis to determine which

Time Time

variables have the greatest effect on model outputs and which
conceptual uncertainties or problematic input data may exert
a strong adverse effect on the model (e.g., McCormack et al.
2015). Thereafter, most models are refined and are improved
through iterative steps involving hypothesis testing and feed-
back from empirical studies.

When calibration and validation stages have been com-
pleted, the thrill and anticipation of running model simulations
can finally be experienced. At this stage, models can be used
to generate hypotheses and to make predictions that can be
evaluated against experimental results. In some cases, models
are used to explore scenarios that cannot easily be tested in the
field or lab. Under these conditions, scientists have to find
alternative ways of determining the relative veracity of the
predictions. As an example, efforts have been made to use
general circulation models (GCM’s) to predict the influence of
rising atmospheric carbon dioxide on global surface tempera-
tures. Unfortunately, it is not possible to test whether a GCM
model is accurate or not in predicting a specific rise in mean
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temperature by the year 2070. In an effort to examine uncer-
tainty in that type of long-range prediction, inter-laboratory
calibration studies have been conducted comparing predic-
tions from multiple separate independent GCM models devel-
oped in labs around the world. Results reported by Cess et al.
(1993) showed that predictions for mean global temperature
increases ranged from <2° C to >5° C, largely as a result of
different assumptions incorporated in the model designs
(Fig. 11.5). This implies that there is at least a two-fold range
of uncertainty in this type of prediction.

N w £ ()] (o]
1 1 1 1 |

Temperature Increase ( °C)

o
I

1 2 3 4 5 6 7 8 9
Model Simulation Run

10 11 12

Fig. 11.5 Comparison of global warming predictions from multiple
GCM (general circulation models) under conditions equal to twice cur-
rent atmospheric CO, concentration. Mean predicted global tempera-
ture increase = 3.8 °C and CV = 26% From Cess, R.D. et al (29
co-authors). 1993. Uncertainties in carbon dioxide radiative forcing in
atmospheric general circulation models. Science 262:1252-1255.
Reprinted with permission from AAAS

Fig.11.6 Conceptual model
of a simple N cycle in a
forested ecosystem
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transfers of
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An Introductory Model of Watershed
Nitrogen Cycling

One of the simplest platforms to use in constructing a bio-
geochemical model is a PC spreadsheet based on EXCEL
(Verburg and Johnson 2001). My students and I have used
this approach to investigate the general behavior of the nitro-
gen cycle in a northern hardwood forest in New England.
Our objective was to explore the ways in which we could
potentially account for the nitrate losses in stream water that
are characteristic of forested watersheds experiencing “nitro-
gen saturation” (Aber et al. 1989). In nitrogen saturated
watersheds, stream export of nitrate-N is elevated above
background levels, because the forest ecosystem cannot
retain all of the nitrogen that is supplied from atmospheric
inputs and internal recycling. For this exercise, we devel-
oped a simple N cycling model and performed a sensitivity
analysis to test how small changes in state variables or rates
of processes could translate into measurable increases or
decreases in stream exports of nitrogen.

In designing the conceptual model of N cycling, we
aggregated the forest ecosystem into a limited number of
major compartments and transfers (Fig. 11.6). The forest
was broken into aboveground and belowground vegetation
pools, with each compartment containing major tissue types
such as leaves, branch wood, bole wood, fine roots, and large
roots. For each tissue category, there was a mean N concen-
tration, a mean biomass, and an estimate of annual primary
production. Major transfers included annual plant uptake of
N, annual N resorption, and detrital cycling of N in litterfall,
branch loss, and fine root turnover.
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Table 11.2 Pool sizes and NPP for an N cycle model based on northern hardwood forests (Sheldon 2003)

Biomass Biomass N NPP NPP N

(kg ha™") (kg ha™") (kg ha ! yr™) (kg ha ! yr!)
Aboveground
Foliage 2800 67.2 2800 67.2
Live branches 41,820 154.7 2255 8.3
Sapwood + heartwood 92,780 92.8 2391 24
Stem bark 9350 58.9 268 1.7
Total aboveground 151,750 373.6 7714 79.6
Belowground
Root crowns 11,650 31.5 321 0.9
Lateral roots (<10 mm) 9745 42.9 974 4.3
Lateral roots (2.5-10 mm) 5150 45.8 515 4.6
Fine roots (1-2.5 mm) 1519 14.4 945 9.0
Fine roots (<1 mm) 4103 74.1 2555 46.1
Total belowground 32,167 208.7 5310 64.9
Total Forest 183,917 582 13,024 144

The soil was treated as a forest floor or O horizon con-
taining three layers and a single aggregated subsoil or min-
eral soil horizon. Each soil compartment was characterized
by a mass of N, a C/N ratio, and a variable N mineraliza-
tion rate. The major transfers in the soil were N removals
in plant uptake, microbial immobilization of N, and N
release through microbial mineralization and nitrification.
Soil microbes were considered to immobilize N in fresh
litter with a C/N > 25, whereas soil organic N was mineral-
ized when the C/N ratio was below 25. Finally, atmo-
spheric inputs of N were specified for the watershed and
all parts of the model were connected with mass balance
relationships.

In order to parameterize the model with field data, we
selected Watershed 6 at Hubbard Brook Experimental
Forest as our reference condition, and used published data
from that site to quantify the pools and transfer rates of
N. Mean pool sizes of above and belowground biomass and
N were defined as shown in Table 11.2. In addition, esti-
mates of annual net primary production and annual N
demand in plant NPP were obtained from the literature.
Because most of the biological data were based on annual
estimates, this limited the resolution of the model to predic-
tions of annual N fluxes and transfers. As shown in
Table 11.2, the reference watershed was estimated to con-
tain roughly 580 kg N ha~! in above- and belowground
plant biomass, and annual demand for N in NPP was
approximately 144 kg N ha~! yr=!. The largest sinks for N in
the annual N cycling budget were identified as new foliage
production and fine root production.

Major annual transfers in the forest N cycle (Table 11.3)
were coded as dynamic variables in the EXCEL spread-
sheet model. Foliar N resorption was initially set at 55.8%

Table 11.3 Annual transfers for the Base Case Scenario in the N cycle
model (Sheldon 2003)

Foliar N resorption rate (% of foliar N pool) 55.8
Aboveground litterfall (kg N ha=! yr")
Foliage 29.7
Branches and limbs 10.5
Stemwood 0.6
Other 5.5
N immobilization in decaying litter (kg N ha=! yr~") 14.4
Soil and forest floor N mineralization (kg N ha=! yr=") 123

and aboveground N uptake was calculated as the annual N
demand in aboveground NPP minus the amount of N
resorbed in the prior year. Belowground roots were
assumed to turnover at different rates according to size
classes, and the N uptake required to replace those roots
was added to the net N uptake associated with aboveg-
round NPP. Annual N return in detrital cycling of aboveg-
round litter and belowground root turnover was also
estimated in the model. Nitrogen immobilized by microbes
during the first 12 mo of fresh litter decay was based on
annual foliar litter mass and litter decay data from Hubbard
Brook Forest, NH. Nitrogen release from microbial miner-
alization of detritus and soil organic matter was estimated
using seasonal estimates of mineralization rates obtained
for different soil horizons at Hubbard Brook Forest. Each
mineralization rate was applied to the mass of soil in that
horizon and cumulative mineralization fluxes were estimated
based on a growing season of 150 days divided into spring,
summer, and fall seasons.

Annual ecosystem transfers of N were tabulated with
mass balance relationships to determine the extent to which
inputs and outputs to the soil available pool of soluble inor-



146

11 Biogeochemical Models

Table 11.4 Mass balance relationships incorporated in the N cycle
model

Biomass N Pool = Foliage N + Branch N + Stem Wood N + Stem
Bark N + Root N by size classes

N Increment in NPP = Sum of N in foliage NPP + Branch
NPP + Stem NPP + Root NPP

Detrital Inputs to Soil = Foliar N Pool * (1-% resorption) + Root N
Pool #* % Turnover + Branch/Stem litter N

N Immobilization in Decaying Litter = (0.75 * Litterfall
Mass/50) — (Litterfall Mass * 0.5 * N/C Ratio)

N Mineralization = Sum of N Mineralization rate * Mass * Days
for each forest floor and soil layer by season

Annual Plant N Demand = Annual N Pool in NPP of branches/
wood/roots + foliar N Pool * (1-% resorption)

Annual DIN Supply Rate = Atmospheric N Deposition + N
Mineralization

Annual Watershed Export of DIN = Annual DIN Supply Rate — N
Immobilization — Plant N Demand

Note: DIN dissolved inorganic N; NPP net primary production

ganic N (DIN) were balanced in the N cycle of the refer-
ence watershed (Table 11.4). Inputs of DIN to the soil water
pool were estimated as the sum of atmospheric deposition
(7 kg N ha=! yr!) plus N mineralization in the forest floor
(91.5 kg N ha™! yr!) and mineral subsoil (31.5 kg N
ha=! yr7!), for a total annual N supply rate of 130 kg N
ha~! yr=!. In comparison, removals or outputs of DIN from
the soil pool amounted to 107 kg N ha~! yr~! in net plant
uptake plus 14 kg N ha=! yr~! in microbial immobilization
during fresh litter decay, for a total annual N demand of
121 kg N ha=! yr~!. Thus, calibration of the N cycle model
with empirical data from watershed 6 at HBEF indicated
that annual DIN supply could exceed N demand by 9 kg N
ha=! yr=!. If this excess N was nitrified and subsequently
leached from the system, the watershed could exhibit an
annual stream water export of nitrate amounting to 9 kg N
ha~! yr=!. For perspective, the actual stream water exports
of nitrate-N at that watershed have ranged from <1 to >7 kg
N ha~! yr~! over the last 30 yr

With the N cycle model reasonably calibrated for baseline
conditions, it was possible to ask how N supply, demand, and
stream export might change if assumptions or input data
were changed to reflect the range of natural variations
observed in ecosystem properties and cycling rates. In order
to examine model sensitivity to these parameters, a literature
survey was conducted to determine the ranges of minimum
and maximum values reported for each variable in the model.
These parameters included N concentrations in plant tissues,
foliar resorption rates, N mineralization and immobilization
rates, plant NPP estimates, length of the growing season, and
root turnover rates.

Substitution of these data into sequential runs of the N
cycle model demonstrated that relatively small realistic

N Min soil (Max.)
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Fine Root %N (-20%)
Fine Root NPP (-20%)
% Resorption (+20%)
Foliar %N (-20%)
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Fig. 11.7 Results of a sensitivity analysis of the forest N cycle model.
Bars show predicted changes in excess soluble nitrate-N under condi-
tions where a specific forest N cycle parameter is changed to the mini-
mum or maximum value reported in the literature or is raised or lowered
by 20% compared to a base case. N excess in the base case scenario was
~9 kg ha~! yr~!. As an example, a 20% reduction in foliar NPP doubled
the N excess available for stream export to 17.5 kg ha™! yr~! (see above)

changes in individual parameters in the ecosystem N cycle
could potentially shift the input-output balance of the N
cycle, resulting in marked increases or decreases in the
excess nitrate-N available for export in stream water
(Fig. 11.7). For example, dropping the mean foliar N concen-
tration from 2.4% to 1.9% would lower the size of the plant
sink, thereby increasing the N available for stream export
from 9 kg N ha=! yr=! (base case) to >14 kg N ha=! yr~'.
Alternatively, an increase in foliar N to 2.9% would increase
the sink strength and would diminish potential N exports to
<3 kg N ha™! yr~!. In comparison, assuming that annual fine
root production was 20% higher or lower than the baseline
condition could potentially decrease predicted nitrate-N
exports to —25 kg N ha~! yr~! (with more root production and
alarger fine root N sink) or increase stream exports to 19.5 kg
N ha™! yr=! (with less root production). Results also illus-
trated that changes in assumed N mineralization rates and
length of the growing season can potentially exert large
influences on the ecosystem N balance and the amounts of N
available for export.

Applications of Biogeochemical Models

The literature contains a fascinating collection of ecological
and biogeochemical models spanning physiological, popula-
tion, community, ecosystem, landscape, and global scales of
resolution. In the section that follows, selected examples of
models are briefly summarized to illustrate a cross-section of
these research efforts.
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TREGRO: A Model to Simulate Plant Responses
to Interacting Stresses

The simulation model TREGRO was developed by Weinstein
et al. (1991) to analyze the response of red spruce trees to
multiple stresses such as drought, nutrient deficiency, and
exposure to pollutants. The intent of the model is to predict
patterns of growth and carbon allocation for individual trees
as a function of growing conditions. In the model, a tree is
divided into the following compartments: a canopy of coni-
fer needles grouped by age class, branch wood, stem wood,
and two root size classes (coarse and fine) in each of three
soil horizons. In each compartment, three carbon pools are
tracked by the model: living structure, dead structure or
wood, and total non-structural carbohydrates. During a sim-
ulation, TREGRO monitors plant carbon balance by (i) cal-
culating photosynthesis of an entire red spruce tree each
hour as a function of ambient environmental conditions and
the availability of light, water, and nutrients; (ii) allocating
daily redistribution of carbon throughout the plant; and (iii)
accounting for the loss of carbon via respiration and senes-
cence. To accomplish this task, the model tracks the flow of
CO, to the sites of fixation at the needles, the availability of
light in the canopy, supply of water and nutrient resources in
each of the soil horizons, and the amounts of these resources
absorbed by the tree. Soil and plant water potentials, photo-
synthesis, and leaf respiration are simulated in the model
each hour, whereas nutrient uptake, C allocation, and growth
are computed on a daily basis. Figure 11.8 illustrates the
sequence of events simulated during a daily time-step by
TREGRO.

Following its initial development, the TREGRO model
was used by Retzlaff et al. (1996) to examine the potential
effects of elevated atmospheric ozone concentrations on a
mature sugar maple tree. The authors reported that after
3 years of simulated exposure to twice ambient ozone con-
centrations, the 160 year old tree experienced a 14% reduc-
tion in carbon gain compared to unexposed trees (Fig. 11.9).
This simulated reduction occurred in the TNC (total non-
structural carbohydrate) storage pool of the simulated tree,
with the majority of the reduction located in the coarse
woody roots. A response such as this might be expected to
compromise the competitive ability and stress tolerance of a
tree growing in a forest community.

TEM: A Global Model of Net Primary
Productivity

Raich et al. (1991) designed a mechanistic terrestrial ecosys-
tem simulation model (TEM) that used spatially referenced
information on soils, vegetation, and climate to estimate pool
sizes and fluxes of C and N and monthly primary production
at continental to global spatial scales. Their objective was to
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Fig. 11.8 Conceptual diagram showing processes linked in the
TREGRO model
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Fig. 11.9 Seasonal patterns of coarse root TNC pools predicted by
TREGRO in a sugar maple tree growing with and without elevated
ozone exposure From Retzlaff, W.A., D.A. Weinstein, J.A. Laurence,
and B. Gollands. 1996. Simulated root dynamics of a 160-year-old
sugar maple (Acer saccharum Marsh) tree with and without ozone
exposure using the TREGRO model. Tree Physiology 16:915-921 by
permission of Oxford University Press

describe the spatial and temporal patterns of net primary pro-
ductivity in South America as a function of a limited set of
environmental variables. As shown in Fig. 11.10, the concep-
tual model for TEM was based on five state variables and a
number of transfer fluxes and ecosystem parameters associ-
ated with C and N pools in vegetation and soil. The authors
combined a highly aggregated and simplified model of plant/
soil processes affecting NPP with a grid-cell based GIS
model of environmental conditions and plant production.
Model predictions of NPP in each grid cell were driven by
calculations of gross primary productivity (GPP) based on
solar energy inputs, atmospheric CO,, moisture availability,
air temperature, nitrogen availability, and relative photosynthetic
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capacity of the vegetation. Monthly estimates of NPP were
then computed for each grid cell as GPP minus rough esti-
mates for autotrophic respiration.

Predictions from the TEM model were used to produce
GIS maps of potential annual NPP for South America and
monthly estimates of NPP for major vegetation cover types
in South America (Fig. 11.11). The authors reported that
their estimated annual NPP values were generally within the
range of values described by other authors for the major veg-
etation types in the region. The TEM estimate of total poten-
tial NPP for non-wetland areas of South America was 26.3
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"""""""""""" Litterfall
Nitrogen Nitrogen
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Mineralization

Available Soil
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Fig. 11.10 Conceptual diagram of the TEM simulation model From
Raich, J.W., E.B. Rastetter, J.M. Melillo, D.W. Kicklighter, P.A.
Steudler, B.J. Peterson, A.L. Grace, B. Moore, and C.J. Vorosmarty.
Potential net primary productivity in South America: application of a
global model. Ecological Applications 1:399-429. ©1991 by the
Ecological Society of America

Evergreen Forest

160
140
120 |
100 |
80 |
60 | _
40 ||
20 |

NPP g/m?/mo

J FMAMUJ J A S OND
Fig. 11.11 Estimated monthly NPP for two major cover types —
Evergreen Forest and Temperate Forest — In South America as pre-

dicted by TEM From Raich, J.W., E.B. Rastetter, J.M. Melillo, D.W.

