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Forest Dynamics and Disturbance Regimes
Studies from Temperate Evergreen—Deciduous Forests

More than a quarter of the world’s forests lie within the cool-to-cold temperate
zones of the northern and southern hemisphere. Their distinctive mosaics of ever-
green conifers and deciduous hardwood species have been shaped by fire, wind and
herbivory over thousands of years. In the last few centuries human activities have
increasingly changed the dynamics of these mosaics: fire suppression and exclusion
have reduced fire frequency, harvesting and grazing have increased, and a changing
climate may be leading to a change in the frequency of high winds. While the exact
influence of these changes remains to be determined, this book provides a major
contribution to the study of forest dynamics by considering three important themes:

* The combined influence of the three main disturbance types — wind, fire and her-
bivory — on the successional trajectories and structural characteristics of forests.

* The interaction of deciduous and evergreen tree species to form various mosaics
which, in turn, differentially influence the environment and disturbance regime.

* The significance of temporal and spatial scale with regard to the overall impact of
disturbances.

These themes are explored via case studies from the forests in the Lake States of the
USA (Minnesota, Wisconsin and Michigan) where the presence of large primary
forest remnants presents a unique opportunity to study and compare the long-term
dynamics of near-boreal, pine and hemlock—hardwood forests. The comparability of
these forests to forests in other cool-to-cold temperate zones allows generalizations
to be made that may apply more widely.

LEE FRELICH is a Research Associate in the Department of Forest Resources at the
University of Minnesota, St Paul and Founder and Director of the University of
Minnesota Centre for Hardwood Ecology. His research experience spans studies of
the impact of acid rain on forest growth, paleoecological studies of forest change,
tree population dynamics, old-growth forest dynamics and forest disturbance
ecology, including the effects of fire, windstorms and grazing.
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Preface

In a nutshell, this book covers the natural and settlement history of the
forests in the deciduous-to-boreal forest transition zone of the Lake
States (Minnesota, Wisconsin and Michigan) of eastern North America,
the different types of disturbances that occur there, and how to study dis-
turbances at the stand and landscape scales. Then several case studies from
the Great Lakes Region are used to develop important concepts about
the dynamic interactions between disturbance and forest size structure
and composition. The dynamics of different forest types within this
region are compared with each other. Finally, principles on forest
response to disturbance are developed that may be generalized to tem-
perate forests around the world. These include the dynamics of
conifer—hardwood mosaics, sensitivity of stands and landscape to chang-
ing disturbance regimes, and stability at different scales.

Chapter 1 describes the forest setting of the Lake States, and Chapter 2
follows that with basic information on disturbance regimes. Chapter 3
summarizes my experiences on how to sample and analyze stand distur-
bance history. The techniques presented there should be applicable in
most of the world’s closed-canopy temperate forests. Chapter 4 summa-
rizes what we know about stand development and successional trajecto-
ries in response to disturbance. Chapter 5 jumps to the landscape scale,
and shows how to study landscape age structure and composition.
Chapter 6 looks at case studies of landscape dynamics in response to
complex disturbance regimes and the sensitivity of the landscape to
changes in disturbance regimes, a subject which also could be called suc-
cession at the landscape scale. Chapter 7 examines how human fragmen-
tation of the landscape changes disturbance regimes and their effects on
the forest. Chapter 8 ties all of the information in the book together by
examining how disturbances and biotic properties of tree species interact
to structure the forest at all spatial scales from the neighborhood or small
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grove to the stand to the landscape. It demonstrates that four categories of
landscape dynamics exist in the Lake States study area, and also that many
types of forests around the world fit these same categories.

Although many excellent books have been written on individual dis-
turbance types (e.g. Johnson 1992, Whelan 1995 and Agee 1993 on fire),
tew books published to date have done much synthesis of the combined
effects of different types of disturbance. Therefore, I attempt to integrate
the effects of disturbance regimes that are complex, with more than one
type of disturbance operating at the same time. Interactions between fire
and wind, and between physical disturbances and herbivory, are two
interactions that are not covered very well by existing books. I make an
attempt to synthesize what we know about these interactions here, and
where empirical evidence is not adequate, I have not shied away from
using hypothetical examples, conceptual models, and extensions of
theory. In many cases, hypothetical examples can do a good job of syn-
thesizing a complex process that was originally described in small pieces,
and I employ that technique in a few places.
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Introduction: disturbance in temperate conifer-hardwood
forests

More than one-fourth of the world’s forest land lies within the cool-
to-cold temperate zones of the northern and southern hemispheres.
Their distinctive mosaics of evergreen conifers and deciduous hardwood
species have been shaped by fire, wind and herbivory over thousands of
years. In the last few centuries human activities have increasingly changed
the dynamics of these mosaics. Over much of the conifer-hardwood
forest zone fire frequencies have been reduced by fire suppression and
exclusion, harvesting has replaced fire as the main disturbance, global
warming may be causing an increase in the frequency of high winds, and
the intensity of grazing has increased.

Scientists and forest managers would like to understand how changing
disturbance regimes and interactions among disturbances will influence
forest successional trajectories. Managers of nature reserves would like to
know what types of manipulations would restore the forest to a natural
condition. The main purpose of this book is to illuminate the role of dis-
turbances in temperate conifer—hardwood forests for these scientists and
managers. Therefore, | have chosen three major themes for the book:

1. To show how three major disturbance types — fire, wind and herbi-
vory — work in combination to influence the successional trajectories
and structural characteristics of forests.

2. To show how deciduous and evergreen tree species interact to form
various mixtures by differentially influencing their environment and
the disturbance regime. For this book, the deciduous and evergreen
groups will be referred to as ‘hardwoods’, principally a mixture of
maple (Acer), oak (Quercus), ash (Fraxinus), basswood (Tilia) and birch
(Betula) species, and ‘conifers’, principally a mixture of pines (Pinus),
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spruces (Picea), cedar (Thuja), fir (Abies) and hemlock (Tsuga) species.
The common and scientific names of species referred to frequently in
the book are listed in Appendix I.

3. To show how disturbance effects play themselves out over time at
different spatial scales, which for purposes of discussion will be referred
to as neighborhood (a small grove of trees 1020 m across), stand
(1-100 ha) and landscape (a collection of stands, >1000 ha) scales.

Forests of the Lake States region

These three themes are explored via case studies from forests in the Lake
States (Minnesota, Wisconsin and Michigan, USA), which are described
in the remainder of this chapter. The reader may ask why the relatively
unknown Great Lakes region of the world warrants a book on forest
dynamics. There are three major reasons. First is the exceptional diversity
of forest types and their comparability to other forests around the world’s
cool-to-cold temperate zones. Second, the Great Lakes Region was
settled by Europeans relatively late so that the first round of land-clearing
did not occur until 1880-1940. Some large areas (14000 to 150000 ha),
representing all of the important forest types, were protected from
logging. These were influenced, but not cleared, by native Americans.
Natural forces of wind and fire have been the main influences over the
past several thousand years. Now that ecosystem management of forests is
high priority and mimicking of natural disturbance is often incorporated
in ecosystem management, the natural patterns found in the remnant
areas are very relevant, and in fact desired by many forest managers. The
final reason for writing a book on the Great Lakes Region is the avail-
ability of a vast scientific literature. The long-standing presence of several
major universities with forest ecologists and the United States Forest
Service’s North Central Forest Experiment Station, along with its
branches in Michigan, Wisconsin and Minnesota, means that much
information is available on forest dynamics. This information has been
widely scattered in many journals and research reports but it has never
been presented to the scientific community in a synthesized fashion, as I
attempt to do here.

The forest at the time of European settlement and today

Europeans first explored the Lake States during the 1600s. However,
major settlement by large numbers of Europeans accompanied by wide-
spread land-clearing did not occur until the mid-1800s in the southern
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Table 1.1. Forest area (thousands of hectares) in the Lake States just before
European settlement (1850) and as of 1995 (Frelich 1995)

Forest area Forest area Area of primary
Forest type in 1850 in 1995 remnants as of 1995
Jack pine 1352.9 803.9 40.7
Red and white pine 3953.9 831.0 23.1
Spruce—fir-birch 3155.4 6955.5 83.4
Swamp conifer 4272.4 1961.7 188.6
Oak-hickory 2786.7 2426.3 0.9
Riverbottom 1846.2 1605.9 3.1
Hardwood 15250.1 4670.8 29.3
Total 32617.6 19255.1 369.1

part of the region and the late 1880s to the early 1900s in the northern
part. Therefore, the main questions to be answered here are: (1) How
much forest existed prior to European settlement (say the mid-to-late
1800s)? (2) How much forest exists as of the 1990s? and (3) How has set-
tlement changed the composition of the forest?