Pg organic matter yr~!, compared with a range of 24.4 to 28.8
Pg yr~! reported by Box (1978) for all of South America.

The CENTURY Soil Organic Matter Model

The CENTURY model was developed by Parton et al. (1987)
to simulate carbon and nutrient dynamics over time scales of
months to millennia in a variety of ecosystems, including
native grasslands and agricultural lands. Modeling objectives
were to (i) simulate the effects of climatic gradients on soil
organic matter and productivity over large areas (in order to
predict the effects of climate change), and (ii) identify key
soil properties controlling SOM differences among soils
within a given climatic zone.

The CENTURY model is composed of a soil organic
matter/decomposition submodel, a water budget model, a
grassland/crop submodel, a forest production submodel, and
functions related to environmental changes and management
events. When calibrated for a study system, the model com-
putes the flow of carbon, nitrogen, phosphorus, and sulfur
through ecosystem compartments. The simulation model is
designed with a monthly time-step and requires the following
driving variables as input: monthly average maximum and
minimum air temperature, monthly precipitation, soil texture,
plant N, P, and S content, lignin content of plant material,
atmospheric and soil inputs of N, and initial soil C, N, P, and S.

AsshowninFig. 11.12, the SOM submodel in CENTURY
contains three soil organic matter fractions: (i) an active
fraction (active SOM) of soil C and N consisting of microbes,
microbial products, and soil organic matter with a short
turnover time (1-5 yr); (ii) a pool of C and N (slow SOM)
that is physically protected or occurs in chemical forms that
are slowly decomposed with an intermediate turnover time
(20—40 yr); and (iii) a fraction that is chemically recalcitrant
and often physically protected (passive SOM) with a long
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Kicklighter, P.A. Steudler, B.J. Peterson, A.L. Grace, B. Moore, and
C.J. Vorosmarty. Potential net primary productivity in South America:
application of a global model. Ecological Applications 1:399-429.
©1991 by the Ecological Society of America
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Fig.11.12 Flow diagram showing compartments and carbon flows in
the CENTURY model Republished with permission of the Soil Science
Society of America from Parton, W.J., D.S. Schimel, C.V. Cole, and
D.S. Ojima. 1987. Analysis of factors controlling soil organic matter
levels in grasslands. Soil Science Society of America J. 51:1173-1179.
Permission conveyed through the Copyright Clearance Center Inc.

turnover time (200-1500 yr). Plant residue composed of
shoot and root biomass is divided in the model into struc-
tural pools that have 1-5 yr turnover times and metabolic
pools that have 0.1 to 1 yr turnover times prior to transfer
into SOM pools.

PnET-BGC: An Integrated Biogeochemical
Model

The detailed long-term data set generated by investigators at
Hubbard Brook Experimental Forest, NH inspired the devel-
opment of three successive ecosystem modeling efforts —
PnET, PnET-BGC, and PnET-CN. In its original formulation,
PnET was designed as a generalized lumped-parameter
model to predict photosynthesis, evapotranspiration, and
NPP in forest ecosystems (Aber and Federer 1992).
Afterwards, Driscoll, Aber, and colleagues developed PnET-
BGC as an integrated biogeochemical model to evaluate the
effects of atmospheric deposition on forest and aquatic eco-
systems (Gbondo-Tugbawa et al. 2001, 2002). A subsequent
model, PnET-CN, was produced to predict cycling of carbon,
nitrogen, and water in temperate forest ecosystems (Thorn
et al. 2015).

In their version of PnET-BGC, Gbondo-Tugbawa et al.
(2002) included representations of major biogeochemical
processes that were assumed to influence watershed cycling
and export of sulfur derived from atmospheric deposition.
Atmospheric deposition was estimated from relationships

Forest, NH From Gbondo-Tugbawa, S.S., C.T. Driscoll, M.J. Mitchell,
J.D. Aber, and G.E. Likens. A model to simulate the response of a north-
ern hardwood forest ecosystem to changes in S deposition. Ecological
Applications 12:8-23. ©2002 by the Ecological Society of America

between known S emission patterns and bulk deposition, and
from observed ratios of dry to bulk deposition fluxes of
S. Small amounts of internal S release from weathering were
included, along with biotic cycling of S by plants and soil
microbes. Finally, a soil chemistry module was incorporated
to simulate chemical processes such as sulfate adsorption
and buffering of acidity.

When the authors compared simulated annual volume-
weighted concentrations of sulfate in stream water at
Hubbard Brook Experimental Forest with measured values
for the period 1964-1992, it was found that the PnET-BGC
model under-predicted actual stream concentrations by an
average of 9 pmol L' (Fig. 11.13). In an effort to account for
this discrepancy, the authors examined other possible sources
for S inputs to the watershed. Their analysis showed that
increasing estimated inputs from dry deposition, internal
weathering of a sulfur-bearing mineral, or net mineralization
of organic S contributed to improved model predictions that
were more consistent with observed stream chemistry.

Watershed Acidification Models

The ILWAS model was developed to predict changes in
surface water acidity and chemistry as a function of atmo-
spheric deposition inputs, hydrologic conditions, and a
suite of biogeochemical processes controlling alkalinity
production and consumption in lakes and their surrounding
watersheds (Gherini et al. 1985; Munson and Gherini
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1991). The model was configured to represent each water-
shed as a collection of subcatchments with specific vegeta-
tion, snowpack, and soil compartments. Drainage from
subcatchments within the overall watershed flowed into a
lake ecosystem that contained multiple layers in the water
column. Lake water chemistry was predicted as a function
of hydrologic flow routing in combination with detailed
relationships describing forest canopy processes, decompo
sition/mineralization patterns, soil chemical reactions,
mineral weathering processes, carbon dioxide equilibria,
and acid-base chemistry. After calibration, this determinis-
tic model was able to simulate a variety of dynamic ecosys-
tem indicators on a daily time-step, including the lake
outflow hydrograph, lake pH, and lake outlet alkalinity. An
alternative modeling approach for examining watershed
acidification was developed by Cosby et al. (1985, 2001),
who used the steady-state MAGIC model to simulate his-
torical and potential future stream runoff chemistry.

Nutrient Cycling Models

Boyer et al. (2006) reviewed and summarized a number
models focused on denitrification and N cycling in terrestrial
and aquatic ecosystems. DAYCENT is described as a daily
version of the CENTURY model that simulates contributions
from nitrification and denitrification to N gas fluxes from
soils. INCA is a mass balance simulation model for water
and N that quantifies plant uptake, nitrification, denitrifica-
tion, mineralization, and immobilization within specific land
use types and watershed subcatchments in order to predict
stream N exports. SPARROW is a hybrid statistical and
process-based model that estimates sources and transport of
N in watersheds and surface waters. Finally, Boyer and co-
authors described HSPF as a complex water quality simula-
tion model that operates on a daily time-step and includes
major processes related to N cycling in soils, shallow
groundwater, and aquatic systems.

Other modelers have addressed a range of questions in
forested watersheds. Karama et al. (2013) combined the
LANDIS-II landscape model of forest dynamics with an
extension module, NuCycling-Succession, which focuses
on the interactions of nutrient cycling and successional pro-
cesses in response to forest management practices and
global change. The core emphasis of the model was to sim-

ulate pools and fluxes of N, P, and C in forest ecosystems.
In a related study, Wang et al. (2014) used a multi-model
comparative approach to simulate the long-term effects of
harvesting on NPP and the cycling of C and N in aspen
forests. Five different models — Biome-BGC, CENTURY,
FORECAST, PnET-CN, and LANDIS-II — were compared
in their ability to simulate biogeochemical responses to
seven sequential forest harvesting events. At Harvard
Forest, MA, Tonitto et al. (2014) used a modified version of
PnET to simulate the effects of long-term N additions on
soil organic matter dynamics. Finally, Tipping et al. (2012)
designed the N14C model to simulate the biogeochemical
responses of plant-soil systems to anthropogenic N deposi-
tion. The model operates with four plant functional types
and includes a range of details on C and N cycling, NPP,
and SOM dynamics.

Models in Watershed Hydrology

Hydrologic models have been used extensively to inte-
grate current understanding and to identify gaps in our
knowledge of water relations and hydrological processes
in watershed ecosystems. Models of water relations and
evapotranspiration patterns in forest communities have
been reviewed by Whitehead and Hinckley (1991), and
include the basic Penman-Monteith model (Monieith
1965; Ershadi et al. 2015), the FOREST-BGC model
(Running and Coughlan 1988; Running et al. 1989;
Running and Gower 1991), and the PROSPER model
(Luxmore et al. 1978). Three examples of models focused
on watershed runoff and whole system water budgets
include: TEHM, the Terrestrial Ecosystem Hydrology
Model (Huff et al. 1977; Luxmore 1989), TOPMODEL
(Beven and Kirkby 1979; Wolock 1993), and BROOK
(Federer and Lash 1978). Building on those earlier stud-
ies, Beckers and Alila (2004) developed a hydrologic
model to predict rapid preferential hillslope runoff contri-
butions to peak flow generation in a temperate rain forest
watershed. Nippgen et al. (2015) designed the spatially-
distributed Watershed ECOHydrology model to examine
variations in runoff source areas over space and time.
Finally, Soulsby et al. (2015) used an isotopic mixing
model to investigate temporal variations in the ages of
water contributing to runoff.



Ecosystem Disturbance and Stress

Introduction

Ecosystems are influenced by a wide variety of persistent or
acute forcing factors (White 1979; Foster et al. 1997,
Groffman et al. 2004), including stochastic disturbances,
cyclic or chronic environmental stresses, and human man-
agement activities (Table 12.1). A disturbance can be
defined as an event that removes or damages organisms,
generates openings in a community, or abruptly alters envi-
ronmental conditions, leading to changes in ecosystem
structure or function. As an example, there was a major ice
storm across northern New England in 1998 that caused
major tree damage, opened canopy gaps, and introduced a
large pulse of coarse woody debris into forested watersheds
in the region. What kinds of broad ecological and biogeo-
chemical consequences would you expect from this type of
winter disturbance?

In comparison with an ecological disturbance, a stress
can be viewed as any biotic (e.g., pathogen) or abiotic (e.g.,
drought) constraint or influence that adversely affects critical
life processes for organisms. A winter time stress might
include an unusual period of severe subfreezing conditions
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or a mid-winter thaw that exceeds normal tolerances of cold-
adapted organisms. When ecosystems are exposed to distur-
bance events, stresses, or other forcing factors, there may be
dynamic changes in multiple interrelated processes and sys-
tem properties (Table 12.2). One of the exciting challenges
in biogeochemistry and ecology is to be able to predict eco-
system responses to diverse anthropogenic or natural forcing
factors. In the chapter that follows, selected examples are
presented to illustrate the varied nature of ecosystem distur-
bances, stresses, and biogeochemical responses.

Disturbance and Recovery in the Context
of Ecological Succession

When a forest ecosystem is disturbed by a windstorm, an
insect outbreak, logging, or other forcing factors, the biogeo-
chemical response of the system unfolds over multiple time
scales ranging from days to decades, all within the context of
ecological succession. Succession is a process that occurs
during the progressive sequential stages of maturation and
ecological development following disturbance (Fig. 12.1).
Succession is typically characterized by (i) changes in spe-
cies composition, (ii) changes in community structure, and
(iii) changes in ecosystem properties and functions. One
unusual example of ecological succession is observed in the
high elevations of New England, where subalpine balsam fir
forests exhibit repeating bands of mortality that have been
termed “fir waves”. The interior of a fir wave contains a for-
est structure dominated by dead mature balsam fir trees in
the overstory, coupled with an understory of vigorous bal-
sam fir regeneration (Fig. 12.2). In this curious example, the
dominant species does not change through succession, but
the forest community cycles through changing age classes
and stand structures that set the stage for altered nutrient
source-sink relationships and biogeochemical cycling.
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Table 12.1 Examples of disturbances, stresses, and management activ-
ities that may affect terrestrial ecosystems

Forest harvesting(logging) Atmospheric pollution

Windstorm Ice storm
Drought

Insect outbreak

Flooding
Herbicide/pesticide applications
Mass movements of sediments ~ Lava flows

Sludge or wastewater Fire (wildfire versus prescribed

applications burning)
Vegetation/land conversion Wetland drainage
Beaver impoundment Fertilization

Intensive grazing Human recreation

Urbanization Soil liming

Table 12.2 Examples of ecosystem parameters that respond to distur-
bance, stress, and human management

Atmospheric inputs Soil chemistry and fertility
Organic matter cycling

Plant nutrition and nutrient
circulation

Ecosystem nutrient cycling

Soil solution chemistry and
leaching

Microbial processes System hydrology
Surface water chemistry Erosion and sediment transport
Weathering Gaseous fluxes
Input-output budgets Biodiversity
Biotic composition and

structure

Biomass, productivity, and energy
flow

Fig.12.1 General conceptual
model of ecological
succession showing
ecosystem maturation moving
to the right and disturbance
shifting the forest system
toward the left

Early Pioneer Phase

Disturbance

Effects of Forest Harvesting on Watershed
Ecosystems

In previous chapters, we discussed how the plant community
serves an integral role in the energy flow and nutrient cycling
of a forested ecosystem. The growing plant community acts
as a nutrient pump, a nutrient sink or storehouse, and as a
powerhouse for energy production. What happens in biogeo-
chemical terms when the plant community is disturbed by
deforestation and harvesting? This question has been
addressed in a number of field experiments, with results
varying as a function of environmental, ecological, and treat-
ment conditions. To illustrate some of the potential ways in
which deforestation can disturb the biotic integrity and bio-
geochemical functions of a forested watershed, we can
examine results from an experimental clear-cut harvest con-
ducted at Hubbard Brook Experimental Forest, NH in the
1960s by Herb Bormann and Gene Likens (Bormann et al.
1974). This experimental treatment was executed using a
number of techniques that suited the experimental design cri-
teria of the investigators, but which differed considerably
from approaches used in conventional commercial logging
operations at the time.

The Hubbard Brook experimental clear-cut was imple-
mented in a mixed northern hardwood forest in central
New Hampshire, USA. Prior to the harvest, the experimen-
tal watershed (WS 2) was monitored and compared with a
reference watershed (WS 6) for a period of 2 years. In
1966, a winter harvest was conducted and all the woody

iy

Mid-successional Mature Phase

Successional Time Line Following Forest Initiation

—_—)

New disturbances
can set succession
back to an earlier
stage of forest
development
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boles and branches were left in place to minimize distur-
bance to the soil from skidding activity. For the next
3 years, vegetation re-growth was prevented on WS 2
using herbicide applications. In retrospect, the experimen-
tal disturbance was in some respects rather gentle (e.g.,
leaving the woody stems and branches in place) as well as
extreme (e.g., using herbicide to inhibit plant re-growth).

Fig.12.2 Fir waves (light gray patches on mountainside) represent one
of the mortality, disturbance, and successional patterns observed in
high-elevation subalpine conifer forests of northern New England

Biotic Impacts

The implicit null hypothesis for the experiment was that
there is no significant watershed impact from clear-cut
harvesting of the forest. So, what was the outcome of this
watershed manipulation experiment?

Biotic impacts were rather pronounced in the clear-cut
watershed (Fig. 12.3). The living plant community was
removed and re-growth was prevented, causing a virtual ces-
sation of plant uptake and the temporary elimination of a
major nutrient sink. In effect, plant uptake was absent from
the watershed for a period of 3 years. When herbicide treat-
ment was terminated at the end of 3 years, the ecosystem was
rapidly transformed into an early successional state charac-
terized by progressive increases in nutrient accumulation in
re-growing vegetation. In the aftermath of logging, soil
microbes responded to the fresh inputs of root and woody
detritus, the lack of plant competitors, and the altered forest
micro-climate with dramatic increases in rates of decompo-
sition and nitrogen mineralization. One of the major impacts
was a large increase in soil nitrification that occurred in
response to the experimental clear-cut.

With removal of the living forest plant community, there
was a pronounced re-adjustment in the water budget for
Watershed 2. Although precipitation inputs continued
unchanged, moisture outputs as ET dropped substantially
because of the lack of plant transpiration. As a consequence,

Removal of plant uptake
and plant nutrient sink

Increased microbial
mineralization

Shift in stream biota

Biogeochemical Impacts

{}

Physical Impacts

Increased decomposition

Increased nitrification

Clear-cut
Logging

Soil warming

Drier soil surface

Disturbance

Acidification
Nitrate + cation leaching

Stream fertilization

~~

Hydrologic Impacts

Increased erosion

Decrease in plant ET

Increased subsoil moisture

Increased stream runoff

Fig. 12.3 Summary of major ecological and biogeochemical responses to forest clear-cutting on Watershed 2 at Hubbard Brook Experimental

Forest, NH
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there was more water available for recharge of subsoil mois-
ture and for stream runoff. On average, ET declined by two-
thirds, whereas annual streamflow increased 26-40%. The
increase in stream discharge contributed to accelerated
export of nutrients and erosion of sediments from the water-
shed. In the absence of a forest overstory, the exposed soil
surface also experienced greater solar inputs and warming in
summer, thus enhancing rates of microbial decomposition.
In addition, subsurface soil moisture increased in the clear-
cut watershed.