Extent and composition of forests

The distribution of major vegetation types corresponds to mean boun-
dary positions of major air masses. The boreal forest exists north of the
mean position of the arctic front during winter and during the month of
June (Bryson 1966). The mixed deciduous—conifer forest exists between
the boreal forest and prairie—forest border, where the arctic front sits
during March and April. Thus, the prairie has long summers, the mixed
forest short summers, and the boreal forest very short summers.

The Lake States included nearly 32.6 million ha of closed-canopy
forests at the time of the United States General Land Office Survey just
prior to European settlement, during the late nineteenth century (Frelich
1995, Table 1.1). Hardwoods, including oak-maple and maple—hemlock
forests, were by far the largest component of presettlement forest land-
scapes, with over 15.3 million ha (47.1%), while red and white pine
forest lands only occupied about 3.9 million ha, or 12% of the forest
landscape (Figure 1.1). There were major differences in forest-type dis-
tribution among the three states. Nearly all of the jack pine and
spruce—fir—birch forests occurred in northern Minnesota, on the
Canadian Shield that has markedly colder winters and drier summers
than the northern parts of Wisconsin and Michigan. The physiographic
setting of northern Minnesota also allowed the development of large
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Figure 1.1 Lower panel, presettlement (c. 1850) and upper panel, post-settlement
(c. 1980) forest vegetation of the Lake States. After Stearns and Gutenspergen
(1987a,b).
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areas of peatlands, with their associated swamp conifer forests. Michigan
had the largest area of oak—hickory forest (1.5 million ha), but if oak
savannas were included, both Minnesota and Wisconsin would have had
twice the area of oak as Michigan (Curtis 1959, Marschner 1975). Both
Wisconsin and Michigan had large areas of hardwoods, whereas
Minnesota had a relatively small area of hardwoods that occurred as
islands scattered within the northeastern two-thirds of the state
(Marschner 1975).

The presettlement forest data can be interpreted as a stable baseline for
comparison of changes in the landscape caused by humans. This is based
on the knowledge that the ranges of major trees, such as maples, pines
and oaks, only changed by 4-10 km/century over the last 10000 years,
and have changed little in the last few thousand years (Davis 1981). In
addition, the overall rate of change in the spectrum of pollen types, on a
per century basis during the 8000-year period ending prior to European
settlement, was less than half that of the most recent century (Jacobson
and Grimm 1986). Both of these statistics indicate great stability in area
and species composition of forest in the Lake States prior to European
settlement. According to United States Forest Service inventory data,
there are currently 19.3 million ha forested lands — about 60% of the
original 32.6 million ha (Table 1.1, Figure 1.1).

Frelich (1995) found evidence that approximately 369000 ha of
primary forest (or forest that was never logged) currently exist in the Lake
States (Table 1.1). About 40% of the primary forest is in northern
Minnesota’s large wilderness reserve, the Boundary Waters Canoe Area
Wilderness (BWCAW), and 50% is in northern Minnesota’s swamp con-
ifers. The remaining 36000 ha is distributed among other smaller rem-
nants, mostly hemlock—hardwood forest in Upper Michigan, including
the Porcupine Mountains Wilderness State Park and Sylvania Wilderness
Area, but also including substantial red and white pine at Itasca State
Park, Minnesota (see Figure 1.2 for locations). The total current primary
forest 1s about 1.1% of the presettlement primary forest of the Lake
States. Percentages of original forest range from 0.02% for oak—hickory
to 4.4% for swamp conifers. In addition to oak-hickory, other forest
types with notably low percentages are areas of primary red and white
pine (0.6%), riverbottom (0.2%) and hemlock—hardwood (0.2%) forest
lands (Table 1.1).

Currently, aspen and mixed conifer—aspen stands (Figures 1.3, 1.4)
occupy a much larger proportion of the forest landscape than they did
prior to settlement (Figure 1.1, Table 1.1). This is due to extensive forest
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Figure 1.3.  Young quaking aspen stand typical of second-growth forest in the Lake
States. Photo: University of Minnesota Agricultural Experiment Station, Dave

Hansen.
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Figure 1.4.  Mixed aspen, white spruce and balsam fir forest was/is common in the
northern Lake States region prior to European settlement and today. Photo:
University of Minnesota Agricultural Experiment Station, Dave Hansen.

clearing followed by burning of slash that occurred between 1850 and
1940 in the Lake States. In northern parts of Minnesota and Michigan,
forests of spruce and jack, red or white pine (Figures 1.5, 1.6, 1.7) yielded
to aspen, while in northern Wisconsin and parts of northern Michigan,
hemlock—hardwood or hardwood forest (Figure 1.8) was converted to
aspen. Lowland conifer forests (Figure 1.9) have seen relatively little con-
version to aspen or other forest types, due to the undesirable sites they
occupy.

Climate

The climate of the Great Lakes Region is humid continental. Summers
are short and cool; average July temperatures range from 17 °C in north-
ern Minnesota to 19-20 °C in the Upper Michigan study areas, to 22 °C
in the oak-maple forests of southern Minnesota. Winters are long and
cold; average January temperatures range from —17 °C in northern
Minnesota to —6 to —8 °C in Upper Michigan and southern Minnesota
(National Oceanic and Atmospheric Administration 1980). It should be
noted that there is a strong lake effect and that temperatures within
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Figure 1.5.  The southernmost occurrence of upland black spruce forest occurs in
Minnesota’s Boundary Waters Canoe Area Wilderness. Photo: University of
Minnesota Agricultural Experiment Station, Dave Hansen.

Figure 1.6. Even-aged jack pine forests occur after fire on sandy and rocky sites
along the southern margin of the boreal forest. Photo: University of Minnesota
Agricultural Experiment Station, Dave Hansen.
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Figure 1.7.  An old-growth red pine stand at Itasca State Park, Minnesota. Photo:
University of Minnesota Agricultural Experiment Station, Dave Hansen.

Figure 1.8.  Sugar maple stand typical of the ‘Big Woods’ region of Minnesota and
the northern mesic forests of Wisconsin and Michigan. Photo: University of
Minnesota Agricultural Experiment Station, Dave Hansen.




10 - The forest setting

Figure 1.9. Lowland black spruce on sphagnum peatlands are extensive in
northern Minnesota, Wisconsin and Michigan. Photo: University of Minnesota
Agricultural Experiment Station, Dave Hansen.

10 km of the Great Lakes may be higher during the winter and lower
during the summer than indicated above (Eichenlaub 1979). Conti-
nentality (an index of annual temperature range) in Upper Michigan is
nearly the same as the New England coast of Maine (Trewartha 1961).
Mean annual frost-free period ranges from about 90 days in the northern
part of the region (although about 120 days near Lake Superior), to 160
days in the southern part (Phillips and McCulloch 1972). Day lengths
range from about 8-9 hours on December 22 to 15-16 hours on June 21.

Annual precipitation ranges from 800 mm to 900 mm over the region
and is much higher during the summer months than winter months,
except near Lake Superior, where it is fairly evenly distributed through-
out the year (Eichenlaub 1979). Measurable precipitation (0.25 mm or
more) falls on 130 to 160 days per year near the Great Lakes, which is the
same range as maritime areas in the Pacific Northwest and New England,
USA (Court 1974). Away from the Great Lakes, most precipitation falls
during intense convective storms during summer months, so that mea-
surable precipitation falls on only 100 days. Only 5-10% of months in
Upper Michigan can be considered to have severe or extreme drought
(Court 1974). About 25-35 thunderstorm days occur annually in the
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region (Court 1974), but owing to accompanying rain, these result in
only 1-5 lightning fires per 400000 ha per year (Schroeder and Buck
1970). Annual snowfall is 1-2 m away from Lake Superior, but in Lake-
effect snowbelts, average snowfall may be as high as 4 m, and occasionally
up to 7 m of snow falls in one winter in the Porcupine Mountains
(Muller 1966, Eichenlaub 1979). The ground is snow covered on and off
from December to March in the southern part of the region, and contin-
uously from late November until mid April in the northern part. The
region receives about 60% of possible sunshine during the summer
months and only 30—40% of possible sunshine during the winter months
(Visher 1954).