Element cycling processes responded to the harvest dis-
turbance with a variety of striking patterns. The vigorous
increase in soil nitrification generated a prolonged pulse of
nitric acid leaching through soils and into the stream chan-
nel. This process depleted soil nitrogen, enhanced cation
leaching from soils, and contributed to soil and stream
acidification (with stream pH declining from 5.1 to 4.3).
Annual watershed export of nitrate-N rose from <10 to
nearly 600 kg ha~! in the first one to two years after the
harvest. There was also an intriguing decline in stream
water sulfate ion concentrations that probably resulted
from two principle factors: a decline in dry deposition to
the leafless watershed and increased soil sulfate adsorption
and retention resulting from soil acidification associated
with elevated nitrification rates. Overall, the large increases
in nutrient export from the watershed were interpreted as
evidence that plants play a major role in nutrient conserva-
tion in forested watersheds.

The Hubbard Brook clear-cut experiment also empha-
sized the strong linkages between aquatic and terrestrial eco-
systems. As noted earlier, changes in the terrestrial system
were accompanied by a variety of important aquatic impacts
such as acidification and nutrient loading to the stream drain-
ing Watershed 2. In addition, tree harvesting allowed
increased light penetration to the stream channel. In combi-
nation, these factors produced changes in element cycling,
energy flow, and food web composition in the stream.

Twenty Years of Recovery Following
Harvesting at Hubbard Brook Forest, NH

Reiners (1992) conducted periodic sampling campaigns to
quantify biomass and nutrient cycling patterns during the
first 20 yr of ecosystem recovery after deforestation of the
northern hardwoods forest in Watershed 2 at Hubbard Brook
Experimental Forest (HBEF). After two decades of vegeta-
tion regrowth, the successional forest at HBEF had achieved
a biomass of 52,000 kg ha~!, which was equivalent to 38% of
the biomass in the adjacent uncut reference forested water-
shed (WS 6). At that point in time, annual forest aboveg-
round net primary production was roughly 20,000 kg
ha=' yr!, implying that the rapidly growing forest in WS 2
was a substantial sink for nutrients. Nutrient accumulation

over the 20 yr period produced element pools in aboveg-
round biomass of 107 kg N ha™!, 16 kg P ha™!, 119 kg Ca
ha™!, and 81 kg K ha™!.

Effects of Wildfire and Prescribed Burning

Fires are a common natural disturbance feature in many for-
ested regions of the world, with burn recurrence intervals
ranging from a few years to several centuries (Franklin et al.
1987; Reich et al. 2001). Considering the potential landscape
impacts of fire disturbance, what kinds of ecosystem
responses would you expect to observe in burned forested
watersheds? How might plants, microbes, soils, nutrient
cycling, and hydrologic patterns be affected by a fire?

Wildfires

In the early 1970s, after a wildfire burned through a conifer
forest at Entiat, WA, Grier (1975) investigated the effects of
burning on nutrient losses resulting from volatilization and ash
convection. By comparing burned and unburned forest plots in
the study area in the immediate aftermath of the wildfire, the
author estimated that losses of soil and forest floor nutrients
amounted to roughly 900 kg N ha~!, 75 kg Ca ha™!, 30 kg Mg
ha~!, 300 kg K ha~!, and 700 kg Na ha~'. These losses from
volatilization and convection were estimated to represent the
following percentages of soil nutrient pools: 39% for N, 11%
for Ca, 15% for Mg, 35% for K, and 83% for Na. As such, this
example illustrated how an intense fire can significantly alter
soil storage reservoirs for several essential nutrients.

Other investigations have since confirmed that hot wild-
fires such as the one at Entiat, WA can indeed have large
impacts on selected nutrients. In a broad survey and meta-
analysis of data from burned ecosystems, Wan et al. (2001)
found that reduction in forest floor N is linearly related to
fuel consumption percentage. Thus, with more intense burn-
ing of the forest floor and higher fire temperatures, there is an
increased loss of stored N. Kurth et al. (2014) examined the
biogeochemical effects of stand-replacing wildfires in pon-
derosa pine (Pinus ponderosa) forests of the southwestern
U.S. Their evidence suggested that wildfires in ponderosa
pine stands can act as a “press” type of disturbance that trig-
gers a multi-decadal shift in N cycling characterized by high
nitrification rates and elevated N availability.

Prescribed Burning as a Management Practice

Prescribed burning is a fire management tool that is used to
lessen the potential for severe wildfire and to minimize
adverse ecological impacts from burning. Do results from
biogeochemical assessments of prescribed burns confirm
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Table 12.3 Comparison of soil N losses associated with wildfires (W)
and prescribed burning (P) in different regions

Study and location Nitrogen loss kg ha™!
W — Grier (1975), WA 885

P — Debano and Conrad (1978), CA 146

P — Richter et al. (1982), SC 40

P — Schoch and Binkley (1986), NC 0

P — Caldwell et al. (2002), CA 56-524

that these frequent low intensity fires actually minimize dis-
turbance impacts? Richter et al. (1982) examined prescribed
fires in loblolly pine (Pinus taeda) stands in South Carolina,
and reported limited adverse effects on soils and nutrient
cycling. Releases of N and S from the forest floor to the
atmosphere via volatilization and ash dispersal varied up to a
maximum of 40 kg N ha™' and 8 Kg S ha™'. In the same
study, releases of forest floor P, Ca, Mg, and K to the atmo-
sphere were small. Similar findings were reported by Schoch
and Binkley (1986), who examined the effects of prescribed
burning in North Carolina loblolly pine ecosystems and
found no significant reduction in N content of the forest
floor. They reported, however, that in the first growing sea-
son after a burn, the decomposition rate of the forest floor
increased more than two-fold, releasing 60 kg ha-! more
inorganic N than that observed in unburned plots.
Comparing results from the western U.S. with the south-
eastern U.S. (Table 12.3), we find that the evidence appears
more equivocal or incomplete regarding biogeochemical
responses to fire management practices. Caldwell et al.
(2002) reported that prescribed fires stimulate potentially
large losses of C and N from forest floors of semiarid pine
forests in the eastern Sierra Nevada Mountains. The authors
found that C losses ranged from 6000 to 24,000 kg C ha™!
and N losses ranged from 56 to 524 kg N ha~! (Table 12.3).
Compared with normal deposition and soil leaching rates in
these forests, the losses of N as a result of prescribed burning
were relatively large and significant. Debano and Conrad
(1978) also reported N losses in California forests that were
well above values from the Southeast. Thus, it would seem
that there is a need for further investigation of this topic.

Effects of Forest Fire Smoke on Radiative
Forcing

Another important ecological impact of fires is the contribu-
tion of soot and smoke to changes in air quality and regional
air chemistry. Hobbs et al. (1997) examined the effects of
smoke from biomass burning on atmospheric radiative forc-
ing in the tropics, where 80% of all burning takes place.
They found that the global mean direct radiative forcing due
to smoke from biomass burning worldwide is no more than

about —0.3 watt/m? of cooling, compared with +2.45 watts/
m? of warming due to anthropogenic greenhouse gases.
However, they concluded that smoke can exert a potentially
large cooling effect on regional climate in areas subjected to
enhanced burning associated with drought and human
activities.

Randerson et al. (2006) reported that a boreal forest fire in
Alaska generated an increase in radiative forcing during the
first year after burning, largely though emissions of green-
house gases and black carbon. However, when the authors
modeled the long-term impacts of burning over an 80-year
fire cycle, they concluded that, despite a short-term increase
in radiative forcing, there was a net long-term decrease in
radiative forcing as a result of increases in surface albedo of
the canopy.

Disturbance and Stress Resulting
from Chronic N Inputs to Forest Ecosystems

One of the major enigmas concerning N cycling is the phe-
nomenon of nitrogen saturation that has been observed in
forested watersheds in North America and northern Europe
(Aber et al. 1989). Nitrogen has historically been regarded as
one of the key nutrients limiting forest and crop productivity.
At lower levels of soil fertility, N amendments are expected
to stimulate increased productivity. However, higher levels
of N enrichment or chronic inputs of elevated N can poten-
tially destabilize and stress terrestrial ecosystems, creating a
condition of N saturation characterized by multiple adverse
changes in ecosystem structure and function (Nihlgard 1985;
Aber et al. 1989; Fenn et al. 1998). The impacts of N satura-
tion result from over-supply of N relative to the retention or
storage capacity of ecosystem sinks.

A primary indicator of N enrichment and saturation in
forested watersheds is the leaching of nitrate-N in soil drain-
age water and export of nitrate in stream water (Fig. 12.4),
especially during the growing season. These symptoms have
been described for watersheds in the Adirondack and Catskill
Mountains of New York (Cronan 1985a; Murdoch and
Stoddard 1993; Lovett et al. 2000), the White Mountains of
New Hampshire (Goodale et al. 2000), Lead Mountain in
Maine (Kahl et al. 1999), and at numerous other locations in
North America and northern Europe. Loss of NO;™ ions from
watersheds implies that forest N sinks have reached a thresh-
old of nitrogen saturation and that watersheds may be at
increased risk of soil cation depletion, stream acidification,
and other negative impacts associated with over-supply of N
(Driscoll et al. 2003).

Modern trends of accelerated N cycling and N enrich-
ment in the biosphere (Vitousek et al. 1997; Driscoll et al.
2003) have generated great interest in understanding for-
est ecosystem responses to chronic inputs of reactive N
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Fig.12.4 Conceptual
diagram showing common
symptoms of N saturation

(Galloway et al. 2003). Using a variety of experimental
approaches, investigators have attempted to determine the
N retention capacities of ecosystems, the major sinks
where added N inputs accumulate, and the ways in which
nutrient cycling and forest production are affected by N
enrichment.

At Harvard Forest, a team of investigators established a
field experiment to test the responses of a 70 yr old red pine
stand and a 50 yr old mixed hardwood forest to simulated
increases in chronic N deposition. Treatments included a
control @ 8 kg N ha™! yr~!, a low N amendment @ 50 kg N
ha=! yr!, and a high N treatment @ 150 kg N ha=! yr~!. In
summarizing results, Magill et al. (2000) reported that soil
leaching losses of NO;™ progressively increased over 9 yr in
treated pine stands, and eventually became significant after
8 years of chronic N additions in adjacent mixed hardwood
plots. Forest growth responses were inconsistent, with
increased wood production in the hardwood stand, but
diminished wood growth in the fertilized pine stand. Overall,
N retention was generally very high in all plots, ranging from
85% to 99% of annual inputs. Evidence suggested that 50 to
83% of retained N was stored in soil N pools.

Investigators implemented a paired catchment approach
at Bear Brook Watershed, ME to compare ecosystem
responses to chronic N inputs and soil acidification associ-
ated with experimental applications of ammonium sulfate
fertilizer (Kahl et al. 1993; Norton et al. 1999). After a period
of baseline monitoring in the East and West Bear Brook
watersheds, annual loading of N was artificially increased
four-fold in the treatment catchment from reference levels of
8.4 kg N ha™! yr™! to treatment levels of 33.6 kg N ha™' yr=".
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Fig.12.5 Bear Brook Watershed responses to N enrichment (data from
Norton et al. 1999). After N inputs increased, the treatment watershed
exhibited elevated concentrations of nitrate-N in stream runoff

By the third year after treatment, stream water nitrate con-
centrations in the treatment watershed had more than tripled
(Fig. 12.5), and N retention in the watershed had declined
from reference levels of 94-74% retention of annual N
inputs. These responses indicated that added inputs of N in
the experimental treatment had exceeded the watershed
capacity to retain N in various soil and biomass sinks.
Despite their impressive role as N sinks, forest ecosys-
tems tend to respond to N enrichment with increased N
exports in runoff, potentially accompanied by soil cation
depletion, stream acidification, and other adverse impacts
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associated with over-supply of N. One important conse-
quence of N deposition to forests is the acidification of soils
and the associated effects of this process on soil cation deple-
tion and mobilization of ionic aluminum (Lawrence et al.
1999; Fernandez et al. 2003). Soil acidification may be
further enhanced as declining soil C:N ratios promote
increased nitrification rates, resulting in additional proton
generation in the soil. As concentrations of nitrate ion
increase in acidic forest soils, there is an increased potential
for mobilization of soluble ionic AI** from soil minerals,
which can interfere with divalent cation uptake and root
growth (Cronan and Grigal 1995). At Harvard Forest, Aber
et al. (1995) reported decreased Mg:N and Ca:Al ratios and
declining tree growth and vigor in pine stands exposed to
chronic N additions. In studies at Fernow Experimental
Forest, WV, Gilliam et al. (1996) found that mixed hard-
woods exposed to 4 yr of experimental amendments of N and
S exhibited significantly lower tissue Ca concentrations
compared to controls. Both of these examples are consistent
with stress responses associated with soil acidification and
Al antagonism of nutrient cation uptake.

Given current rates of atmospheric deposition, many tem-
perate forests are gaining roughly 50-100 kg N ha™! in
aggrading biomass and soil organic matter each decade. As
such, an important question for the future is whether these
forests will respond to further N enrichment with growth
stimulation or inhibition. Although evidence from the litera-
ture is somewhat equivocal on this topic, several studies have
shown that forest growth is inhibited by chronically elevated
N additions, especially in evergreen species (McNulty et al.
1996; Aber et al. 1998; Magill et al. 2000). Where this
occurs, conditions of N saturation have the potential to
diminish the strength of the plant sink in forest ecosystems,
further de-stabilizing the N cycle.

Elevated N additions to forest ecosystems can potentially
change microbial decomposition, N mineralization, nitrifica-
tion, trace gas emissions, and N immobilization. Magill and
Aber (1998) examined decomposition of red pine and mixed
hardwoods litter for 6 yr at Harvard Forest, and reported that
masses of litter remaining and lignin content of litter were
significantly greater after 4 yr in N treated plots compared to
controls. Berg et al. (1998) examined long-term decomposi-
tion of litter and humus in an N-saturated Scots pine stand in
the Netherlands and found that enhanced atmospheric N
deposition aggravates carbon limitation for microbial degra-
dation processes. This contributes to strong reductions in
long-term decomposition rates and increased accumulations
of detrital C. Makipaa (1995) reported that 30 yr of cumula-
tive additions of 596-926 kg N ha™!' to Scots pine and
Norway spruce stands in Finland increased the carbon con-
tent of the humus layer by 14-87% and mineral soil by

15-167%. In contrast, Gundersen et al. (1998) compiled data
from five coniferous NITREX sites in Europe and reported
that forest floor mass decreased with increased N status of
sites. There is thus some variability in the responses of
organic matter cycles to N enrichment.

The fate of N additions to forest ecosystems is largely
determined by interactions among plant, microbial, and soil
organic matter N sinks. Investigators have shown that the
strength and temporal influence of these sinks can vary
somewhat among different study sites. Koopmans et al.
(1996) followed the fate of N added to N-saturated
Douglas-fir and Scots pine forest plots in the Netherlands,
and reported that up to 33% of the >N accumulated in tree
biomass and up to 65% of the isotope was retained in the
upper 70 cm of soil (with organic soil layers accounting for
60% of the total soil retention). Tietema et al. (1998) exam-
ined the fate of N added as ammonium and nitrate to
coniferous forests in the NITREX project. Up to 30% of the
added isotope was taken up by trees and as much as 15%
was retained in the mineral soil at all treatment levels.
Sjoberg and Persson (1998) studied the fate of NH,*
added to mor humus samples from N-poor and N-rich plots
in a Swedish Scots pine forest and concluded that the major
mechanisms of immobilization were microbial N assimila-
tion, followed by incorporation of nitrogen into soil organic
matter. Nadelhoffer et al. (1999) examined sinks for SN
additions to chronic N treatment plots at Harvard Forest
and reported that forest floors and soils were the dominant
sinks for N deposition. Mature trees accumulated <5% of
15N added to reference plots and 20 to 24% of >N added to
fertilized plots. In an old-growth temperate forest in south-
ern Chile, Perakis and Hedin (2001) used >N to demon-
strate that inputs of ammonium and nitrate are both retained
by rapid assimilation and turnover through microbial bio-
mass, and subsequent N transfer from microbial biomass
into plant and soil organic matter pools.

Although forests are currently experiencing N enrichment
in North America and Europe, a number of experiments have
examined how forests might respond to simulated reductions
in atmospheric N inputs. Gundersen et al. (1998) reported
that nitrate leaching at N-saturated NITREX sites decreased
almost to background levels after removal of N inputs with
deposition exclusion roofs. Johannisson et al. (1999) reported
that leaching of nitrate-N from a forest receiving annual
additions of 108 kg N ha! rapidly decreased when N addi-
tions were stopped. Quist et al. (1999) examined the revers-
ibility of N saturation in a 46-yr old Scots pine stand in
northern Sweden exposed to 2 decades of annual inputs of
108 kg N ha~!. After treatments were stopped, most of the
symptoms of N saturation were largely reversed within 7 yr
after the treatments ended.