The principal primary forest remnants

Hemlock—hardwood forests of Upper Michigan

In Upper Michigan there are two large areas of forest that have escaped
logging. The largest is the Porcupine Mountains Wilderness State Park,
on the coast of Lake Superior near the western end of Upper Michigan
(Figure 1.2). Braun (1950) presents a description of the vegetation of the
Porcupine Mountains and calls the area ‘a vast hardwood forest contain-
ing the most extensive primeval tracts remaining on the continent.’ It
should be noted, however, that some of the area has (since 1950) been
logged. Even though acquisition of the area was authorized in 1944, not
all of the property was immediately purchased. Large-scale logging oper-
ations, which did not reach western Upper Michigan until the 1940s,
were under way as the park was being purchased. Today, the park con-
tains approximately 14500 ha of forest which was never logged, although
about 1500 ha had some fallen timber salvaged after a windstorm struck
the area in 1953. The second-largest area (6073 ha) of primary forest is in
the Sylvania Wilderness Area in Ottawa National Forest (Figure 1.2).
Sylvania is a township on the Wisconsin—Michigan border 80 km from
Lake Superior which was held as a private preserve until being sold to the
United States Forest Service in 1966. The only trees removed were in a
forest thinning near roads and a few pines on the lakeshores.

The principal advantage of conducting studies of forest dynamics on a
few large blocks of remnant forest (as opposed to many small ones) is that
a bias toward old-growth stands with large trees is avoided. Many of the
small remnant forests, such as smaller state parks, scientific areas and
Nature Conservancy preserves, were selected for purchase specifically
because they contained old-growth forest. Young forests developing after
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natural catastrophes were probably not considered for purchase because
the forest was not recognized as being much different from the ubiqui-
tous second-growth. In general, these small areas do not contain young
virgin sapling and pole-sized stands as do the large blocks of forest which
were preserved for other reasons.

The principal vegetation type on all these forest remnants is northern
mesic forest as defined by Curtis (1959). Sugar maple dominates most of
the forest inland from Lake Superior, and mixes extensively with
hemlock near the lake. Occasional stands of hemlock are also found
inland, especially in Sylvania. Lesser amounts of yellow birch, red maple,
basswood and white pine occur throughout the area (Braun 1950). All
other tree species are of local or sporadic occurrence. Elevations in the
Porcupine Mountains range from 182 m on the surface of Lake Superior
to about 600 m at 5 km inland. Glacial Lake Duluth covered parts of the
area until approximately 8000 ybp (Hough 1958). These lake—plain areas
have very deep deposits of silty lake-bottom sediments at elevations up to
120 m above Lake Superior, with deep loam and silt loam soils predomi-
nating on gentle north slopes (0—10%). Farther inland, bedrock comes
near the surface and topography is more rugged, with slopes up to 30% in
steepness on the predominating north slopes. Soils are still generally 1 m
or more deep in these upland areas and are of loam or sandy loam texture.
South slopes in both areas have very steep or vertical outcrops of bedrock
unsuitable for development of forests, although a few gently sloping
south-facing hills are present. Soils include coarse-loamy, mixed, frigid
Alfic Fragiorthods and Entic Haplorthods (Michigan State University
1981). Observations of thickness of root mats of recently fallen trees indi-
cate that fragipans occur at depths of 50-100 cm. In the uplands, Lithic
Haplorthods and Lithic Borofolists also occur locally.

The topography of Sylvania is quite different from the Porcupine
Mountains. A glacial end moraine known as the Watersmeet Moraine
covers the area (Dorr and Eschman 1970, Jordan 1973). The pitted ice-
contact topography varies from 500 m to 550 m in elevation and contains
many small lakes and bogs. The drift is deep (>30 m), red color, slightly
acidic, and of sandy loam texture. The upland forest soils at Sylvania are
spodosols and most are classified as coarse-loamy, mixed, frigid Alfic
Fragiorthods or Alfic Haplorthods (Jordan 1973).

Near-boreal forests of northeastern Minnesota
A small extension of boreal forest extends from Canada into northeastern
Minnesota (Weber and Stocks 1998). Because it is on the very southern
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edge of the boreal forest and contains a few scattered stands of species not
usually considered boreal, Heinselman (1973) coined the term ‘near-
boreal forest,” which I adopt here. The boreal tree element includes jack
pine, black spruce, and aspen, mixed with balsam fir, white cedar, white
spruce, and paper birch in older stands. The non-boreal element exists in
stunted form here at the northern edge of the range, including white and
red pine, red maple, northern red oak, bur oak, and pin oak. Red maple
and the oaks in particular can be in the form of a shrub or small tree,
unlike the large sizes (1 m diameter at breast height, dbh) they reach
further south. Near-boreal forests include the following types: (1)
fir—birch forest on relatively good soils; (2) jack pine—black spruce on
coarse shallow soils over granitic bedrock, as well as several other jack
pine-dominated types; (3) red maple, aspen, birch and fir on moist but
not wet sites; (4) red pine on shallow rocky soils, especially common
along lakeshores; and (5) birch—white pine forests, common along lakes
and streams regardless of the soil type. A variety of conifer swamp forests
with black spruce, tamarack or a mixture of the two also occurs.

The Boundary Waters Canoe Area Wilderness lies within the near-
boreal forest zone (Figures 1.1, 1.2), centered at about 48 °N latitude,
and 91 °W longitude. It contains about 439000 ha of land and water and
was set aside as a wilderness area off limits to logging by the United States
Congress in 1978. Of this, 335000 ha is forested, and 169000 ha (50% of
forest) has never been logged (Heinselman 1996). The stand-origin dates
for the entire 160000 ha that was never logged were mapped by
Heinselman (1973, 1996), and the community makeup of this tract was
also sampled by Ohmann and Ream (1971). Fourteen major fire years,
with large stand-killing fires, have occurred since 1595, including four
(1863—64, 1875, 1894, and 1910) that account for nearly three-quarters
of the forest area.

‘Bigwoods’ forests of southeastern Minnesota

These forests were at the edge of the prairie—forest border in the south-
western part of the Lake States (Figure 1.2). Early survey data indicated a
large patch about 8000 km? in size that was dominated by a mixture of
red oak, white oak, American elm and sugar maple (Grimm 1984). This
patch was typical of forests along the prairie border in the Mid-western
United States, in that the oaks were more abundant along the prairie
edge, and the maple and elm more abundant in the interior of the forest,
and the forested area was often on the northeast side of some sort of top-
ographic feature that served as a fire break (Grimm 1984, Leitner et al.
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1991). Soils were relatively deep loams to sandy loams on top of glacial
drift.

At this point, only a few small scattered remnants of Bigwoods vegeta-
tion exist, which may comprise 1% of the original forest (Minnesota
Biological Survey 1995). These remnants are tiny compared with the
Porcupine Mountains or Boundary Waters Canoe Area Wilderness. As
they are the only representatives of a formerly large forest, however, their
importance goes beyond their size. Because of fire suppression during the
past century, sugar maple has increased in abundance, while oaks have
decreased in many stands, such as that in Figure 1.8.

Summary

The Lake States are in a unique zone of sharp climate change so that a
large variety of forest types is present. A large body of scientific informa-
tion exists on the response of these forests to disturbances. In this book, I
synthesize these findings so that Lake States forest dynamics can be com-
pared with analogous forests in the world’s cool-to-cold temperate zones.
Lake States forests include oak and beech—maple forests analogous to
those in western Europe, Japan, southern South America and New
Zealand; hemlock forests similar to those in eastern Asia; red and white
pine forests with analogs in northern Korea, China, and northern
Europe; vast peatland larch and spruce forests, analogous to those in
Siberia; and fire-adapted near-boreal forests of jack pine and black
spruce, similar to those across southern Canada, northern Scandinavia,
and northern Japan. Several large primary forests still exist in the Lake
States so that the dynamics of forests with minimal human influence can
be compared with other regions where human influence has had more
impact. Enough detail on the Lake States forest history, composition and
dynamics is presented to facilitate comparison with other forests. I hope
to enable readers to qualitatively predict forest response to disturbances in
any of these other temperate conifer—hardwood forests around the world.