158

12 Ecosystem Disturbance and Stress

Biogeochemical Implications of Rising
Atmospheric CO, and Climate Change

The global climate system provides a fascinating template
for thinking about biogeochemical feedbacks, especially
when we consider the potential influence of anthropogenic
CO, originating from combustion of fossil fuels and human
land clearing activities. During the industrial period since
1850, concentrations of the atmospheric greenhouse gas,
CO,, have increased over 40% from roughly 280 ppm to
roughly 400 ppm. How is the climate system responding to
this change and what are the potential implications of this
upturn in gaseous CO, for biogeochemical phenomena in
watershed ecosystems?

As a starting point for our assessment, we can examine
the fundamental interacting components of the climate sys-
tem that govern the thermal regime of the earth. To state the
obvious, the ultimate source of energy driving the climate
system is the sun; the flux of this solar irradiance reaching
the outer atmosphere varies as a function of sunspots, solar
flare activity, and fluctuations in the Earth’s orbit. In the
atmosphere and at the surface of the earth, a major factor
controlling the fate of solar inputs is the albedo or variable
reflectivity of atmospheric dust and aerosols, snow cover,
ice, open ocean water, contrasting land cover types, and
clouds. Albedo represents a negative forcing factor in the
global heat budget, offsetting the warming potential of solar
irradiance. A higher albedo promotes cooler conditions,
because more solar energy is reflected back into space. In
contrast, a low albedo implies less reflectivity and more
absorption of heat. Black carbon particles in the atmosphere,
exposed dark soil, and ice-free ocean water all have a low
albedo and tend to absorb solar radiation, thus contributing
to warming of the planet.

The influence of albedo is counter-balanced to varying
degrees by the presence of greenhouse gases (GHG) such as
CO,, N,O, water vapor, chlorofluorocarbons (CFCs) and
methane, which absorb infrared (IR) radiation that would
otherwise reflect or radiate from the earth back into space.
Human activities have had an especially strong modern influ-
ence on emissions of CO, and other anthropogenic GHG,
thus increasing the warming potential of the climate system.
With increased concentrations of these gases in the atmo-
sphere, more IR radiation is trapped and more net heat energy
is added to the dynamic climate system.

One potential positive feedback loop that accompanies
the warming influence of rising CO, is an increase in evapo-
transpiration, which produces higher levels of atmospheric
water vapor and associated warming by this greenhouse gas.
In contrast, absorption and storage of atmospheric CO, by
photosynthetic autotrophs or cool ocean water can slow the
warming that would otherwise be expected to accompany
rising emissions of this gas.

Clouds continue to be somewhat of an enigma in the
climate system in that they can represent positive or negative
forcing factors. Thinner clouds tend to contribute to warming
of the atmosphere and earth as a result of the IR-absorbing
behavior of water vapor. In contrast, thicker clouds contrib-
ute to albedo and act to cool the earth by reflecting incoming
solar radiation. Thus, depending on the nature of cloud
cover — whether thin and wispy or thick and cottony — the
heat balance in a given region can be tipped toward warmer
or cooler conditions.

Overall, evidence indicates that the earth is warming, and
the stage is set for potentially dramatic changes in global
weather patterns and climate. The rise in mean global tem-
perature since 1850, the onset of drought conditions in
Australia and the western U.S., the decrease in summer arc-
tic sea ice cover, the recession of alpine glaciers, and the
increased frequency and intensity of extreme weather events
are all consistent with a warming and more active global
climate system. How might these changes influence the bio-
geochemical patterns and processes we have discussed in
earlier chapters?

Building a Conceptual Framework

Think about the hypotheses you would propose in an effort
to build a conceptual framework for understanding the poten-
tial influences of global warming and climate change on bio-
geochemical patterns and processes. You might start by
working your way through different system components
such as soils, plants, microbes, and food webs, or perhaps
you might be more interested in thinking about integrative
concepts and processes such as disturbance or hydrologic
coupling. Before reading any further, take some time to gen-
erate your own thoughts about this intellectual challenge —
what are your predictions?

If we begin with soils, one might predict that some soils
will experience important changes in thermal regime and/or
moisture conditions, with possible implications for soil
organic matter turnover. For soils that experience warming
with adequate moisture, decomposition rates for surface lit-
ter and SOM may accelerate and this alone could lead to a
decrease in soil organic carbon storage pools. The unknowns
in this scenario are (i) to what degree is the soil heavy frac-
tion “protected” from enhanced decomposition in response
to warming; (ii) to what extent is modern nitrogen enrich-
ment of soils likely to stabilize SOM and to retard the stimu-
latory influence of warming; and (iii) are there compensating
inputs from biota that will offset carbon losses from acceler-
ated decay of litter and SOM?

In a warming scenario, some soils may experience more
soil freeze-thaw activity as insulating snow cover becomes
less massive or less common. Two potential impacts of this
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change could include a change in winter hydrology and flow
paths, and a microbial response involving increased cell
turnover or stimulation of carbon and nitrogen metabolism.
These processes could combine to generate a winter spike in
soil nitrate leaching from soils to adjacent streams. On the
other hand, we might simply observe a time shift in an exist-
ing phenomenon. Currently, winter snow melt in the north-
eastern U.S. generates a pulse of nitrate leaching derived
from snowpack and organic soil horizons. Conceivably, in a
future warming scenario with less winter snowpack and
more freeze-thaw activity, much of the vernal nitrate pulse
may be replaced by spikes of nitrate leaching during winter
precipitation and melting events.

How do we expect plants to respond to a climate change
scenario characterized by warming and possible changes in
moisture regime? For plants with access to adequate light,
water, and nutrients, we might postulate that rising concen-
trations of CO, will stimulate increased plant productivity.
Furthermore, we might expect plants to exhibit increased
water use efficiency in response to elevated CO,, and this
could mean that moderate regional decreases in precipita-
tion associated with climate change could be offset by the
productivity gains of plants that are able to use water more
efficiently. On the other hand, water stress may become
more common in some areas where warming is accompa-
nied by decreased precipitation during the growing season.
Plant allocation patterns may well change as CO,, nutrient,
and water resources de-couple or shift in response to cli-
mate changes. In a scenario where water or nutrients
become limiting, plants may allocate relatively more
growth to belowground root production, which could influ-
ence the source-sink behavior of SOM. If plants respond to
climate changes with altered competitive interactions and
progressive shifts in geographic ranges, the resulting dif-
ferences in community composition across the landscape
could potentially affect the stoichiometry or magnitude of
plant nutrient sinks, with implications for coupled pro-
cesses involving soil microbes, SOM turnover, and water-
shed exports of nutrients.

If we envision a future scenario of climate change that is
characterized by increased frequency and intensity of
extreme weather events such as hurricanes, droughts, ice
storms, or tornadoes, how might those changes translate into
biogeochemical responses? From a simple conceptual per-
spective, we would expect that these events will generate
disturbances of various magnitudes to the plant community,
the soil system, and watershed-level water and nutrient
cycles. Damage to the plant community will open a “window
of opportunity” for short-term nutrient and sediment exports
to streams, rivers, and even coastal waters. As a result, an

increase in extreme weather events may create pulses of soil
erosion and downstream nutrient export that may have cumu-
lative measurable effects on the source watersheds and
downstream receptors. At the same time, these disturbances
will likely generate a pulse of woody detrital inputs to soils
that may enhance SOM pools. In addition, in the aftermath
of the disturbances, gaps in the forest landscape will be colo-
nized by young successional vegetation that will act as a
strong nutrient sink that minimizes the chances of further
nutrient exports.

What about other possible interactions involving climate
change and disturbance processes such as wildfire, insect
outbreaks, and forest harvesting? One possible synergy that
could occur in the future is that regional warming and dry-
ing could generate sufficient plant stress that trees become
more susceptible to insect pest outbreaks. These combined
stresses could increase tree mortality and fuel loads, and
this could set the stage for new wildfire disturbances, with
associated impacts on successional status, soil nutrients,
and runoff chemistry. What we do not know is whether this
type of scenario will contribute to expansion of the overall
area subject to recurring wildfires, or whether we can
expect a geographic shift in the locations of frequent wild
fire disturbances.

How will wetland ecosystems respond to climate changes
and how will these effects translate into biogeochemical
impacts? Warming and loss of permafrost in boreal wetlands
could stimulate emissions of CO, and methane from below-
ground stored carbon pools, producing a positive forcing
effect on global warming processes. Yet, if warming is
accompanied by increased evapotranspiration and decompo-
sition in wetlands, the decline in soil waterlogging and
increase in nutrient supply may promote increased plant pro-
ductivity and carbon capture that offset some of the impacts
of greenhouse gas release from peat and SOM. If water table
recession is substantial in a warmer or drier future scenario,
enhanced decomposition in wetland soils and peats may be
accompanied by acidification processes (as S and N are oxi-
dized) that contribute to surface water acidification.

The Rest of the Journey

In closing this final chapter, we have reached both an end and
a beginning. Hopefully, you are now poised to begin a much
more detail exploration of the amazing interrelationships and
intriguing mysteries in this interdisciplinary field of science.
May your path lead you to important new discoveries and
insights regarding biogeochemical patterns and processes in
the biosphere.
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Epilogue

Biogeochemical processes are part of an amazing complex
adaptive system in the biosphere that is characterized by diverse
interconnections and feedbacks, coupled with remarkable
emergent patterns and properties expressed in the form of bio-
logical and ecological diversity, ecosystem services, and
human creativity and culture. At present, the biosphere and its
inhabitants represent a system in transition. We are in a time of
dynamic changes and adjustments in the world economy, in the
social fabric of human cultures, and in the interconnected life
systems of the biosphere. Arctic summer sea ice expanse has
reached another historic minimum, greenhouse gas emissions
from human activities are ever increasing, biodiversity is at risk
from multiple stresses, water tables are declining in many
regions, and the evidence of biogeochemical imbalances and
disturbances is apparent across the globe. In a human popula-
tion that has grown to over 7 billion persons, we have the seeds
of a future teetering on the edge of disaster, famine, and stress,
but we also have a rising wave of incredible human creative
energy and intellectual capital. Both fear and hope seem to be
in constant struggle in the minds and lives of many.

© Springer International Publishing AG 2018

So, what are the options? Is it reasonable to think that
human knowledge, ingenuity, compassion, and cooperation
can provide a means of confronting and overcoming these
global challenges? Certainly, it is reasonable, but is it likely?
Perhaps one meaningful way to answer this question is to say
that solutions to these challenges will be more likely to arise
if we can forge a shared vision based on sustainable princi-
ples and actions. The challenge then becomes one of defin-
ing a working approach by which human society makes
more efficient use of resources, reduces consumption, mini-
mizes the human footprint of development and waste genera-
tion, and embraces a sea change in the current rules of the
marketplace.

By some means, we must articulate and implement a
vision of stewardship, human development, and global com-
merce that measures up to the standards of sustainability.
This is the global challenge we face — to transform knowl-
edge into wisdom and wisdom into sustainable decisions and
actions that support and maintain the creative potential and
health of human civilization and the entire biosphere.
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Problem Sets

Sample Problems in General Chemistry

1.

A rock sample contains 15% Al,O; by weight. What is the
concentration of Al in mg kg='?

A leaf contains 2.0% nitrogen on a dry weight basis. What
is the N concentration in ppm (parts per million)? If the
fresh leaf contains 75% water, what is the N concentration
on a fresh weight or wet weight basis?

How do you prepare a 5 x 10~ M solution of phosphate
using KH,PO,?

What is the H* ion activity in moles L~! of a water sample
at pH 4.73?

. What is the pH of a water sample containing 0.000165

moles H* L~!?

What mass of NaOH would be required to neutralize

3000 L of pH 4.5 rainwater?

The isotopic ratio 8Sr/*Sr for an ocean water standard is

0.70923

(a) If the ¥Sr/*Sr ratio for atmospheric aerosols in
New York is 0.70931, what is the delta value (& *Sr)
of this sample permil relative to the ocean standard?

(b) If the ¥Sr/36Sr ratio for feldspar minerals in New York
is 0.70516, what is the delta value (& ¥’Sr) of this
sample permil relative to the ocean standard?

Rain begins to fall from an air mass whose initial 80

value is —9.0%o; the fractionation factor (o jguig-vapor) 15

1.0092 at the condensation temperature.

(a) Apply the Raleigh Distillation Equation to compute
the isotopic composition of the air mass after 60% of
the water vapor has recondensed. Express your
answer as 5'%0.

(b) Compute the isotopic composition of the resulting
rainwater as a value of §'%0.

Sample Problems in Soil Chemistry

0.

You have a mineral soil with a moisture content of 50%
and a bulk density of 1.5 g cm™. You want to determine
the concentrations of exchangeable cations and the per-
cent base saturation. You extract 5.0 g of field-moist soil
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with 100 ml of 1 M NH,CI and a separate 5.0 g of soil
with 100 ml of 2 M KCI. You centrifuge and filter the
supernatants of each soil extraction and use an AAS
instrument to estimate the following concentrations of
cations in each supernatant:

Cation Concentration in Extract, mg L™
H* 0.25

AP+ 22,5

Ca® 5.0

Mg* 0.30

K* 0.78

Na* 0.06

(a) What are the exchangeable cation concentrations in
cmol(+) kg=!?

(b) What is the effective cation exchange capacity (CEC)?
[Effective CEC = sum of all exchangeable cations at

field pH]

(c) What is the percent base saturation (% B.S.) for the
soil?

(d) What is the pool of exchangeable Ca in the uppermost
20 cm of this soil (expressed in moles (+) ha™!)?

10. For the soil in the previous problem, it is known from

laboratory titration that this soil has a pH of 4.5 at 10%
base saturation and a pH of 5.5 at 40% base saturation.
How much limestone (CaCO;) would theoretically be
required to increase the base saturation from 10% to
40% in the uppermost 20 cm of soil?

Sample Problems in Atmospheric Deposition

11. The precipitation sample shown below was collected on

a mountain in New England and was rushed to the labo-
ratory for immediate analysis. How would the chemistry
and pH change if nitrification by microbial contaminants
occurred in the water sample prior to analysis and all of
the NH,* was nitrified? The ion concentrations are
expressed in pmol L=". Indicate final pH and concentra-
tions of ammonium and nitrate.
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H,0O pH Ca Mg NH;t SO NO;
(cm)

Rain Sample 2 410 11 5 22 98 25

12.

Listed below are data for monthly mean precipitation
amounts and sulfate ion concentrations at one location
in the southeastern United States.

Month Precipitation (cm) Sulfate (mg L")
1 31.8 3.5
2 18.7 3.9
3 38.7 34
4 23.4 3.8
5 19.5 2.9
6 5.1 3.2
7 2.9 3.0
8 2.1 2.4
9 4.6 2.6
10 1.8 3.2
11 9.8 2.7
12 20.4 3.0

(a) Compare the unweighted and volume-weighted
annual mean sulfate concentrations.

(b) Calculate the annual wet deposition of sulfate (SO,>7)
in mol, ha™! yr~! and sulfate-S in kg S ha=! yr=\

(c) If the mean annual volume-weighted pH of precipita-
tion is 4.3 at this site, what is the approximate annual
H* ion deposition in mol, ha=! yr=!?

Sa

13.

mple Problem in Hydrology

Visit the Water Resources of Maine website at http://
me.water.usgs.gov and use the data base to survey
hydrologic runoff records for the Aroostook River at
Masardis (site number 01015800). You can use this
USGS data base to find all kinds of historical and real-
time data for streamflow conditions. I have previously
asked students to find specific peak flow records in the
online data base, but the USGS keeps changing the site
and updating the runoff numbers, which means that the
problem answer keeps changing to match changes in the
data base. As a result, I am providing the runoff value
below that is required to answer the problem.

(a) During the period 1978-1998, the highest daily runoff
flow occurred on 4/19/83 and reached a value of
23,100 cfs. For this watershed, the drainage area is
892 square miles. Express that peak flow in the fol-
lowing two different units: cubic meters per second
(m%s), and cm of flow per day from the drainage
basin. The last term expresses peak flow on a unit area
basis similar to the measurement of precipitation
inputs (e.g., so many cm of rainfall per 24-h day).
Retrieve the daily mean discharge data for the same
river site during the period September 1, 1999 to

(b)

September 30, 1999. Prepare a flow duration or
exceedence graph for the September data using a
log scale on the y-axis labeled Daily Runoff (cfs)
and an arithmetic scale on the x-axis labeled
Frequency of Runoff this High.

14

15

16.

Sample Problems in Mineral Weathering

. You have been hired to analyze data from a U.S. Forest

Service watershed to determine the relative contribu-
tions of atmospheric deposition and weathering to
stream cation exports. A previous vegetation study indi-
cated that net annual biomass increment in the water-
shed is 1000 kg dry matter ha~! yr~! with mean weighted
cation concentrations for the biomass increment of 0.5%
Ca, 0.5% Mg, and 1.0% K (with no detectable Na). The
hydrologic budget shows 100 cm of precipitation, 40 cm
of evapotranspiration, and 60 cm of stream runoff.
Estimate weathering in mol, ha™! yr=! for each of the
four major cations; show your work and state your
assumptions.