2 - The disturbance regime and its
components

Importance of disturbance in forests

Disturbances exert strong control over the species composition and
structure of forests. As a general rule, landscapes with frequent severe dis-
turbance are dominated by young even-aged stands of shade-intolerant
species such as aspen. Conversely, old stands of shade-tolerant species
such as hemlock dominate where severe disturbances are rare. Every con-
ceivable mixture between these two extremes can be created by the
various combinations of disturbance. To understand how disturbances
exert these influences over the forest it is necessary to know the basic
concepts and mechanics of disturbance — the function of this chapter.
Fire, wind and herbivory have been chosen for detailed discussion
because they are very important influences on temperate forests and we
know a lot about them and their interactions.

A definition and key concepts

The disturbance regime is simply a description of the characteristic types
of disturbance on a given forest landscape; the frequency, severity, and
size distribution of these characteristic disturbance types; and the inter-
actions among disturbance types. If the forest experiences a series of
unique disturbances over time, so that type, frequency, severity and size
cannot be characterized, then there is no stable regime. Apparent stabil-
ity of the regime, however, is a function of the length of time and size of
area observed (Lertzman and Fall 1998). A paleoecologist may view the
temperate forest of eastern North America as unstable, because it started
out as spruce after the last glaciation receded, changed to pine or oak as
the climate reached its maximum interglacial warmth 7000-9000 ybp,
and then converted to what we know today as ‘hemlock—hardwood
forest’ 3000 ybp. The forest experienced a series of unique climatic and
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disturbance events that resulted in major changes. From the forester’s
point of view, however, there may have been periods of stable distur-
bance regime at time scales of decades to centuries between major
changes. It is becoming increasingly obvious that forest change over time
exhibits a punctuated stability phenomenon, and those who view the
vegetation as stable and those who view it as unstable may both be right
(see Chapter 8).

Disturbance intensity versus severity

The difference between disturbance intensity and severity is important to
grasp for anyone involved with research in forest ecology or forest man-
agement. Intensity refers to the amount of energy released by the physical
process of disturbance, and severity refers to the amount of mortality that
occurs among tree and plant populations in a disturbed area. With fires,
intensity is the rate of heat energy released per unit length of fire line per
unit time (W/m/s), or sometimes the rate of heat produced per unit time
and area (W/m?/s). In addition, fire intensity has a direct relationship to
flame length (Johnson 1992). Often there is a good correlation between
fire intensity or flame length and severity. However, in areas with organic
soil, whether bogs or rocky areas where the soil is a moss blanket, a low-
intensity fire (perhaps with flame lengths less than a meter) can kill the
roots and result in nearly 100% tree mortality. Such a fire would be low in
intensity but high in severity. Regarding windstorms, intensity and
resulting severity are highly correlated. The higher the peak wind gust
(i.e. the higher the amount of force on the trees), the greater the propor-
tion that will blow down. Thus, for windstorms intensity and severity
have the same meaning in terms of the outcome for the forest, even
though the units are different. Herbivory (at least in temperate forests —
we do not have armies of locusts or ants) always has a very low intensity
(i.e. rate of consumption), because animals or insects consume relatively
small amounts of biomass over periods of days, weeks, or years. The
severity, however, can range from virtually no mortality and impact on
the forest, to nearly total mortality of trees at the stand or landscape level.
For convenience, we can arrange disturbance severity into three ordered
categories:

1. Low-severity disturbances are those that kill small pieces of the forest
understory or overstory (or both), resulting in scattered minor mor-
tality. Windstorms that pick off a few larger trees and create scattered
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treefall gaps, spot fires, and selection cutting of single trees or small
groups of trees are examples.

2. Moderate-severity disturbances kill most/all of either the understory
or overstory, but leave a substantial legacy of intact mature trees or
seedlings. Windstorms and clear cutting that remove the canopy but
leave the seedling layer intact, and surface fires or browsing deer that
kill nearly all seedlings while leaving the canopy intact, are examples.

3. High-severity disturbances kill most of the understory and overstory
layers. Crown fires and clearcutting followed by burning of the
remaining slash are examples.

Rotation period

Rotation period is defined as the length of time required to disturb an
area equivalent to the whole landscape of interest. Synonyms used
include fire cycle (Van Wagner 1978), which is the rotation period for
stand-killing fires, and mean recurrence interval. Rotation period may
be calculated for any type of disturbance (wind, surface fire, crown fire,
logging, etc.), so that any one forested landscape will have several ‘rota-
tion periods’ in effect. ‘Natural rotation period’ refers to the rotation for
some sort of natural disturbance, while ‘commercial rotation period’
refers to the ideal logging rotation for lumber or fiber production. The
principal difference between the natural and commercial rotation period,
in a functional sense, is that stands to be disturbed are ‘selected’ much
more randomly under the natural disturbance regime, and more pur-
posefully under the harvesting regime. The implications of this difference
and methods for estimating rotation periods are covered in Chapters 5
and 6.

The phenomenon of windstorms

The Great Lakes Region (as well as cold-temperate forest zones around
the world) is one of the most active weather zones in the northern hemi-
sphere, with the polar jet stream positioned overhead much of the year
(Bryson 1966, Eichenlaub 1979). More cyclones pass over the area than
any other part of the continental United States (Visher 1954, Whittaker
and Horn 1982). Major cyclone tracks cross the region every month of
the year (Klein 1957, Whittaker and Horn 1982). Outbreaks of severe
weather are known to occur in the region when the polar jet stream lies
just to the north and the subtropical jet stream lies just to the south



18 - Disturbance regime components
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Figure 2.1.  Approximate rotation period for winds F2 or higher (>180 km/h)
during the historical period 1850—1970. Assumes that straight-line thunderstorm
winds affect twice as much area as tornadoes, based on author’s stand-history
reconstructions and tornado data from Thom (1963).

during the summer months (Eagleman et al. 1975, Whitney 1977,
Doswell 1980). Some of the most severe thunderstorms ever observed by
meteorologists have occured in northern Wisconsin and Minnesota
(Fujita 1978). There is a gradient in the frequency of occurrence for all
types of severe windstorms in the Lake States (Figure 2.1), running from
the southwest (maximum occurrence) to the northeast (minimum
occurrence).

Topography affects forest damage caused by wind. Wind speeds are
usually strongest at the top of a slope if wind is at a right angle to a ridge,
at the midslope if wind is at an acute angle to a ridge, and at the valley
bottom if wind direction is parallel to a ridge. Turbulence caused by
eddies as the wind swirls around topographical obstacles also can cause
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Figure 2.2.  Size distribution of historic forest blowdowns in the Lake States (after
Fujita 1978 and Canham and Loucks 1984). Logt stands for log base 10.

significant tree damage, particularly roller eddies on the lee side of ridges
(United States Department of Agriculture 1964, Gloyne 1968). There is
usually a strong relationship between forest damage and aspect in areas hit
by tropical cyclones, where damaging winds may frequently come from
the same direction (Boose ef al. 1994). However, the overall pattern of
damage may not correspond to topographical features in areas where
winds come from all directions and/or the winds have a downward com-
ponent, as in derechos, downbursts and tornadoes (Rebertus et al. 1997,
Frelich and Lorimer 1991a). The damage pattern from one storm may
have a directional component, but as numerous storms with different
wind directions overlap, the correspondence with aspect is washed out.
Individual blowdowns in the Lake States ranged from from 0.1 ha to
3600 ha, with a mean of 93 ha during the presettlement era (Canham and
Loucks 1984, Figure 2.2). There are three major storm types that cause
forest gaps, discussed below.

Straight-line thunderstorm winds

Downbursts and microbursts are the forms of straight-line winds from
severe thunderstorms that cause most forest damage. Severe thunder-
storms with downbursts or tornadoes can be identified visually as they
approach by the mammatus clouds on the underside of the storm’s
anvil cloud (Figure 2.3). The only difference between downbursts and
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Figure 2.3. A severe thunderstorm (indicated by mammatus clouds on the
underside of the anvil, pictured here) rolls across southern Minnesota during the
summer of 1994. Such storms are capable of producing downbursts, derechos, and
tornadoes. Photo: University of Minnesota Agricultural Experiment Station, Dave
Hansen.

microbursts is the size, with those having a damage swath more than 3
km in length referred to as downbursts (Fujita 1978). Both consist of a
shaft of cold dense air that accelerates downward, hits the ground, and
splatters outwards in all directions. Because thunderstorms usually are
moving and each downburst takes several minutes to form, the resulting
damage fields are oval in shape and elongated in the direction of storm
movement. The two components of the wind are: (1) the forward
momentum of the thunderstorm or squall line, commonly in the range
of 50—80 km/h; and (2) energy from the jet stream which may interact
with the storm to accelerate the downward wind movement. Wind
speeds in the most severe downbursts are F2 on the Fujita scale (180-250
km/h) and result in complete forest canopy blowdown.