Ca Mg K Na
Precipitation Chemistry
Weighted mean, mg L' 0.20 0.06 0.20 0.12
Stream Chemistry
Weighted mean, mg L' 2.00 030 0.78 1.15

. Most experimental studies of weathering indicate that

dissolution of feldspars increases as a function of solu-
tion acidity. Which solution would produce a faster ini-
tial rate of weathering: a solution of an organic acid such
as fulvic acid at pH 4.85 or an aqueous solution of car-
bonic acid in equilibrium with a pCO, of 1.5%? Show
your work and explain your answer.

How much acid neutralizing capacity (ANC) is released
during the weathering of 15.0 g of anorthite, a calcium
feldspar (as illustrated below)? Show your computa-
tional steps, your ANC expression, and present your
answer in mmol..

CaAlSi,0, +2H,CO, + H,0
— Ca® +2HCO, ™ +AL,Si,0, (OH),

17.

Sample Problems in Element Cycling
and Aqueous Chemistry

A forest calcium budget shows an annual Ca uptake by
plants of 56 kg ha~!. Focusing only on Ca and assuming
that Ca”* uptake is coupled with proton release from the
plant root to the soil rhizosphere, what is the potential
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18.

19.

H* ion release associated with the annual uptake of Ca?
Show your work and express your answer in mol,
ha=! yr~'. How does this estimate compare with the aver-
age annual atmospheric wet deposition of H* ion in New
England (assuming mean pH = 4.3 and annual
precipitation = 100 cm)?

Consider a watershed where the weighted annual mean
concentration of chloride ion in precipitation is
25 pmol(—) L', the average annual stream runoff is
65% of precipitation inputs, and water storage is stable
(i.e., steady-state on an annual basis). If you assume that
chloride moves ‘“conservatively” through the system
without enrichment or depletion of mass (from uptake,
mineralization, adsorption, or weathering), what is the
final weighted annual mean concentration of CI~ ion in
stream water?

Consider a forest with an annual N uptake of 50 kg N
ha=! yr7', rainfall equivalent to 100 c¢m, and transpira-
tion equivalent to 25% of rainfall. If we assumed that the
forest acquires all of its N via passive bulk flow of tran-
spirational water, what concentration of N in the soil
water (as dissolved inorganic N) is necessary to allow
the forest to take up 50 kg N ha™! yr='? Express your
answer as the solution concentration of inorganic N in
mg L~!. [Note that concentrations of inorganic N in field
soil solutions are commonly <10% of the mean value
you have calculated; this suggests that plants must use
energy-dependent active uptake to meet their N demand].

Sample Problems in Organic Matter Cycling

20.

21.

Data are presented below indicating the chemical com-
position of fresh leaf litter from three northern tree
species. Use the data to predict which litter substrate
would decay fastest. Rank the species from highest to
lowest in order of their expected rates of decay. Show
your logic or computations, and indicate the literature
reference(s) upon which your rationale is based.

Species %N %Ca %K %Lignin
A 1.6 0.05 0.12 120
B 1.6 0.07 0.18 16.0
C 24 0.10 0.22 18.0

What is the estimated annual CO, release from micro-
bial decomposition of organic matter in the forest floor
(O horizon) of an ecosystem under the following condi-
tions? State any assumptions and express CO, release in
gCO, m2 yr!

* The forest floor is assumed to be in steady-state
 Forest floor mass is 50,000 kg organic matter ha™'

22.

e Annual inputs of detritus to the forest floor from

litterfall + root mortaility

+ throughfall DOM = 2500 kg organic matter ha=' yr~!
Does leaf decay generate acidity or alkalinity? Consider
a gram of decaying leaf with the composition shown
below. Estimate the net ANC production that will likely
result from complete microbial mineralization of this
leaf with an initial mass of 1.0 g. Show three possible
outcomes for this decomposition process based on the
following assumptions: (1) assume that all of the N is
only subject to ammonification, (2) assume that all of
the N is subject to ammonification followed by 100%
nitrification, and (3) assume all of the mineralized N is
ultimately denitrified to dinitrogen, N,. Remember to
consider the other elements as well.

Foliar concentrations (shown below) in parts per thousand in

Carbon = 480
Calcium = 8

a leaf weighing 1.0 g

Sulfur =2
Magnesium = 1

Nitrogen = 7
Potassium = 4

Sample Problems on Element Budgets

23. Use the data below to estimate how much calcium is
exported from this watershed in a 1-year time period.
Express your answer in moles of charge (mol. yr') and
indicate any assumptions you made. (note that cfs = cubic
feet per second)

Month Mean daily flow Mean Daily Ca concentration

(cfs) mg L'

J 1000 3

IEi 1500 3

M 1200 3

A 4000 2

M 6000 2

J 3000 3

J 500 5

A 500 6
S 2000 3
o 4000 3

N 7000 2

D 1000 2

24. Consider a forest soil where the subsurface pool of soil

organic matter contains 150,000 kg C ha~! and decays at
an annual rate of 0.5% yr~!. What is the mean residence
time of this carbon pool and how much carbon as root
detritus and DOM must be transferred into this pool
each year (in units of g C m™2 yr~!) to maintain it at
steady-state? How does this estimate compare with
reported values of fine root biomass and turnover?
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Sample Problems in General Chemistry

1. A rock sample contains 15% Al,O; by weight. What is

the concentration of Al in mg kg~='?
Answer:

Formula Weight of ALO; =2 x27)+(3x16)=102 ¢

Aluminum represents 54/102 or 52.9% of the formula
weight

The rock sample contains 15 g Al,O; per 100 g of total rock

The aluminum content equals 52.9% of the ALO; or
0.529 x 15 gAlL,O;=7.935¢

Thus, the rock contains 7.935 g Al per 100 g rock

Multiply numerator and denominator by 10 to scale up to
akg

This gives 79.35 g Al per 1000 g rock

Multiply the numerator by 1000 mg per g to get (79.35 g
Al/ kg rock) x (1000 mg/g)

This yields 79,350 mg Al kg~' rock

. A leaf contains 2.0% nitrogen on a dry weight basis.

What is the N concentration in ppm (parts per million)? If

the fresh leaf contains 75% water, what is the N concen-

tration on a fresh weight or wet weight basis?
Answer:

2% N =2 mg N per 100 mg dry leaf

1 ppm = 1 mg per 1000,000 mg, so we must multiply by
10,000 to get the nitrogen mass associated with one
million mg of dry leaf material

Multiply (2 mg N/ 100 mg dry leaf) x 10*/10*=20,000 mg
N /1000,000 mg dry leaf

This is equivalent to 20,000 ppm N

On a fresh weight basis with 75% water, you have 1 part
dry mass per 4 parts total mass

20,000 ppm N x (1 part dry mass / 4 parts dry
mass + water) = 5000 ppm N

Answer:

The formula weight for this
39+2+31+64=136¢g

The final concentration is 0.005 M

0.005 M x 136 g / mole = 0.68 g KH,PO,

compound is

. What is the H* ion activity in moles L~' of a water sample

at pH 4.73?
Answer:

Since pH is the negative log of hydrogen ion activity, to
compute molar H* ion activity from pH, take the value
of 107" or 1073, which equals 1.86 x 105 M L!

. What is the pH of a water sample containing 0.000165

moles H* L~1?
Answer:

pH = —log(0.000165) = 3.78

. What mass of NaOH would be required to neutralize

3000 L of pH 4.5 rainwater?
Answer:

Rainwater acidity = 107" = 10~*5 = 0.0000316 moles
H* L-!

3000 L x 0.0000316 moles H* L~ = 0.0948 moles H*

This must be balanced by an equivalent amount of NaOH
(formula weight = 40 g)

0.0948 mole NaOH x 40 g / mole NaOH = 3.79 g NaOH
to neutralize acidity

. The isotopic ratio ¥Sr/**Sr for an ocean water standard is

0.70923
(a) If the ¥Sr/*Sr ratio for atmospheric aerosols in
New York is 0.70931, what is the delta value (8 *’Sr)
of this sample permil relative to the ocean standard?
Answer:

&= ((lisample - Rstandard ) / Rstandam ) *1000

3. How do you prepare a 5 x 10~ M solution of phosphate

=[(0.70931-0.70923) /0.70923 |x 1000 = +0.1128%
using KH,PO,?
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(b) If the %Sr/%Sr ratio for feldspar minerals in
New York is 0.70516, what is the delta value (&
87Sr) of this sample permil relative to the ocean
standard?

Answer:

[(0.70516-0.70923)/0.70923 | x 1000 = —5.7386%

8. Rain begins to fall from an air mass whose initial 50
value is —9.0%o; the fractionation factor (ot jquig-vapor) 1S
1.0092 at the condensation temperature.

(a) Apply the Raleigh Distillation Equation to compute
the isotopic composition of the air mass after 60% of
the water vapor has recondensed. Express your
answer as §'%0.

Answer:

5180'

airmass

=[(8"0,)+1000 ] 7" ~1000

1.0092-1)

=[(~9.0%)+1000]x (0.4)"**" ~ 1000
— —8.92445+991.60556 — 1000
= —17.32%0

(b) Compute the isotopic composition of the resulting rain-
water as a value of §'%0.
Answer:

5"0 e =2 (8'°0,,,, +1000)~1000
=1.0092(~17.32%0 +1000) 1000
= —17.48%0 +1009.2 — 1000

=—8.28%o

Sample Problems in Soil Chemistry

9. You have a mineral soil with a moisture content of 50%
and a bulk density of 1.5 g cm™. You want to determine
the concentrations of exchangeable cations and the per-
cent base saturation. You extract 5.0 g of field-moist soil
with 100 ml of 1 M NH,CI and a separate 5.0 g of soil
with 100 ml of 2 M KCI. You centrifuge and filter the
supernatants of each soil extraction and use an AAS
instrument to estimate the following concentrations of
cations in each supernatant:

Cation Concentration in Extract, mg L~!
H* 0.25

AP 22.5

Ca? 5.0

Mg?* 0.30

K* 0.78

Na* 0.06

(a) What are the exchangeable cation concentrations in

cmol(+) kg1?

Answer:

The general principle is that you must convert extract

concentrations to centimoles of ionic charge and then

transform this value to cmol, per kg of dry soil. If a

mol, of AI** has a mass of 9.0 g (based on a formula

weight of 27 g/ valence of 3*), then a cmol, of AI** has

1/100th of that mass or 0.09 g or 90 mg. In the example

above, you extract 5.0 g of moist soil that has 50%

moisture content, so you actually have 2.5 g dry soil.

You are extracting the soil in 100 ml of salt solution,

which is one-tenth of a liter. This means that the abso-

lute value of extracted cation in the 100 ml volume is

10% of the extract concentration listed above in mg

L

Let’s look at an example for Ca** from the list of
extracted cations.

Convert the supernatant extract concentration to
cmol, L!

5mg Ca?* L' x 1 cmol, / 200 mg Ca** = 0.025 cmol.
Ca2+ L—l

Scale the ion concentration in the 100 ml extract to a
concentration per mass of dry soil

0.025 cmol, Ca?** L~! x (0.1 L extract volume / 2.5 g
dry soil) = 0.0025 cmol,. / 2.5 g dry soil

Then, scale to 1 kg dry soil

(0.0025 cmol,. / 2.5 g dry soil) x (1000 g / kg) = 1.0 cmol,
Ca* kg~! dry soil

Using that approach, the exchangeable cation con-

centrations in cmol(+) kg=! are as follows:

H' =1,AI’" =10.0,Ca*" =1.0,Mg**
=0.1,K* =0.08,andNa* = 0.008.

(b) What is the effective cation exchange capacity
(CEC)?
[Effective CEC = sum of all exchangeable cations at
field pH]
Answer:

Effective CEC = sum of exchangeable H" + Al’* +Ca**
+Mg* + K* + Na*
=1+10+1+0.1+0.08 +0.008 = 12.19cmol (+) kg™

(c) What is the percent base saturation (% B.S.) for the
soil?
Answer:
The percent base saturation equals the sum of base
forming cations as a percentage of the CEC.

Sum of Exchangeable Ca + Mg +K + Na)
CEC
=(1.188/12.19)x 100 = 9.74%

%B.S. = ( x100
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(d) What is the pool of exchangeable Ca in the uppermost
20 cm of this soil (expressed in moles (+) ha™!)?
Answer:

The volume of soil per square meter = 20 cm depth x
10*cm? m™2=2 x 10° cm® m~2

Multiply by soil bulk density to get 1.5 g cm™ x 2 x
10°cm* m2=3x10°gm™

Divide by 1000 to convert soil mass to kg
basis = 300 kg soil m™

Given a soil exchangeable concentration of 1.0 cmol,
Ca?* kg~! dry soil, compute the following:

Exchangeable Ca** = 1.0 cmol, Ca?* kg=! x 300 kg
soil m~? = 300 cmol, Ca** m™2

Convert to moles: 300 cmol, Ca** m~? x (1 mol, Ca**
/ 100 cmol, Ca*) = 3 mol, Ca** m~>

Scale to one hectare, where 1 ha = 10* m?

3 mol, Ca*>* m~2 x 10* m? ha~' = 30,000 moles(+)
ha~!

10. For the soil in the previous problem, it is known from
laboratory titration that this soil has a pH of 4.5 at 10%
base saturation and a pH of 5.5 at 40% base saturation.
How much limestone (CaCO;) would theoretically be
required to increase the base saturation from 10% to
40% in the uppermost 20 cm of soil?

Answer:

From earlier steps, we know that CEC = 12.2 cmol,
kg~!, exchangeable Ca** = 1.0 cmol, kg~!, and the
exchangeable pool of Ca*" in the upper 20 cm of
soil = 30,000 mol, ha™!

Compute the CEC per hectare as follows:

(12.2 cmol, CEC kg~' / 1.0 cmol, Ca* kg~') x 30,000
mol, Ca** ha™' = 366,000 mol, CEC ha™!

10% base saturation = 0.10 x 366,000 mol, CEC
ha=' = 36,600 mol, ha™!

40% base saturation = 0.40 x 366,000 mol, CEC
ha~! = 146,400 mol, ha™!

To increase the base saturation from 10% to 40%
requires the addition of exchangeable bases equal
to:

146,400-36,600 = 109,800 mol, ha™!

One mol, of CaCO; = formula weight / valence of
2*=100 g /2 =50 g=0.050 kg

(0.05 kg CaCO5/mol,) x (109,800 mol../ ha) = 5490 kg
CaCO; per hectare

Sample Problems in Atmospheric Deposition

11. The precipitation sample shown below was collected on
a mountain in New England and was rushed to the labo-
ratory for immediate analysis. How would the chemistry
and pH change if nitrification by microbial contaminants
occurred in the water sample prior to analysis and all of
the NH,* was nitrified? The ion concentrations are

expressed in pmol L. Indicate final pH and concentra-
tions of ammonium and nitrate.

H,0 pH Ca Mg NHS SO NO;,
(cm)

Rain Sample 2 410 11 5 22 98 25

Answer:

Use a basic equation for nitrification as follows: NH," + 20,
- NO;~ + H,O + 2H*

Substitute in the stoichiometric values shown above for the
rain sample

22NH,* + 440, = 22NO;5~ + 22H,0 + 44H*

Final NH,* = 0 pmol L'

Final NO;~ =25 + 22 =47 pmol L™

Initial H+ = 10! = 0.000079 M L~! =79 pmol L

Final H* =79 + 44 = 123 pmol L=' = 0.000123 M L!

pH = — log [0.000123] = 3.91

12. Listed below are data for monthly mean precipitation
amounts and sulfate ion concentrations at one location

in

Month

—_ =
—_— O O 00 3N Lt AW~

—_
[\

()

(b)

the southeastern United States.
Precipitation (cm) Sulfate (mg L")
31.8 3.5
18.7 3.9
38.7 3.4
23.4 3.8
19.5 2.9
5.1 3.2
2.9 3.0
2.1 2.4
4.6 2.6
1.8 3.2
9.8 2.7
20.4 3.0

Compare the unweighted and volume-weighted

annual mean sulfate concentrations.

Answer:

The unweighted mean concentration is the sum of the
12 monthly sulfate values divided by 12.

=3.13mg SO, L!

The volume-weighted mean is calculated by weighting
each monthly sulfate concentration by the monthly
precipitation value in cm, using the following
relationship:

X (concentration; x cm of precipitation;) / £ cm of
precipitation = 3.34 mg SO,* L!

Calculate the annual wet deposition of sulfate (SO4*7)

in mol, ha™! yr~! and sulfate-S in kg S ha™! yr=.

Answer:

334 mg L' x 178.8 cm x (10* cm? / m?) x (I L/
103 cm?) x (10* m?/ ha) x (1 kg / 10° mg)

=59.7 kg SO,*~ ha™!
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Convert to moles. = 59.7 kg SO,>~ ha™! x (1 mol, /
0.048 kg SO,*") = 1244 mol, SO,*~ ha™!

Sulfate-S deposition = 59.7 kg SO, ha! x (32 g S/
96 g SO,) = 19.9 kg S ha™!