One thunderstorm may produce many downbursts over a period of a
few hours, and the resulting pattern of damage is known as a downburst
family, also called a ‘derecho’ (pronounced der-ay’-sho). Derechos can
affect areas 100 km or more in width, and may travel across half of the
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Figure 2.4.  Superblowdown of northern Minnesota, July 4, 1999. Several such
blowdowns in recent years suggest that the historic size distribution of forest
blowdowns has changed during the last century.

North American continent. On May 30-31, 1998, a derecho formed
near Minneapolis, Minnesota, and traveled all the way to the Atlantic
Ocean, 2000 km to the east, causing significant tree damage all along the
way. Areas of heavy canopy blowdown, however, are typically restricted
to areas about 10-25 km in width and 100200 km in length.

Three infamous derechos have caused massive damage to Lake States
forests in recent decades, across northern Wisconsin (1977), north of
Itasca State Park in Minnesota (1995), and the Boundary Waters Canoe
Area Wilderness in northern Minnesota (1999). The Wisconsin storm,
called the Flambeau Blowdown, was a family of 26 separate downbursts
that cut a swath of damage 20 km wide and 200 km long across northern
Wisconsin on the 4th of July, 1977 (Fujita 1978). Wind speeds reached
250 km/h in some areas and 140000 ha of forest had at least 50% of the
canopy removed (Fujita 1978, Frelich and Lorimer 1991a). The
Minnesota storm, (which also occurred on the 4th of July!), caused sig-
nificant damage to 200000 hectares of forest in northern Minnesota’s
Boundary Waters Canoe Area Wilderness (Figures 2.4, 2.5). These recent
massive forest blowdowns are an order of magnitude larger than those
observed in the historic data set (Figure 2.2), and this raises the question
of whether climate change has begun to increase the size and severity of
thunderstorms in the Lake States. An alternative explanation is that the
size distribution of blowdowns has not changed over the last century and
that by chance none of these large blowdowns happened to be present
and recorded at the time of the presettlement land survey. Further obser-
vation and analyses will be necessary to test these hypotheses.
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Figure 2.5. A 198-year-old red pine forest lies in shambles after the
superblowdown of July 4, 1999, northern Minnesota. Photo: University of
Minnesota Agricultural Experiment Station, Dave Hansen.

Tornadoes

These vortices of rapidly rotating air are produced by rotating supercell
thunderstorms, and they typically have damage paths 20-30 times, rarely
up to 100 times, as long as wide (Abbey and Fujita 1983). The maximum
width is 2 km, but a typical width is 100-200 m. Tornadoes can range
from FO to F5, with those F2 and above capable of causing extensive
forest canopy damage. Although only about 3% of all tornadoes reach F4
or more in intensity (with wind speeds of >320 km/h), they cause the
majority of all damage, because they have the widest and longest paths
(Fujita 1978, Abbey and Fujita 1983). Forest damage from a tornado is
characterized by trees falling in convergent directions, as opposed to
straight-line thunderstorm winds, which are divergent with a much
shorter length-to-width ratio than tornadoes.

Tornadoes occur in all of the earth’s temperate zones. However, the
probability of being hit by a tornado, as well as the F-level of tornadoes,
reaches its maximum in the interior of North America, in a region
known as ‘Tornado Alley’, stretching from Texas and Oklahoma,
through Kansas, Missouri, Iowa and Illinois in the central USA (Thom
1963, Eagleman et al. 1975). The Lake States study area of this book is
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Figure 2.6. A tornado churns through the Midwestern USA. Photo: U.S.
Department of Agriculture.

just off the north end of ‘Tornado Alley’, and experiences very intense
tornadoes (Figure 2.6). However, the annual probability of being hit by a
tornado ranges from 5% to 40% of that in central Oklahoma, where the
highest frequency occurs (Thom 1963). These values correspond to
tornado rotation periods of about 6000 years in the extreme northern
part of the Lake States to about 1000 years in the southern part.

Cyclonic winds (gales)

These are general winds around low pressure centers, also called extra-
tropical cyclones. Very large areas are covered in individual storms (mil-
lions of km?), but the intensity of the wind is lower than tornadoes and
straight-line winds. In the Lake States, extra-tropical cyclone wind
speeds rarely reach 120 km/h for several hours, causing low-to-moderate
forest canopy damage in the Lake States. However, extra-tropical
cyclones can be more severe near the ocean, in areas such as Great Britain
and southern South America, where stand-leveling winds of 180 km/h
can occur (Gloyne 1968, Rebertus et al. 1997). Tropical cyclones have
similar or higher wind speeds up to 280 km/h, and occasionally affect the
temperate zone forests in late summer or early autumn, in the New
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England region of the USA, and in Japan (Boose et al. 1994, Ishizuka et
al. 1998). These severe extra-tropical and tropical cyclones don’t affect
the Lake States. Nevertheless, given the Lake State’s winds of 250 km/h
and >300 km/h during severe thunderstorms and tornadoes, the sever-
ity of the wind regime is probably as high or higher than that in regions
near the oceans.

Accumulations of heavy wet snow or freezing rain accompanied by
cyclonic winds of 50-100 kph may also occur in November and April in
the Great Lakes Region, and these may cause loss of a small percentage of
canopy trees over a large region. There may be a few areas 1-10 ha in size
where most of the canopy is taken down in such a storm, especially in
mature near-boreal forests that typically have tall, thin jack pine or black
spruce trees. Crown damage, rather than trunk breakage or uprooting, is
common in white pine from these storms.

There is a relationship between cyclones, thunderstorms and torna-
does. Many intense cyclones have gale-force general winds from the
northeast, southwest and northwest, in response to the atmosphere’s
attempt to fill the low pressure area, while a cold front trails along from
near the center to the southwest. These cold fronts, and/or the dry line in
front of them, are where severe thunderstorms form that may produce
microbursts, downbursts, derechos and tornadoes. Especially in the spring
and fall, it is common for an intense northeast or northwest gale to be
blowing in northern Minnesota, Michigan and Wisconsin, while severe
thunderstorms are in progress in southern Minnesota and Wisconsin.

The phenomenon of fire

On the presettlement landscape there was large variability in the severity
of fires and their frequency across the forests of the Great Lakes Region.
Near the prairie—forest border, fires were very frequent, having occurred
once or twice a decade. These areas were covered with savanna-like veg-
etation with scattered groves of trees embedded within grasslands. The
general trend as one moved toward the northeast was for fire frequency to
decrease but for fire severity to increase. Thus, the near-boreal forest
mixture of conifers and birch and aspen that covered much of northern
Minnesota had very severe canopy-killing fires with average fire rotation
periods ranging from 50 to 200 years among forest types. Fire was gener-
ally rare in hemlock—hardwood dominated landscapes.

The United States Forest Service has designated the fire climate of the
Great Lakes as Region 11, which has an April to October fire season. In
hardwood forests fire frequency peaks before leafout in spring and after
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the leaves have fallen in autumn, when wind and sunlight are able to dry
the forest floor (Schroeder and Buck 1970). Fuels in the hardwood forests
consist mainly of compact litter and branchwood that will support
surface fires. Crown fires are very rare in hardwood forests due to rela-
tively (compared with many conifers) high foliar moisture content, low
bulk density of the canopy and possibly low content of flammable extrac-
tives (Van Wagner 1977). The reader should consult Johnson (1992),
Agee (1993) and Whelan (1995) for more detail on the physics and
effects of fires.

Several very large and intense fires, such as the Peshtigo Fire which
burned about 500000 ha during October 1871, have occurred in the
Lake States region, even in areas where the main vegetation type is the
non-flammable hardwood forest type. Two conditions were necessary for
the development of these conflagrations. First, logging and burning to
clear land for settlement was extensive at the time of the fires and heavy
accumulations of mixed fuels (logging slash) were widespread (Wells
1968). Second, these conflagrations were preceded by 3—5 months of
below normal rainfall and several days of low humidity (Haines and
Sando 1969). Such conflagrations are unlikely to occur again (even
though the meteorological conditions may be repeated) because modern
forestry practices do not create such vast areas of logging slash on the
landscape. However, it should be kept in mind that conflagrations may
have occurred in the presettlement forest in areas where extensive blow-
downs resulted in fuel conditions similar to logging slash.

Most northern conifer forests have canopy foliage with high bulk
density, closed canopies and heavy ground fuel loadings. Under these
conditions intense crown fires with flame lengths of 20-30 m are pos-
sible, especially after long droughts. The actual fire-line intensity in these
forests is much more controlled by the fire weather at the time of fire
than by any other factor (Johnson and Fryer 1989, Johnson and
Wowchuk 1993, Bessie and Johnson 1995). If there has been a severe
drought and the day of a fire includes low humidity and high wind
speeds, severe crown fires beyond human control capabilities are likely,
whereas a moderate drought will likely lead to surface fires or passive
crown fires. Fires with flame lengths of more than 5-10 m may be
uncontrollable. As a general rule, people can start and stop surface fires,
but they can only start crown fires. Most crown fires are finally put out by
rainfall or snowfall events that bring the period of severe burning weather
to an end.

Fires in northern Minnesota’s vast conifer forests prior to European
settlement were very large in size, with a mean of 4000 ha and a
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maximum estimated size of 160000 ha (Heinselman 1973). The average
fire size means little in northern conifer forests, because most of the area
is burned during the top few fires in terms of area. A good rule of thumb
is that the top 3% of fires in terms of area within the fire perimeter burn
97% of the landscape — note that the biggest fire cited burned 40 times
the area of the average fire. Ultimate fire size is determined by the length
of time with severe burning conditions, especially the number of days
with low humidity and high winds that are brought to an end by precipi-
tation, and the placement of major firebreaks, such as large lakes. Thus,
the maximum fire size varies with landscape characteristics.

People have an important influence on the size, severity and frequency
of fires, and these have changed in some areas since settlement by
Europeans. Conversion of much of the landscape from conifers to aspen
and birch (which do not carry severe crown fires very well), to cities,
farms, highways and resorts, has disrupted the flow of fires across the
landscape, and fire now plays a more minor role in Great Lakes forests
than it used to. These changes in land use result in fire exclusion (often
confused with fire suppression by many people) that could account for
much of the reduction in the role that fire has played in the forest over the
last century. In addition, direct suppression of fires and climate change
have probably also contributed to the reduction in fire frequency. Large
fires are still possible and will eventually occur in northern Minnesota —
the annual probability is just lower at this point than in the past.

Johnson (1992) argues that direct suppression of fires has played a
minor role in the reduction in fire frequency over the last century in
North American near-boreal and boreal conifer forest. The logic for this
argument is that 97% of the landscape is burned during the largest 3% of
the fires. These very large fires only occur when there is a prolonged sub-
continental-scale drought, and any small source of ignition blows up into
a conflagration with flame lengths that are considered beyond the abil-
ities of fire suppression. Suppression can put out the other 97% of fires,
but these would have been relatively low-intensity events in any case, and
would only burn 3% of the landscape even if no suppression occurred.
Therefore, the logic goes, suppression changes the area burned in north-
ern conifer forests very little. The one flaw in this argument pointed out
by some is that some fires are ignited by lightning when the forest is rela-
tively wet, and then smolder for several weeks until a severe drought
develops, and then take off and become big fires (e.g. Lorimer and
Gough 1988). During this smoldering phase, suppression would be
effective in stamping out an ignition source before it starts a big fire.
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However, Johnson counters that the empirical evidence from remote
parts of the boreal forests where fire suppression is not attempted shows
that fire frequency and rates of landscape burned per decade change at
the same times as they do in regions where suppression is practiced
(Johnson 1992, Johnson and Gutsell 1994).

The phenomenon of mammalian herbivory

Several members of the deer family, particularly white-tailed deer
(Odocoileus virginianus) and moose (Alces alces) in North America and red
deer (Cervus elaphus) in Europe disturb the forest by browsing of woody
seedlings and saplings during the winter and grazing of herbaceous plants
during the summer. Rodents such as mice, squirrels and voles, and
rabbits also eat tree seeds and small seedlings, sometimes altering the
future course of succession (Ostfeld ef al. 1997). Browsing and grazing do
not kill adult trees, and this type of very low-intensity disturbance must
continue for several decades to influence future forest composition by
preventing successful seedling establishment and canopy recruitment of
certain tree species. One extreme example of long-term browsing of tree
seedlings has occurred in Scots pine forest near Braemar, Scotland, where
red deer have prevented successful recruitment of new Scots pine since
the late 1700s (Watson 1983).

Ungulates do not always browse the same tree species in different
regions, even when those same species are available. One reason for this is
that several available browse species in each forest can be placed in an
order of preference (e.g. Beals ef al. 1960, Anderson and Loucks 1979).
Deer and moose usually choose to eat those on the ‘highly preferred’ list,
while causing only minor damage to the ‘moderately preferred’, or ‘not
preferred’ lists. When the most preferred species is absent, the second
most preferred species may become the main food source and suffer
major damage. A second reason for variability in which species are taken
is that palatability of the same tree species can vary among regions. This is
probably an evolutionary adaptation by the trees to a long history of
heavy browsing. The lack of palatability is caused by certain secondary
compounds in the twigs.

Deer and moose in the Lake States

Deer have generally increased greatly in abundance over the last 50 years,
after a period of near extirpation during the land-clearing of the late
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1800s to the early 1900s. Their populations irrupted throughout the
region beginning in the 1920s (Leopold 1943) in response to protection
and regrowth of forest in the early-successional types that are favored by
deer. Moose have generally declined, except in a few instances, such as
on Isle Royale National Park in Lake Superior, where moose swam to
the island in the early 1900s, and thrived in the absence of competing
members of the deer family (Murie 1934).

During winter browsing, moose prefer paper birch, mountain ash and
mountain maple, and to some extent balsam fir, over other species of
trees. Moose simply grab a sapling and pull, stripping small twigs and
leaving a ragged branch stub. They can also bend and break saplings as
large as 2.5 cm in trunk diameter for access to twigs too high to reach
directly. Thus, seedlings are very unlikely to escape moose browsing by
growing too large. There are no tree species in the Lake States that can
attain a dbh of 2.5 cm during one summer.

White-tailed deer prefer several species of woody plant for winter
browsing. Severe regeneration problems have been documented for
white cedar, yew and hemlock among the conifers, and red maple, red
oak and white oak among the hardwood species (Beals et al. 1960,
Frelich and Lorimer 1985). Damage to white pine varies throughout the
region. In northern Minnesota, deer prefer white pine, but they gener-
ally do not eat much white pine if one of the highly preferred species,
such as red oak, is present in a given stand. Conifers with long leaf life-
span are less able to recover than deciduous tree species after browsing.
Hemlock seedlings, for example, can die after one defoliation, whereas
maples and oaks can be repeatedly browsed and persist as a shrub.
Vigorously growing hardwoods in forest gaps can sometimes also escape
deer browsing after a delay of a few years. The mechanism for escape is
that deer can only browse stems up to 1 cm in diameter. A new leader on
a hardwood may be 0.5-0.8 m long, and the bottom 0.2-0.3 m of it is
often beyond the diameter that deer take. Thus, the saplings in gaps
advance 0.2-0.3 m per year, and escape deer browsing when they reach a
height of =2 m. Conifers of the preferred species have thin leaders that
are vulnerable to total removal by deer, and because of a conifer’s excur-
rent growth form, it is hard for them to re-establish a new leader.

Deer overwinter in certain areas, called deer yards, which provide
shelter from predators and winter winds. Significant tree damage is
caused in these deer yards. During the summer, deer spread throughout
the forest, grazing mainly herbaceous plants. Little summer damage is
caused except in fragmented forests, where farm fields with abundant
food allow maintenance of high deer populations that then use the forest
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for cover and may destroy understory tree and herb populations in the
process. Species in the lily family (geophytes) have been locally extir-
pated (Augustine and Frelich 1998). They are most susceptible because
they only put forth one growth spurt each summer. If the top is grazed,
then the plant cannot store much energy in the bulb for next year’s flush
of growth. Other plants can simply regrow from the point of grazing and
are not badly damaged unless the grazing is continuous and takes away all
the flowers so that reproduction cannot occur.