Here is a shortcut for step 1

You can make a 10° jump from mg L' to kg ha' or
from pmol, L~! to mol, ha=' with the following:

(annual weighted concentration) x (annual precipita-
tion) / 10

e.g., 3.34 mg SO,>~ L' x 178.8 cm / 10 = 59.7 kg
SO, ha™!

[Note that the units do not carry through in the com-
putation above, so you have to know the final
units]

(c) If the mean annual volume-weighted pH of precipita-

tion is 4.3 at this site, what is the approximate annual

H* ion deposition in mol, ha=! yr='?

Answer:

H* ion activity = 107 = 0.00005 mol H*
L'=5x 10" mol L' =50 pmol. L!

Using the scaling relationship shown in the previous
shortcut,

(50 pmol, H* L1 x 178.8 cm / 10 = 894 mol. H* ha™!

23,100 cfs x (0.0283 m* / ft*) = 654 m? s~!

To compute the cm of flow, first calculate the drain-
age area in cm?

Drainage area = 892 miZ X (2.59 km?/ mi?) = 2310 km?

2310 km?> x (10° m?> / km?» x (10* cm?® /
m?) =2.31 x 10" cm?

Now, convert the peak flow to cubic centimeters for a
24 hr. period

654 m? s~ x (10° cm® / m?) x (60 s / min) x (60 min /
hr) x (24 hr. / day) = 5.65 x 10" cm? d!

Divide the volume of discharge by the area of the
watershed

(5.65x 108 ecm*d™") /(2.31 x 10®¥ cm?) =2.45cm d™!
per unit of watershed area

(b) Retrieve the daily mean discharge data for the same

river site during the period September 1, 1999 to

September 30, 1999. Prepare a flow duration or

exceedence graph for the September data using a log

scale on the y-axis labeled Daily Runoff (cfs) and an

arithmetic scale on the x-axis labeled Frequency of

Runoff this High.

Answer:

Use Fig. 8.28 in Chap. 8 as an example for this
problem.

Sa

13.

mple Problem in Hydrology

Visit the Water Resources of Maine website at http://
me.water.usgs.gov and use the data base to survey
hydrologic runoff records for the Aroostook River at
Masardis (site number 01015800). I have previously
asked students to find specific peak flow records in the
online data base, but the USGS keeps changing the site
and updating the runoff numbers, which means that the
problem answer keeps changing to match changes in the
data base. As a result, I am providing the runoff value
below that is required to answer the problem.

(a) During the period 1978-1998, the highest daily run-
off flow occurred on 4/19/83 and reached a value of
23,100 cfs. For this watershed, the drainage area is
892 square miles. Express that peak flow in the fol-
lowing two different units: cubic meters per second
(m¥s), and cm of flow per day from the drainage
basin. The last term expresses peak flow on a unit
area basis similar to the measurement of precipitation
inputs (e.g., so many cm of rainfall per 24-h day).
Answer:

The highest annual flow occurred on 4/19/83 and
reached a value of 23,100 cfs

Sample Problems in Mineral Weathering

14. You have been hired to analyze data from a U.S. Forest
Service watershed to determine the relative contribu-
tions of atmospheric deposition and weathering to
stream cation exports. A previous vegetation study indi-
cated that net annual biomass increment in the water-
shed is 1000 kg dry matter ha=! yr~! with mean weighted
cation concentrations for the biomass increment of 0.5%
Ca, 0.5% Mg, and 1.0% K (with no detectable Na).
The hydrologic budget shows 100 cm of precipitation,
40 cm of evapotranspiration, and 60 cm of stream run-
off. Estimate weathering in mol. ha~' yr~! for each of the
four major cations; show your work and state your

assumptions.
Ca Mg K Na
Precipitation Chemistry
Weighted mean, mg L' 0.20 0.06 0.20 0.12
Stream Chemistry
Weighted mean, mg L' 2.00 0.30 0.78 1.15
Answer:

Assume that (i) weathering = sum of cations in runoff — cat-
ions in precipitation + cations in biomass increment, and
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(ii) dry deposition and changes in stored soil cations are
negligible.

Cations in the biomass increment of 1000 kg ha=! yr~! are

Ca=0.005x 1000 kg ha™! yr' =5 kg Caha~! yr! x (1 mol,
/0.02 kg Ca*) = 250 mol, ha™! yr™!

Mg =0.005 x 1000 kg ha=! yr=' =5 kg Mg ha™! yr~!' x (1 mol,
/0.01215 kg Mg*) =411 mol, ha™! yr~!

K =0.01 x 1000 kg ha™! yr~' = 10 kg K ha™" yr=! x (1 mol, /
0.039 kg K*) = 256 mol, ha=! yr!

Cations in precipitation can be computed using the shortcut
from Problem 12b.

Ca=02mgL"'x100cm/10=(2kgha!yr!) x (1 mol./
0.02 kg Ca?*) = 100 mol. Ca* ha~! yr!

Mg = 0.06 mg L' x 100 cm / 10 = (0.6 kg ha™! yr™') x (1
mol, / 0.01215 kg Mg*") = 49 mol, Mg** ha™! yr~!

K=02mgL"'x 100 cm/ 10 = (2 kg ha~! yr™!) x (1 mol, /
0.039 kg K*) =51 mol. K* ha™" yr™!

Na=0.12mgL""'x 100 cm/ 10 = (1.2 kg ha=' yr~!) x (1 mol,
/0.023 kg Na*) = 52 mol, Na* ha=! yr~!

Cations in stream runoff can also be computed using the
shortcut from Problem 12b.

Ca=2mgL'x60cm/10=(12kgha™! yr!) x (1 mol./
0.02 kg Ca?*) = 600 mol. Ca* ha™! yr~!

Mg=03mgL"'x60cm/10= (1.8 kgha!yr!)x (1 mol,
/0.01215 kg Mg?*) = 148 mol. Mg* ha™! yr~!

K=0.78 mg L' x 60 cm/ 10 = (4.68 kg ha~! yr™") x (1 mol,
/0.039 kg K*) = 120 mol, K* ha=! yr!

Na=1.15mgL"'x 60 cm/ 10 = (6.9 kg ha™" yr') x (1 mol,
/0.023 kg Na*) = 300 mol, Na* ha=' yr~

Solving for W = RO — P + B for each element

Ca = 600-100 + 250 = 750 mol, Ca** ha~! yr~!

Mg = 148-49 + 411 = 510 mol. Mg** ha~! yr™!

K =120-51 + 256 = 325 mol. K* ha™! yr~!

Na =300-52 + 0 = 248 mol, Na* ha=! yr~!

The total estimated cation weathering rate =
ha=! yr!

1833 mol,

15. Most experimental studies of weathering indicate that
dissolution of feldspars increases as a function of solu-
tion acidity. Which solution would produce a faster ini-
tial rate of weathering: a solution of an organic acid
such as fulvic acid at pH 4.85 or an aqueous solution of
carbonic acid in equilibrium with a pCO, of 1.5%? Show
your work and explain your answer.

Answer:
Use the carbonate equilibria in Chap. 7, substitute in the
pCO, value given above, and solve the equations as
follows:

[H ][ HCO,” |=1.36x10" x pCO,
=1.36x10*x0.015
=2.04x10™"°

Take the square root of the preceding value = 1.428 x 103

Take the negative log of this value = — log [H*] = pH =4.85

Based on this computation, both the carbonic acid and fulvic
acid solutions have the same pH of 4.85. However, the
fulvic acid would be expected to produce faster weather-
ing, because fulvic acids not only provide H* ions for pro-
ton attack, but also contribute to chelation or complexation
reactions that enhance chemical breakdown of minerals
(see Chap. 7).

16. How much acid neutralizing capacity (ANC) is released
during the weathering of 15.0 g of anorthite, a calcium
feldspar (as illustrated below)? Show your computa-
tional steps, your ANC expression, and present your
answer in mmol..

CaAl,Si,0, +2H,CO, +H,0
— Ca® +2HCO, ™ +AL,Si,0, (OH),

Answer:

ANC =Cg—C, or Sum of proton acceptors — H*

=Ca>* -0 or2HCO;
Formula weight of anorthite =40 + 54 + 56 + 128 =278 g
The percent Ca in anorthite =40 /278 =0.143 = 14.3%
15 g anorthite x 0.143 =2.145 g Ca=2145 mg Ca
2145 mg Ca x (1 mmol, / 20 mg Ca) = 107.25 mmol, Ca*
If ANC = Ca?** — 0, then ANC = 107.25 mmol,

Sample Problems in Element Cycling
and Aqueous Chemistry

17. A forest calcium budget shows an annual Ca uptake by
plants of 56 kg ha~!. Focusing only on Ca and assuming
that Ca** uptake is coupled with proton release from the
plant root to the soil rhizosphere, what is the potential
H" ion release associated with the annual uptake of Ca?
Show your work and express your answer in mol,
ha=! yr=!. How does this estimate compare with the aver-
age annual atmospheric wet deposition of H* ion in New
England (assuming mean pH = 4.3 and annual
precipitation = 100 cm)?

Answer:

56 kg Ca* ha™! yr! x (1000 mol. / 20 kg Ca) = 2800
mol. Ca* ha™! yr~!

Uptake of Ca?* requires an equivalent release of H* for
charge balance = 2800 mol, ha™! yr~!

H* ion in wet deposition = 10~** = 0.000050 M L-! = 50
pmol, L™
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18.

19.

Annual wet deposition can be computed with the short-
cut in Problem 12b.

(50 pmol, H* L1 x 100 cm / 10 = 500 mol, ha=! yr!

Proton release from root uptake of Ca* is over five
times greater than estimated wet deposition of
protons.

Consider a watershed where the weighted annual mean

concentration of chloride ion in precipitation is 25 pmol(—)

L', the average annual stream runoff is 65% of precipita-

tion inputs, and water storage is stable (i.e., steady-state on

an annual basis). If you assume that chloride moves “con-
servatively” through the system without enrichment or
depletion of mass (from uptake, mineralization, adsorp-
tion, or weathering), what is the final weighted annual
mean concentration of CI~ ion in stream water?

Answer:

ET concentrates 1.0 L of precipitation to 0.65 L of run-
off. Thus, 25 pmol, Cl~ L™" in rainwater becomes 25
pmol. CI~ per 0.65 L in runoff. We compute the new
concentration as follows:

25 pmol. CI- L7! x (1.0 L / 0.65 L) = 38.5 pmol,
ClI-L!

Consider a forest with an annual N uptake of 50 kg N

ha=! yr7!, rainfall equivalent to 100 cm, and transpira-

tion equivalent to 25% of rainfall. If we assumed that the
forest acquires all of its N via passive bulk flow of tran-
spirational water, what concentration of N in the soil
water (as dissolved inorganic N) is necessary to allow
the forest to take up 50 kg N ha™' yr='? Express your
answer as the solution concentration of inorganic N in
mg L~!. [Note that concentrations of inorganic N in field
soil solutions are commonly <10% of the mean value
you have calculated; this suggests that plants must use
energy-dependent active uptake to meet their N demand].
Answer:

25% of 100 cm = 25 cm x (10* cm? / m?) x (1 L /
1000 c¢cm?) = 250 L H,0 m™2

Plant uptake = 50 kg N ha! yr! x (10° mg / kg)
x (1 ha/ 10* m?) = 5000 mg N m~2 yr~!

Divide the nitrogen mass by the transpirational water
volume

(5000 mg Nm=2yr ') /(250 L m2) =20 mg N L

Sample Problems in Organic Matter Cycling

20.

Data are presented below indicating the chemical com-
position of fresh leaf litter from three northern tree
species. Use the data to predict which litter substrate
would decay fastest. Rank the species from highest to
lowest in order of their expected rates of decay. Show
your logic or computations, and indicate the literature
reference(s) upon which your rationale is based.

21.

22.

Species %N %Ca %K PLignin

A 1.6 0.05 0.12 12.0

B 1.6 0.07 0.18 16.0

C 2.4 0.10 0.22 18.0
Answer:

Using the ratio of % lignin: % nitrogen, which
Melillo et al. (1982) found is inversely related to
litter decay rate, one would predict that A and C
(with ratios of 7.5) would decay faster than B
(ratio of 10.0).

What is the estimated annual CO, release from micro-

bial decomposition of organic matter in the forest floor

(O horizon) of an ecosystem under the following condi-

tions? State any assumptions and express CO, release in

gCO, m2 yr!

e The forest floor is assumed to be in steady-state

e Forest floor mass is 50,000 kg organic matter ha™'

e Annual inputs of detritus to the forest floor from lit-
terfall + root mortality + throughfall DOM = 2500 kg
organic matter ha™! yr~!

Answer:

If the forest floor is assumed to be in steady state,
then inputs and outputs of detritus to this compartment
are approximately equivalent.

Annual detrital inputs of 2500 kg organic matter
ha!yr''=250 gm>2yr'.

Assuming that detritus is roughly 50% carbon, we
calculate that inputs and outputs are as follows:

250 g organic matter m~2yr~!' x (0.5 g C/ 1 g organic
matter) = 125 g C m~2 yr!

Annual carbon dioxide release is 125 ¢ C m=2 yr~!

x (44 gCO,/ 12 gC) =458 gCO, m~? yr!
Does leaf decay generate acidity or alkalinity? Consider
a gram of decaying leaf with the composition shown
below. Estimate the net ANC production that will likely
result from complete microbial mineralization of this
leaf with an initial mass of 1.0 g. Show three possible
outcomes for this decomposition process based on the
following assumptions:

(1) assume that all of the N is only subject to ammonifica-

Carbon = 480
Calcium = 8

tion, (2) assume that all of the N is subject to ammoni-
fication followed by 100% nitrification, and (3) assume
all of the mineralized N is ultimately denitrified to
dinitrogen, N,. Remember to consider the other ele-
ments as well.

Foliar concentrations (shown below) in parts per thousand in

a leaf weighing 1.0 g

Sulfur =2
Magnesium = 1

Nitrogen = 7
Potassium = 4
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Answer:

Charge associated with each element in its ionic form:
7 mg N x (1 mmol, / 14 mg) = 0.5 mmol,

2mg S x (1 mmol, / 16 mg) = 0.125 mmol,

8 mg Ca x (I mmol. / 20 mg) = 0.4 mmol,

4 mg K x (Immol, / 39 mg) = 0.1025 mmol,

1 mg Mg x (1 mmol, / 12.15 mg) = 0.08 mmol,

Use ANC =C; - C,

Case 1 with ammonification

(0.5 mmol, NH,* + 0.4 mmol, Ca®>* + 0.1025 mmol, K* +
0.08 mmol, Mg?*)

—(0.125 mmol, SO,*")

=0.96 mmol, ANC

Case 2 with nitrification

(0.4 mmol, Ca** + 0.1025 mmol, K* + 0.08 mmol, Mg**) —
(0.5 mmol, NOs~

+0.125 mmol, SO,*)

= — 0.04 mmol, ANC

Case 3 with denitrification

(0.4 mmol, Ca* + 0.1025 mmol. K* + 0.08 mmol. Mg**)
—(0.125 mmol, SO,*")

=0.46 mmol, ANC

Sample Problems on Element Budgets

23. Use the data below to estimate how much calcium is
exported from this watershed in a 1-year time period.
Express your answer in moles of charge (mol. yr™') and
indicate any assumptions you made. (note that
cfs = cubic feet per second)

Month Mean daily flow Mean Daily Ca concentration
(cfs) mg L'

J 1000 3

F 1500 3

M 1200 3

4000
6000
3000
500

500

2000
4000
7000
1000

OZOo«wrp <<=
DWW N W N

Answer:

Convert each mean daily flow to metric using cfs x (0.0283 m?
/ ft}) and scale this to a monthly value by multiplying by
(60 s / min) x (60 min / hr) x (24 hr. / day) x days in the
month. Convert this value to liters per month, multiplying
m?® mo~! by 1000 L / m?, convert mean Ca concentrations
to charge equivalents by multiplying mg Ca L~' x (1 mol.
/20,000 mg), and calculate monthly Ca export by multi-
plying monthly discharge in liters per month times Ca
concentration in mol, L='. Finally, sum up the 12 monthly
values for Ca export to obtain an estimate of annual Ca
export of 2.96 x 108 mol, yr~!. Use a spreadsheet to sim-
plify this computation.

24. Consider a forest soil where the subsurface pool of soil
organic matter contains 150,000 kg C ha~! and decays at
an annual rate of 0.5% yr~'. What is the mean residence
time of this carbon pool and how much carbon as root
detritus and DOM must be transferred into this pool
each year (in units of g C m™2 yr~!) to maintain it at
steady-state? How does this estimate compare with
reported values of fine root biomass and turnover?

Answer:
150,000 kg C ha™! x 0.005 = 750 kg C ha™! yr!
Mean residence time = Pool size / loss rate = 150,000 /
750 =200 yr
Annual detrital input = 750 kg C ha™! yr~! x (1000 g /
kg) x (L ha/10*m*)=75gCm>2 yr!
As shown in Chap. 5, live root biomass at a depth of
10-40 cm can be in the range of 100 to 150 g m~? and
turnover rates can be as high as 100% per year.



Glossary

Acid a proton donor capable of acidifying an aqueous solvent

Acid, Strong an acid that ionizes readily to release virtually
all of its protons

Acid, Weak an acid that ionizes partially to produce an
equilibrium between bound and free protons

Acid, Mineral an acid that contains no hydrocarbons
(e.g., sulfuric acid)

Acid, Organic an acid containing hydrocarbons (e.g., citric
acid)

Acid-Forming Precursor a compound that can be readily
converted to an acid

Acid-Forming Salt a substance such as ammonium sulfate
that can be metabolized by microbes to form a strong acid
(in this case, nitric acid generated by nitrification)

Acid Ionization Constant an equilibrium constant
describing the extent of proton dissociation characteristic
of a specific acid

Acid Neutralizing Capacity (ANC) the capacity of a sub-
stance or mixture to react with an acid to form a neutral
salt (ANC is often referred to as alkalinity)

Acidic Deposition the transfer of acids and acid-forming
compounds from the atmosphere to Earth

Acidic Precipitation precipitation with a pH below the
carbonic acid equilibrium of roughly pH 5.6

Acidity (Free and Bound) free acidity is the activity of H*
ions in solution, whereas bound acidity is the quantity of
titratable protons in a compound

Actinorhizal N fixing bacteria of the genus Frankia that
associate with roots of woody plants

Active Transport the movement of an element or sub-
stance across a membrane with the assistance of an energy
input, usually in the form of ATP

Activity the effective concentration of ions in a solution
corrected for the influence of ionic strength

Adsorption the electrostatic attraction of a charged cation
or anion to a surface with an opposite charge

Aeolian a deposit of fine sediments originating from
wind-borne transport

© Springer International Publishing AG 2018

Aerobic conditions with suitable oxygen present that
electrons can be passed to oxygen as the terminal acceptor
during metabolism

Aerosol an airborne microscopic particle

Airshed the area that contributes atmospheric emissions to
downwind receptor watersheds

Alicyclic  hydrocarbon molecules in which carbon chains
link to form rings

Aliphatic hydrocarbon compounds composed of chains of
carbon atoms

Alkali Metal a monovalent cation found in the first column
of the Periodic Table

Alkaline Earth Metal
of the Periodic Table

Alkalinity the sum of proton acceptors in solution (concen-
tration of substances capable of neutralizing acidity)

Alkaloid a heterocyclic compound containing nitrogen
that is produced by secondary metabolism in plants and
acts as a toxin against herbivores

Alkane hydrocarbon containing only single bonds between
carbon atoms

Alkene a hydrocarbon with one or more double bonds
between carbon atoms

Alkyne ahydrocarbon containing one or more triple bonds
between carbon atoms

Allelopathic Substance a potentially toxic organic substance
released by plants to inhibit other competitors

Alluvial transported and deposited by water

Ambient Ozone the prevailing background concentration
of ozone in the environment

Ammonification transformation of organic nitrogen
(e.g., amino N) into NH;

ANC see the definition for acid neutralizing capacity

Anaerobic in the absence of oxygen

Anion ion with negative charge

Anion Adsorption the attraction of a negatively charged
ion toward a surface with a positive charge

Anoxic lacking oxygen

a divalent cation in the second column
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Apoplast the continuum of cell walls and extracellular
spaces in a plant

Aridisol soils found in arid regions where moisture is
limiting for plant growth and soil development

Aromatic hydrocarbon molecules containing six-membered
rings each with three C-C double bonds

Ash-Free Organic Matter an estimate of the organic
matter content of a sample, excluding the mineral ash
remaining after high temperature combustion

Assimilation conversion or incorporation of nutrients into
living cells or tissues

Assimilatory Nitrate Reduction metabolic reduction of
nitrate within an organism to permit assimilation of the
nitrogen into amino-N for protein synthesis

Assimilatory Sulfate Reduction metabolic reduction of
sulfate ions within an organism to permit assimilation of
the resulting reduced S into amino acids and proteins

Atmospheric Deposition the transfer of wet, dry, or gaseous
substances from the atmosphere to the surface of the Earth

Atmospheric Residence Time the time period during
which a substance remains in the atmosphere before
returning to Earth

Atomic Radius a measure of the size of an atom with its
electron cloud

Available Water the amount of water held in a soil
between the field capacity and the wilting point

Base Cation cation (other than H* or ionic aluminum)
capable of combining with OH™ to form a base

Baseflow river or stream runoff sustained by groundwater
in the absence of precipitation or snowmelt

Base Saturation percentage of cation exchange capacity
(CEQ) filled with nutrient base cations (i.e., Ca, Mg, K, Na)

Bidentate Chelate a complex in which a ligand binds
through two donor atoms to a metal ion

Biogenic Gas a gas that is produced or generated by a liv-
ing organism

Biogeochemistry analysis of the patterns and processes
by which nutrients and other biologically active elements
and compounds interact with living organisms and circu-
late in the biosphere

Bound Acidity protons on weakly acidic functional groups
that are not dissociated at ambient pH

Brown Rot atype of wood decay caused by Basidiomycete
fungi that causes wood to become brittle

Bulk Precipitation precipitation collected in an open
plastic funnel that includes wet deposition plus an unde-
termined amount of dryfall particles

C-3 Plant a plant such as a maple that is adapted to mesic
conditions and forms two 3-carbon products as a result of
the initial stage of carbon fixation

C-4 Plant a plant such as maize that is adapted to sunny
drier environments and forms a 4-carbon compound as
the initial product of carbon dioxide uptake

C:N Ratio an ecological indicator calculated by dividing
the carbon mass or molar concentration by the nitrogen
mass or molar concentration

Calibration a phase of model building in which model
parameters are adjusted to improve the accuracy of outputs
and predictions

Calvin Cycle the dark reaction in photosynthesis that
consumes ATP and NADPH in order to fix CO,

Canopy Interception the interception and retention of wet
precipitation by foliage in the forest canopy

Canopy Leaching the removal of nutrient ions or sol-
utes from foliage by rainwater passing over the leaves or
needles

Canopy Throughfall the solution that results as precipita-
tion washes through the foliage and branches of a forest
canopy

Canopy Washout removal of dry deposited substances
from a forest canopy by wet deposition

Carbon-Bonded Sulfur atoms of sulfur that are bonded
directly to carbon in a molecule

Carbon: Element Ratio the relative proportions of carbon
and any other element in a sample

Carbonic Acid an acid formed from the dissolution of
CO, in water to form H,CO;

Carboxyl a functional group composed of COOH

Catchment the drainage area that collects water feeding
into a stream, river, or lake

Cation ion with a positive charge

Cation Adsorption attraction of a positively charged ion
to a surface with a negative charge

Cation Exchange the reversible interchange between a
cation in solution and a cation adsorbed on the surface of
a negatively charged colloid or cellular structure

Cation Exchange Capacity the amount of adsorbed
cations that can be retained by a solid phase exchanger
(expressed in cmol(+)/kg)

CEC see the definition for cation exchange capacity, which
is abbreviated CEC

Charge Balance the equivalence between cations and
anions in a system

Charge Density the density of ionic charge relative to
ionic radius

Charge Equivalents moles of charge in a sample

Chelate a stable type of coordination complex in which
a metal binds to multiple functional groups in a single
multidentate ligand

Cheluviation a soil leaching process in which metallic
ions are mobilized and are transported by organic acids
that form chelates with the metals

Chemical Denudation Rate the rate at which solutes are
removed from a watershed in stream runoff

Chemical Ecology a field of science focused on the influence
of chemical interactions on ecology
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Chemoautotroph a microorganism that uses carbon diox-
ide as a source of carbon and reduced inorganic substances
as an energy source

Chlorosis yellowing of a leaf or needle as a result of
plant stress

Clay (1:1 and 2:1) an aluminosilicate mineral composed
of tetrahedral and octahedral sheets

Cloud Condensation formation of a moisture droplet
around a nucleus such as a microscopic particle

Coarse Woody Debris (CWD) woody detritus such as
branches and tree boles

Colloid a microscopic particle such as clay or a humus
particle that may have a surface electric charge

Colluvial material moving downslope under the influence
of gravity

Complexation a process by which a monodentate or
multidentate ligand binds covalently to a cation

Complexing Ligand an anionic molecule that donates
electrons to form a coordination complex with a metal

Concentration moles of a substance per unit volume or
mass

Conductivity a measure of the electrical conductance of a
water sample; conductivity increases with the total con-
centration of ions in solution

Congruent Dissolution mineral dissolution in which the
solid phase is transformed completely to solutes

Conservative Ion an ion that moves without significant
retention or enrichment through a watershed

Coordinate Bond a covalent bond in which a ligand
donates electrons to an electron-deficient cation

Coordination Complex a compound containing a metal
ion bonded to surrounding molecules or ions that act as
ligands

Coulombic Attraction attraction based on electrical
charges and electrostatic forces

Counter Ion an ion that balances the opposite charge of
an adjacent ion

Covalent Bond a chemical bond in which electrons are
shared between nuclei of adjacent atoms

Crown Leaching removal of dissolved solutes from plant
foliage in a forest by precipitation moisture

Cucurbitacin a plant defensive compound that deters her-
bivores by imparting a bitter taste to leaves

Cynaogenic Glycoside a nitrogenous plant toxin that is
metabolized by insects to form hydrogen cyanide

Decay Constant an estimate (k) of the fractional rate of
decay per year

Decomposition the decay of organic matter or detritus as
a result of physical leaching and microbial metabolism

Degree Days sum of daily temperatures above freezing
(0 °C) for the year

Denitrification the reduction of nitrate by microbial
organisms; complete denitrification produces N, gas

Denudation Rate the rate at which weathering processes
remove mineral elements from a watershed

Depleted (in Heavy Isotope) the composition of an ele-
ment is deficient in heavy isotope compared to a standard
reference material, resulting in a “light” isotopic signature

Deposition (Dry and Wet) the transfer of wet, dry, or
gaseous substances from the atmosphere to the surface
of the Earth

Deposition Velocity the rate of transfer of material from
the atmosphere to surfaces on Earth

Deterministic Model a mathematical model in which
quantitative relationships and variables are specified,
rather than being based on probabilities

Detritus dead organic matter

Diffusion movement of molecules from a region of higher
to a region of lower concentration

Dissimilatory Nitrate Reduction anaerobic reduction of
nitrate ion to ammonium ion by microbes that use nitrate
as an electron sink during metabolism

Dissimilatory Sulfate Reduction anaerobic reduction of
sulfate ion to sulfide ion by microbes that use sulfate as a
terminal electron acceptor during metabolism

Dissolution transformation of a solid phase substance into
solutes

Disturbance an event that removes or damages organisms
and opens colonization space in an ecosystem

DOC dissolved organic carbon that may give a yellow or
brown hue to natural waters

DOM dissolved organic matter (includes DOC and other
components of soluble organic matter)

Drainage Network the branching dendritic system of
streams and rivers in a drainage basin

Dry Deposition the transfer of dry particles, aerosols, or
gases to receptors on Earth

Dryfall particles that fall from the atmosphere under the
influence of gravity

Ecological Biochemistry study of the influence of secondary
metabolites on ecological interactions

Ecosystem a functional ecological unit composed of
interacting organisms and their environmental surround-
ings. The boundaries that define an ecosystem can be
relatively sharp — as in the case of a watershed or a lake
ecosystem — or they may be more subtle or subjective
in nature (e.g., an estuarine ecosystem with fluctuating
tidal ranges and salinity gradient). In hierarchical terms,
an ecosystem represents a high-level organizational unit
that incorporates population-based and community-based
processes into an environmental framework. Within a
given ecosystem, we can distinguish structural and func-
tional patterns and processes involving linked biotic and
abiotic components.

E, the redox potential of a system measured with a platinum
electrode
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Eddy Covariance a biophysical technique based on
concentration gradients and wind parameters that is used
to estimate gas exchanges between the atmosphere and
surfaces on Earth

Effective CEC cation exchange capacity estimated as the
sum of exchangeable cations in a field soil, rather than
the potential exchange capacity measured by ammonium
adsorption at pH 7 or greater.

Electrical Conductivity a measure of the electrical
conductance of a water sample; conductivity increases
with the total concentration of ions in solution

Electrical Neutrality the principle dictating that opposite
charges in a system must balance

Electronegative elements such as oxygen that attract
bonding electrons and become negatively charged

Element Increment the annual increase in element mass
incorporated into new biomass production

Element ratio ratio of one element to another expressed in
mass or molar units

Eluviation removal of metal ions from a soil horizon
under the influence of acid leaching

Enriched (with Heavy Isotope) the composition of an
element is isotopically “heavy” and contains a higher pro-
portion of heavy isotope than a reference standard

Equlibrium a condition in which rates of forward and
backward reactions are equivalent

Equlibrium Constant the value of the ratio of equilibrium
concentrations of products to equilibrium concentrations
of reactants, each raised to a power equal to its stoichio-
metric coefficient

Equivalent Charge moles of charge associated with a par-
ticular ion

Equivalent Weight the mass of an element or substance
that will displace or otherwise react with one mole of
hydrogen (1.008 g) or one half mole of oxygen (8.00 g)

Ester a hydrocarbon in which a side group bonds to the
oxygen atom of a carbonyl group

Evaporation transfer of water from the liquid phase to the
vapor phase in response to heat input

Evapotranspiration a term describing the combined pro-
cesses of evaporation and plant transpiration that account
for water transfer from a watershed to the atmosphere

Exchangeable Acidity the protons adsorbed to the soil
exchange complex that act as a reservoir of acidity

Facultative a generalist micro-organism that can switch
between aerobic respiration and fermentation as a function
of redox conditions

Felsic rock minerals that are rich in aluminum and silica

Fermentation occurs under conditions of lower redox
when the process of glycolysis terminates in the formation
of lactic acid or ethanol as the end-product of pyruvate
synthesis

Field Capacity the amount of water held by a soil at a ten-
sion of —0.03 MPa, after the soil has been saturated and
free gravitational water has drained from the pores

Fine Roots the smallest plant roots (usually less than 1 mm
diameter) that are most active in absorption of water and
nutrients

Fine Root Production annual growth of new fine roots
(generally less than 1 mm in diameter)

First Order a chemical reaction for which the rate is
proportional to a reactant concentration raised to the
power of 1 (e.g., the exponent is 1)

Flavonoid family of flower pigments based on the flavone
skeleton and containing a phenolic-OH group

Flow Path the pathway followed by water as it drains
through a watershed and into groundwater or surface water

Flux refers to the transfer of mass into or out of a system

Fly Ash residual ash material resulting from coal combus-
tion that emits from a power plant stack

Foliar Stipling necrotic spots that develop on plant leaves
or needles

Forcing Factor in terms of the heat budget of the Earth, a
forcing factor contributes either to a warming or cooling
of the atmosphere by either reinforcing or offsetting the
input of solar energy

Forest Floor the uppermost soil horizon or O horizon in a
forest that is primarily composed of leaf litter and decay-
ing organic matter

Fragipan a soil layer that is very dense and acts as a bar-
rier to root and moisture penetration

Free Acidity the acidity resulting from proton dissocia-
tion by strong acids or acidic functional groups; this is the
acidity measured by a pH probe

Fulvic Acid apolycarboxylic organic acid that is soluble in
basic and acidic solutions, contains a mixture of aliphatic
and aromatic structures, and has a molecular weight of
<2000 daltons

Functional Group an atom or group of atoms that imparts
specific chemical properties to an organic compound

Glacial Till a glacial deposit composed of unsorted sedi-
ments and rocks

Gleying soil formation under saturated conditions and
poor drainage, resulting in reducing conditions and lim-
ited differentiation of soil horizons

Gravitational Settling vertical transfer of particles from
the atmosphere or a water column to a solid surface

Gross Mineralization the total microbial conversion of
organic N to ammonium-N over a given time period

Gross Production total fixation of carbon by primary pro-
ducers in a given time period

Groundwater water that is stored beneath the ground
surface in a watershed, ultimately contributing to stream
base flow
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Heavy Fraction a dense soil fraction composed of organic
matter aggregated with mineral material

Heavy Metal a metal such as lead, mercury, or cadmium
with a large atomic mass and a potential for biological
toxicity

Henry’s Law Constant describes the solubility of a gas in
water as a function of the partial pressure of that gas

Hill Reaction the light reaction in photosynthesis that
combines the photolysis of water with the production of
ATP and NADPH

Histosol a soil composed primarily of organic matter
such as peat

Humic characterized by or derived from partially decom-
posed organic matter that is generally acidic

Humic Acid an aromatic polycarboxylic organic acid that
is soluble in base, but is insoluble below pH 1

Humic Colloid a microscopic soil particle composed of
decayed or humified organic matter

Humus organic detritus that has undergone decomposition
and has a high surface area to volume ratio

Hydrogen Bonding a chemical bond that occurs when
an electronegative atom serves as an electron donor and
partially shares its nonbonding electrons with a polarized
hydrogen atom

Hydrograph a graphical representation of the variable
water discharge over time by a stream or river

Hydrolysis reaction of a molecule or compound with water

Hydrolyzed acompound or molecule that has reacted with
water to dissolve or to ionize

Hydrophilic a polar substance, molecule, or functional
group that is “water loving” and is readily soluble in
water

Hydrophobic a non-polar substance, molecule, or func-
tional group that is not readily soluble in water

Hydroxyl an OH functional group or OH™ ion

Hyetograph a graphical representation of rainfall patterns
over time at a particular location

Hyphae the filaments that comprise the body of a fungus

Iluviation a soil process in which leached solutes and
colloids accumulate in subsoil mineral horizons

Immobile Nutrient a nutrient that is not readily trans-
ported from one tissue to another by the phloem

Immobilization this occurs when a soluble ion is assimilated
into microbial biomass

Impaction occurs when a moving particle or aerosol
encounters a surface, loses momentum, and deposits on
the surface

Inceptisol a soil formed in fine parent material where con-
ditions do no permit sufficient leaching and translocation
to generate distinctive subsurface horizons

Incongruent Dissolution transformation of a mineral into
solutes plus a residual solid phase

Infiltration movement of water into and through a soil or
geologic deposit

Interception the retention or storage of precipitation by
plant foliage, prior to generation of throughfall

Interflow water moving horizontally through soil layers
toward a downslope drainage channel

Ion Activity the “effective” concentration of an ion in
solution calculated as a function of ionic strength using
an ion activity coefficient

Ion Exchange the reversible movement of ions between
an aqueous solution and a solid phase charged surface
such as an aluminosilicate clay

Ion Ratio the abundance or concentration of one ion com-
pared to another in a ratio or fraction

Ionic Bond a bond between oppositely charged ions

Ionic Strength a measure of the total concentration of ions
in solution based on molarity and ionic charge

Isoelectric Point the pH at which an amphoteric substance
is electrically neutral and exhibits no net positive or
negative charge

Isomorphic Substitution a process by which an ion sub-
stitutes for another ion of similar size in the lattice of a
clay; the new ion may have a different electrical charge
than the original ion

Isotope Dilution an experimental technique using stable
isotopes in which a reaction rate is estimated by adding a
heavy isotope tracer to a system and measuring the rate at
which that isotope is diluted by background generation of a
molecule containing the light isotope of that element.