Insect damage

Several species of insects defoliate trees, usually not leading to mortality
except in trees weakened by some other stress. There is one major native
insect species, spruce budworm (Choristoneura_fumiferana), that defoliates
and kills balsam fir and white spruce along the southern edge of the
boreal forest (Blais 1983, McCullough ef al. 1998). Outbreaks typically
last anywhere from 1 year to 25 years, and there is a marked periodicity
between peaks in defoliation of 31-37 years in the southern boreal forest
of eastern Canada (Hardy ef al. 1980, Candau ef al. 1998). During the
peak periods, spruce budworm causes almost complete canopy mortality
in monospecific stands of fir. In some areas where fir is mixed with other
species in a mosaic, there is chronic infestation of fir, which mainly kills
larger trees and shortens their mean lifespan. However, in these mosaics,
there are virtually always young fir that are not badly infested so that the
fir component of the stand continues indefinitely (Heinselman 1973,
Bergeron et al. 1995).

Disturbance interactions

The properties of the principal disturbance types have been described
and an examination of interactions among disturbance types, and inter-
actions of the vegetation with disturbance, are the next logical subjects to
consider. These interactions are introduced here as background for the
next several chapters. They are also summarized in conceptual model
form in Chapter 8.

Disturbance—vegetation interactions

Fire, wind and tree mortality
As a general rule, high-intensity crown fires with a high rate of spread kill
trees of all sizes, or at least the above-ground parts in the case of sprouters.
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After passive crown fires, the proportion of the canopy scorched and the
proportion of the circumference of the basal cambium killed jointly
determine the probability of death, which may be immediate or within
several years of the fire. With surface fires, the smaller a tree the more
likely it is to be killed. The degree of insulation provided by the bark and
length of time that heat is applied to the outside of the bark determine
the probability of cambial death. Bark thickness is greater for larger
diameter trees of all species in the Lake States. Fire-tolerant species gen-
erally attain larger diameters and have thicker bark than fire-intolerant
species even when comparing trees of equal diameter, and their bark may
be a better insulator for an equal bark thickness than for fire-intolerant
species. Therefore, very large differences in length of burning time
required to kill a tree may result. For example, white pines are often
30-40 cm dbh in a stand where the balsam fir are only 10 cm dbh, and
the pines are able to sustain surface-fire burning 4 to 6 times as long as the
fir (Johnson 1992). Sprouters are unlikely to be killed by fire unless
growing on shallow soil or organic soil, which may be heated to lethal
temperature or consumed during the fire.

Wind is more likely to topple larger trees than smaller ones. Frelich
and Lorimer (1991b) found that large trees (=46.0 cm dbh) are 1.5 times
more likely to topple than are mature trees (26.0-45.9 cm dbh), which in
turn are 1.5 times more likely to topple than are pole-sized trees
(11.0-25.9 cm dbh). There are three reasons for this. First, the larger a
tree’s diameter is, the less flexible the trunk will be. If a tree trunk is able
to bend in the wind, the force is uniformly distributed over the length of
the trunk. With a stiff trunk, all the force of the wind on the entire tree is
applied at the base of the tree, which can result in uprooting or snapping
off at a weak point (Petty and Worrel 1981, King 1986). Second, large
trees are much more likely to have decay of some sort and this decay is
most likely to be located near the base or in the root crown, causing a
weak spot just where the force of the wind is applied. Some species of
trees become completely hollow as they age, and the hollow tube of the
trunk reduces the weight of the tree, so that less force is applied at the
base during windstorms and the trunk continues to bend in the wind,
despite very large diameters. American basswood is one such species that
commonly attains a dbh of >1 m. Yet they don’t blow down until the
rate of outward expansion of the rot inside the trunk is faster than the
growth of the trunk, which leads to thinning of the tube until the buck-
ling point is reached. The third reason that large trees are more suscepti-
ble is that wind speeds are higher in the upper canopy where the crowns
of large trees reside than in the understory (King 1986).
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Soil type and rooting depth have a major effect on chance of wind-
throw. Sandy soils provide the greatest stability, probably because of
greater depth of root penetration, followed by loams, silts, clays, and peat
(Fraser 1962). Root diseases such as fungal rots and variable depth to
bedrock or water table blur this ranking of soil stabilities.

The force applied by the wind in trees increases linearly as wind speed
increases from ‘normal’ velocities of 10—20 km/h to 100 km/h (Banks
1973, Frelich personal observation). The tree simply becomes more
streamlined as the wind increases. First, leaves turn so that their sides are
in line with the wind, minimizing their surface area. Next, small
branches bend in such a way that twigs begin to line up in front of each
other. Finally, larger branches bend and become streamlined in the wind
so that the entire outline of the tree’s crown presents a minimal surface
area to the wind. At some point, however, no more streamlining can be
accomplished, and increasing wind speed exerts a force that increases in
proportion to the square of the wind speed after that. Sugar maple trees
have the amazing ability to fold up their crown in high winds, so that a
tree 30—40 cm dbh, with a crown diameter of 56 m on a calm day, pre-
sents a profile approximately 2 m wide during winds of 110-120 km/h
(Frelich personal observation). Some conifers can reduce their surface
area by 45% in a wind of only 40 km/h (Banks 1973).

Many trees rock back and forth during long-lasting storms, such as
cyclonic winds. Some winds may have a resonance effect where the sway
of an individual tree is maximized when periodicity of gusts and the tree’s
sway correspond. This sway can also be damped by the soil/root
complex, contact with other tree crowns, and aerodynamic effects of the
tree’s crown (Blackburn ef al. 1988). Often, these swaying trees fall after
many small roots break or a weak spot in the trunk is slowly exaggerated
over several hours until the tree falls. Most trees fall in the same direction
as wind movement, but sometimes there are surprises as when a particu-
larly large gust is in phase with forward sway of the tree and suddenly lets
up when the tree sways backwards. I have almost been hit by such back-
wards falling trees while doing field work. During windy days, one
always looks into the direction of the wind to spot falling trees and jump
out of the way — a strategy that does not always work.

Blackburn and Petty (1988) calculated critical wind speeds for tree
failure of 270 km/h, 170 km/h, and 184 km/h for sitka spruce planta-
tions with 3 m spacing that were 7 m, 11 m, and 18 m tall, respectively.
These values correspond closely to those that field researchers have
observed to cause high levels of tree mortality in natural forests.
Experience of several researchers is that in eastern North America winds
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of 100-120 km/h cause little tree damage, only taking out very large
trees with basal decay. Winds 140-180 km/h cause partial destruction of
the forest canopy, and winds >200 km/h cause canopy destruction by
removing two-thirds or more of the stand basal area in mature or old-
growth stands (Stoeckeler and Arbogast 1955, Dunn et al. 1983, Canham
and Loucks 1984, Foster 1988b, Boose et al. 1994).

Optimum fire rotation periods for tree species

There is a balance between intervals between stand-killing fires and
species composition. To perpetuate fire-adapted species, fires must not
occur before the species is old enough to reproduce, but must occur
before most individuals die of old age, leaving the stand without seed
source, or before the species is replaced by late-successional species.
Sprouters are the only species that can tolerate very short intervals
between fires, since they can survive underground. Most conifers cannot
sprout, but jack pine and black spruce have canopy-stored serotinous seed
banks that are produced at relatively young ages (Figure 2.7). The long-
lived conifers without canopy-stored seedbanks require moderately long
rotation periods of a century or two for optimum development. There is
no forest type in eastern North America that is documented to have a

Figure 2.7.  Closed cones that open after fire (serotinous or bradysporous cones)
predominate in the Lake States jack pine population. Photo: University of
Minnesota Agricultural Experiment Station, Dave Hansen.
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Table 2.1. Natural rotation periods for stand-killing fire in cold-temperate forests
of eastern North America

Rotation
period (yr)

Location

Forest type

Reference

50 BWCAW, Minnesota  Jack pine—black Heinselman 1973,
spruce 1981a,b
80 BWCAW, Minnesota  Aspen—birch—fir Heinselman 1973,
1981a,b
80-170 Lower Michigan Jack pine Whitney 1986
150 Itasca, Minnesota Red and white pine  Frissell 1973
130-260 Lower Michigan Red and white pine  Whitney 1986
170-340 Lower Michigan Mixed pine—oak Whitney 1986
180 BWCAW, Minnesota  Red and white pine  Heinselman 1973,
1981a,b
175-300 Algonquin, Ontario, ~ White pine—aspen Cwynar 1978
Canada
800 NE Maine Spruce—fir-beech—  Lorimer 1977
maple
1400-2800  Lower Michigan Hemlock—maple Whitney 1986
2800-4500  Upper Michigan Hemlock—maple Frelich and Lorimer

1991a

natural rotation period between 300 and 800 years (Table 2.1). This is
probably due to fuel-type—fire feedbacks. When the rotation period is
long enough to allow species of low flammability such as hemlock or
sugar maple to dominate the system, the species themselves lengthen the
rotation period by creating fuels with low flammability. Thus, tree species
in the Lake States fall into two groups: (1) fire-dependent species that
become abundant when fire rotations are 300 years or less; and (2) non-
fire dependent (usually fire sensitive) species that become dominant when
rotations periods are more than 500 years (Figure 2.8). One species, black
spruce, can fit with either group. It has the unique ability among Lake
States species to reproduce well with short or long fire rotations.