Kinetic refers to the rate of a chemical process

Lacustrine sediments derived from a lake environment

Leachate a solution that has contacted a solid phase and
has gained solutes as a result of that interaction

Leaching removal of ions and other solutes from solid
phases by water

Leaf Area Index ratio of projected leaf area per unit of
ground area beneath a forest canopy

Ligand an ion or molecule that shares electrons with a
metal atom

Light Fraction a low density mineral-free soil fraction
composed of decayed plant material and microbial biomass

Lithic Element an element that occurs in minerals and rock

Litterfall recycling of foliage and branches from a plant
community back to the soil surface

Long-Range Transport transport of substances such as
pollutants over long distances in the atmosphere

Lysimeter asampling device intended to collect soil water
for chemical analysis

Macronutrient a chemical that an organism must acquire
in relatively large amounts for nutrition

Macropore a large soil pore through which gravitational
water moves
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Mafic rock minerals that are rich in magnesium and iron

Mass Balance a systematic analysis of the inputs and outputs
of elements to a system based on mass

Mass Fractionation separation or discrimination of isotopes
based on differences in mass

Methanogenesis the production or generation of methane
by microbes known as methanogens

Methanotroph a microbial organism that consumes and
oxidizes methane as an energy source

Methylation addition of a methyl group (—CHj;) to an
atom or molecule (as in mercury methylation)

Microcosm a small bench-top sized replica of an ecological
system

Micronutrient a chemical that an organism requires in
small amounts for nutrition

Micropore asmall or microscopic soil pore through which
capillary water moves

Mineral Acid an acid such as nitric, hydrochloric, or
sulfuric that lacks carboxylic functional groups

Mineralogy the mineral composition (e.g., quartz or biotite)
of soil, surficial material, or bedrock

Mineral Soil usually refers to the subsoil that is composed
almost entirely of mineral grains and clays

Mineral Weathering chemical breakdown of solid phase
minerals to release weathering products

Mineralization (Gross and Net) transformation of organi-
cally bound elements to inorganic forms that are available
for biological uptake

Mobile Anion a negatively charged ion that moves rela-
tively freely through the soil without major retention by
biotic or abiotic mechanisms

Model a qualitative conceptual or quantitative numerical
representation of a process, pattern, or system

Monodentate Ligand a molecule containing a single
functional group capable of sharing electrons with a
metal ion

Multidentate Ligand a molecule containing two or more
functional groups capable of sharing electrons with a
metal ion through coordinate bonds

Mycorrhizal Fungi fungal species that form symbiotic
associations with plant roots

Necromass the mass of dead tissue

Necrosis death of tissue through disease or stress

Net Ecosystem Production (NEP) the amount of gross
primary production remaining after subtracting autotro-
phic and heterotrophic respiration

Net Mineralization microbial gross mineralization minus
microbial immobilization of ammonium-N

Net Primary Production (NPP) gross primary production
minus autotrophic respiration

New water water that has recently entered a watershed as
precipitation, moves laterally as quickflow, and rapidly
appears as stream runoff

Nitrate Reduction (assimilatory and dissimilatory) reduc-
tion of nitrate ion to a less oxidized state such as NO or N,

Nitrification oxidation of ammonium ion to nitrate by
micro-organisms

Nitrogen Fixation transformation of atmospheric dinitro-
gen (N,) to ammonia (NH;)

Nitrogen Saturation a condition in which the supply of
inorganic N exceeds biological demand for N

Nitrogenase the enzyme that catalyzes the process of
N fixation

Non-polar a molecule that lacks strong electronegative or
electropositive attributes and is consequently insoluble or
poorly soluble in water

Nuclide a nucleus of a specific isotope of an element

Nutrient Requirement annual element increment associated
with the production of new shoots, roots, and current foliage

Nutrient Uptake annual plant increment of an element
accumulated in new woody tissues plus annual losses of
that element through litterfall, root turnover, leaching, and
net stemflow.

Nutrient Use Efficiency amount of biomass produced per
unit of a given nutrient

Obligate an organism that is a specialist in terms of only
surviving under a specified set of conditions

Old water water that has infiltrated the soil over a period
of time and has reacted with the soil matrix

Operational Definition a definition that is not unique,
but which is established by a particular set of operating
procedures

Order of Reaction the power to which the concentration
of a reactant is raised in a rate law

Organic Acid a hydrocarbon that contains at least one
acidic carboxyl group

Orographic Precipitation enhanced precipitation result-
ing from adiabatic cooling associated with high elevation
mountains

Osmosis movement or diffusion of water across a semi-
permeable membrane

Osmotic Potential a component of water potential that is
proportional to the concentration of solutes in a solution

Oxidation donation of an electron from an atom

Oxisol a tropical soil that is highly weathered and contains
a large accumulation of iron oxides

Parent Material the geologic material in which soil
formation occurs

Peak Flow the period of runoff when water level and
velocity are elevated by stormflow or snowmelt

Pedogenesis soil formation

Periodic Table a chart showing relationships among elements
based on mass and electron shells

Permanent Charge electrical charge on a clay colloid that
results from isomorphic substitution in the lattice and is
independent of changes in pH
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pH-dependent a process that varies as a function of the
acidity or pH conditions in the environment

Phenology study of seasonal changes in the morphology,
physiology, and behavior of living organisms

Piston Flow Displacement movement of water through
soils in response to hydrostatic pressure from above

Plasmalemma membrane surrounding the cytoplasm of a
plant cell

Platinum Electrode a probe that is used to estimate redox
potential

Podzolization a soil forming process that occurs in well-
drained temperate forest soils where climatic conditions
are cool and mesic and organic acid leaching is a major
driver of pedogenesis

Polar Covalent Bond a covalent bond in which the shared
electrons are preferentially attracted toward a more elec-
tronegative atom

Pool a reservoir or storage compartment in an ecosystem
containing accumulated elements or substances

Precipitation removal of ions from solution through bond-
ing and formation of insoluble colloids

Precipitation (Wet) liquid water transferred to a water-
shed from the atmosphere via gravity

Preferred Pathway a pathway followed by drainage water
moving through macropores in the soil

Primary Mineral a mineral such as quartz, feldspar, or
hornblende that originates from magma

Primary Production energy assimilation and biomass pro-
duction by plants; gross primary production (GPP) is the
total energy assimilated by plants, whereas net primary
production (NPP) is the plant biomass remaining after
subtracting plant respiration

Priming Effect the vigorous response of microbial decom-
posers to an input of fresh organic detritus

Production Efficiency the ratio of plant net primary
production (NPP) divided by GPP

Products in a chemical reaction, products occur on the
right side of the reaction

Proficient Plant  a plant that lowers its concentrations of N
and P to very low levels through resorption

QA/QC this abbreviation refers to quality assurance and
quality control in measurements and analysis

Quickflow water that moves quickly through a watershed
and into a stream channel or lake

Quinone an aromatic hydrocarbon that contains an oxygen
atom double-bonded to a carbon atom

Radiative Forcing the extent to which a substance or
process acts to cool or to warm the heat budget of the
Earth

Rainout removal of gases and particles from a cloud during
rain droplet formation and deposition

Reactants in a chemical reaction, reactants occur on the
left side of the reaction

Reaction Rate a measure of the rate at which reactants
interact to form products in a chemical reaction

Recharge aprocess by which infiltrating water replenishes
groundwater

Redox a measure of the oxidation or reduction status of a
system

Reduction addition of an electron to an atom

Residence Time an estimate of the time an atom of a sub-
stance remains in a system before being replaced or removed

Resorption removal or retranslocation of an element from
foliage to woody tissues prior to leaf drop

Retranslocation movement of an element from one plant
sink to another sink via the phloem

Rhizosphere the soil zone immediately surrounding a
plant root system and its associated mycorrhizae

Riparian Zone terrestrial zone located immediately adjacent
to or on the banks of a stream, river, or other water body and
subjected to periodic flooding

Root Free Space the apoplast on the exterior of a plant
root into which ions diffuse from the rhizosphere

Root Turnover the processes of death, decay, and replace-
ment of roots in a plant community

Rubisco an enzyme in the Calvin Cycle (ribulose bisphos-
phate carboxylase) that catalyzes CO, fixation

Sand soil particles with diameters ranging from 0.05 to
2.0 mm

Saprolite a type of soil parent material composed of highly
weathered and crumbling bedrock

Saturated Flow movement of gravitational water through
soil macropores

Saturated Soil Hydraulic Conductivity the rate of vertical
water infiltration into a soil under saturated conditions

Saturated Zone the soil horizons and surficial deposits in
a watershed that are saturated with water

Saturation Index ratio of the ion activity product of two
ions divided by the solubility product of the ions

Scavenging Efficiency the extent to which different forms
of precipitation absorb or remove substances from the
atmosphere

Second Order Reaction achemical reaction for which the
rate is proportional to a reactant concentration raised to
the power of 2 (e.g., the exponent is 2)

Secondary Compounds usually refers to metabolites
produced by secondary metabolism related to defense of
the organism

Secondary Mineral a mineral such as a clay or metal
oxide that is generated from the weathering products of
primary minerals

Senescence the inherent aging and deterioration of foliage
that precedes leaf or needle drop by perennial plants

Sensitivity Analysis a procedure used to test which param-
eters in a computer model are most or least influential in
determining overall outputs or predictions



184

Glossary

Siderophore a soluble organic substance released by
plants that helps to increase the solubility of key plant
nutrients such as iron in the soil

Silt soil particles with diameters ranging from 0.002 to
0.05 mm

Sink asystem at any scale that acts as a place of accumulation
for nutrients, matter, or energy

Site Quality the ability of a plot of land to provide
resources to support the growth of organisms

Sodic Mineral a mineral containing appreciable amounts
of the element sodium

Soft Rot the soft consistency of wood decayed by fungi
that break down cell walls

Soil Buffer Capacity the ability of a soil horizon to resist
changes in pH in response to added acid or base

Soil Colloid a microscopic soil particle such as a clay,
metal oxide, or humus particle

Soil Heavy Fraction soil organic matter that is adsorbed
onto mineral surfaces or sequestered in micro-aggregates

Soil Horizon a horizontal layer in a soil profile with
distinctive physical and chemical features

Soil Hydraulic Conductivity the rate at which soil moisture
moves through soil pores

Soil Leaching movement of solutes through soils in
response to water infiltration

Soil Light Fraction fraction of soil organic matter that is
relatively free of mineral material and includes plant and
microbial detritus

Soil Order a major soil group such as an Oxisol that is
defined by physical-chemical properties and climatic
conditions

Soil Organic Matter (SOM) the detrital remains of plant,
animal, and microbial biomass in soils

Soil Respiration efflux of carbon dioxide from soils that
is derived from respiration by plant roots, soil animals,
and microbes

Soil Texture a description of the relative proportions of
sand, silt, and clay particles in a soil

Source place of origin for materials moving to a sink

Spodosol a major soil order characterized by a subsurface
spodic B horizon

Stable Isotope an atom characterized by a specific number
of protons and neutrons that is stable and does not normally
disintegrate through radioactive decay

State Variable a parameter in a computer model describing
the quantitative condition of a system component

Steady State a condition in which inputs and outputs are
approximately equal in a system

Stemflow precipitation moisture that has moved from the
forest canopy downward toward the ground following the
stem or bole of the tree

Stoichiometry a description of the ratios of elements in
cells, tissues, or organisms

Stoichiometric Coefficient in chemical notation, this integer
precedes each reactant or product and indicates the relative
numbers of moles of each molecule involved in a reaction

Stomatal Conductance the rate at which gas or water
vapor is exchanged through stomatal pores; this varies
with the size of the stomatal aperture

Stream Order the position of a stream in the hierarchy
from small headwater streams to large rivers

Stress a biotic or abiotic constraint or influence that
adversely affects critical life processes for organisms

Strong Acid a compound that readily dissociates in water
to release acidifying protons

Strong Mineral Acid an acid such as nitric, hydrochlo-
ric, hydrofluoric, or sulfuric acid that generates extreme
acidity

Succession an ecological process that occurs during the
successive stages of maturation and ecological develop-
ment following disturbance in a biological community

Sulfate Reduction (Assimilatory and Dissimilatory) reduc-
tion of sulfate ions to sulfide or other reduced species of
sulfur as a result of electron transfers mediated by living
organisms

Surficial Deposit usually refers to an accumulation of
sediments or residuum overlying bedrock

Surficial Geology the study of surficial sedimentary
deposits or residuum overlying bedrock

Symplast the pathway in plants for movement of water
from cell to cell within the cytoplasm

Throughfall moisture derived from atmospheric deposi-
tion that passes through plant foliage in a forest canopy
and drips to the ground

Till unsorted glacial debris that forms a specific type of
surficial deposit with sandy features

Total Acidity the sum of free and titratable bound acidity
in a compound with acidic functional groups

Trace Metal an element that occurs in low concentrations
and belongs to the transition metal group in the Periodic
Table

Transpiration transfer of water vapor from plant stomata to
the atmosphere in response to a water potential gradient

Ultisol a major soil order found in warm humid climates,
with a subsurface accumulation of clay

Unreactive N, the triple-bonded dinitrogen gas that occurs
at a concentration of 78% in the atmosphere

Unsaturated Flow movement of soil moisture in response
to capillary forces and soil matric potential

Unsaturated Zone portion of soil profile and surficial
deposits in a watershed where moisture content is below
field capacity

Unweighted Mean the average computed as the sum of
data points divided by the number of data points

Validation a process in which a model is independently
confirmed or validated using new data
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Vapor Pressure Deficit difference between the current
air concentration of water vapor and the concentration
of water vapor predicted at the dewpoint for that air
temperature

Variable Source Area a zone in a watershed that quickly
becomes saturated by rainfall or snowmelt and serves as
a source for rapid interflow or saturated overland flow to
a stream channel

Volume Weighted Mean a mean calculated by taking into
account differences in sample volumes

Washout removal of dry deposition from a plant canopy
by wet deposition; this term also refers to below-cloud
scavenging of chemical substances

Water Balance or Budget an analysis of water inputs,
outputs, and storage in a watershed

Water Potential a physical property that explains the move-
ment of water in plants, other organisms, and soils; in
plants, water potential is the sum of pressure potential and
osmotic potential

Watershed the topographically defined area that collects wet
deposition and drains into a stream or surface water system

Water Stress a condition characterized by a low water
potential and water deficiency that may be accompanied
by adverse physiological symptoms

Weak Acid a compound with a small acid dissociation
constant that partially ionizes in water to release protons
(an example is acetic acid or carbonic acid)

Weathering the physical or chemical breakdown of
minerals

Weighted Mean a mean value that is calculated using dif-
ferences in sample amounts to weight the proportional
contribution of each sample concentration to the overall
average

Wet Deposition the transfer of water droplets and solutes
to receptors on Earth

White Rot a decay process caused by Basidiomycete
and some Ascomycete fungi, giving wood a bleached
appearance

Wilting Point the soil water potential (—1.5 MPa) at which
water scarcity causes wilting in plants

Zero Point of Charge the pH at which a colloid has not
net positive or negative electrical charge
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