Disturbance and succession

Four general principles on disturbance and succession emerge from the
literature on temperate forests. Again, these are given as background in
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Figure 2.8. Relationship between rotation periods for stand-replacing fire and
abundance of some important tree species in the Lake States. The y-axis is a unitless
scale of abundance and each species is assumed to reach a maximum abundance at
some rotation period. After Frelich (1992), and synthesized by author from field
experience and many other sources.

this introductory chapter on properties of disturbance regimes, and will
be expanded upon in later chapters:

» Crown fires set succession back when they burn a forest dominated by
mid-successional or late-successional species. They do not change the
forest successional state if the forest is already dominated by early-
successional species (Dix and Swan 1971, Heinselman 1973, Frelich
and Reich 1995a).

* Surface fires may set succession back when they burn forests domi-
nated by late-successional species, but leave successional status the same
when they burn a forest dominated by early-to-mid-successional
species (Figure 2.9, Bergeron and Brisson 1990, Frelich and Lorimer
1991a, Frelich 1992, Clark and Royall 1995).
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Figure 2.9.  Surface fire in red pine forest: an example of surface fire preventing
succession to balsam fir. Left, old red pines with balsam fir underneath. Right, red
pines several years after a surface fire removed invading fir without killing the red
pine. Photos: University of Minnesota Agricultural Experiment Station, Dave
Hansen.

* Windthrow and harvesting leave the successional state the same in a
forest dominated by late-successional species, but advance succession
when they occur in forests dominated by early-to-mid-successional
species (Abrams and Scott 1989, Abrams and Nowacki 1992, Frelich
1992, Tester et al. 1997, Frelich and Reich 1999).

¢ Herbivory by deer and moose retard the rate of succession when brows-
ing in forests dominated by early-to-mid-successional species. They
convert the forest to a lower tree density when browsing in forests dom-
inated by late-successional species. Exceptions to these generalizations
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occur depending the browser’s species preferences (Watson 1983,
Frelich and Lorimer 1985, Brandner et al. 1990, Mclnnes et al. 1992).

Disturbance—disturbance interactions

Wind

Wind creates burnable fuel of all sizes and time lags. Total canopy wind-
throw over thousands of hectares can create conditions that will support
large, severe fires in forest types that may not be flammable in a live con-
dition (Lorimer 1977, Frelich and Lorimer 1991a).

Sequential windstorms interact with one another. One windstorm
removes susceptible trees so that there may not be any trees available to
blow down during the next windstorm. The period of lack of susceptible
trees depends on the severity of the last windstorm. A 90 km/h windstorm
may only remove a few trees with advanced trunk rot and within a few
years there will be more trees with advanced rot that are susceptible to blow
down by the same wind speed. A total canopy blowdown will leave a stand
non-susceptible to blowdown of any severity for several decades (Frelich
and Lorimer 1991a). Thus, the interaction among sequential windstorms
and the vegetation partially regulates the rate of blowdown (Runkle 1982).

Finally, windstorms create downed trees, the twigs of which may be
edible to browsers, and gaps in which small seedlings and saplings reach-
able by deer can grow.

Fire

Fire consumes fine fuel but generally creates large-diameter dead fuel
because most of the stems are killed but not consumed, even in severe
crown fires. One only need wait for new fine fuel to grow in the forest to
have the mixture of fine and large-diameter fuels necessary to support the
next fire —a process that is likely to take only three to five years.

Fire makes injured live trees more susceptible to blowdown and insect
infestation, and both removes some insect species and makes new habitat
tor others (McCullough ef al. 1998). Severe fire creates a lot of dead trees
which are not likely to blow down within the first decade after fire
because there is little surface area for wind to push on. These standing
snags are habitat for insects. The snags also eventually fall on the ground
where they become coarse woody debris that can influence the species
composition of the future stand.

For systems with a short rotation period for severe fire, most stands
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will not get old enough for wind to become a major form of disturbance.
For example, a 50-year rotation for stand-killing fire in boreal jack pine
would leave nearly two-thirds of the landscape covered with stands less
than 50 years of age. Self-thinning is the major cause of tree death in
young even-aged stands, rather than windfall-caused gaps.

Herbivores

Deer and moose can create a ‘fuel gap’ in the vertical structure of the
forest. Deer and moose can clear out a zone up to 2 m or 3 m high,
respectively. In this height stratum there may be little fine fuel or ladder
fuel. The barren forest floor cannot sustain surface fires, and a combina-
tion of very low intensity surface fire and lack of ladder fuel can reduce
the chance of crown fire.

Deer may change the successional course of development after severe
windstorms. Normally in forests such as hemlock-hardwood there is a
dense layer of suppressed seedlings on the forest floor that will be released
after windthrow, and other tree species have little chance of competing
with this dense seedling layer. However, if that seedling layer is removed
by deer, then the forest may be left open to invasion by other species after
wind knocks down the overstory.

There is also a deer—-moose interaction. More deer in an area means
fewer moose, because deer carry a brainworm (Parelaphostronglyus tenuis)
that is lethal to moose. An increase in deer leading to a decrease in moose
would have successional implications because of differential preferences
between the two herbivores; this situation would be good for future pros-
pects of balsam fir and paper birch, but bad for white pine, hemlock and
cedar.

Deer and moose eat their preferred seedlings after fires and logging,
altering the course of succession that the fire or logging alone would nor-
mally cause. These browsers may not eat all seedlings after severe blow-
down because the slash limits deer movement and physically protects
individual seedlings for several years (Peterson and Pickett 1995), which
may be enough time for them to reach the no longer browsable height of
2-3m.

Lastly, insect defoliators create burnable fuel of all sizes by killing trees
and weakening trees that are not killed, making them more susceptible to
blowdown in the long run. The short-term effect can be the opposite;
within a few weeks of defoliation the trees have fewer leaves, and there-
fore are less susceptible to blowdown.
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A classification of forest disturbance regimes

With several major disturbance types, each of which could occur with
many different levels of severity, different frequencies, different sizes, and
all the types interacting on a forested landscape, the problem of classifica-
tion into important disturbance regimes may seem hopelessly complex.
Examination of the literature, however, shows that suites of disturbance
types and characteristics hold together in some cases. Also, to a great
extent, fire overrides the other disturbance types, so that windstorms and
herbivory by mammals and insects respond to the fire regime. Therefore,
here is a cross-classification of fire frequency for light surface fires and
stand-killing fires (whether crown fires or severe ground fires). An inter-
esting pattern results (Table 2.2):

Regime I. Frequent light surface fire (Table 2.2, upper right). There are
many forest (as well as woodland and savanna) types in this category
(Heinselman 1981a, Kilgore 1981). These types all have open, park-like
understories dominated by graminoids and canopies that are not dense
enough to carry crown fires (at least not unless fire suppression leads to
thick understory tree growth).

Regime II. Frequent fires of all types (Table 2.2, upper left). This regime
leads to scrubby forest such as pine barrens (Curtis 1959). To sustain fre-
quent low and high severity fires, the vegetation must respond with rapid
re-establishment of dense brushy growth to facilitate the next fire.

Regime III. Complex fire regimes (Table 2.2, middle). These forests are
dominated by mid-successional species that cannot reproduce if severe
fire 1s too frequent, because they don’t have canopy-stored serotinous
seeds, bear seeds at young ages, and/or possess post-fire sprouting ability
(Frissell 1973, Heinselman 1981a, Kilgore 1981). The dominant tree
species also cannot compete with late-successional, shade-tolerant invad-
ers. Thus, the combination of moderately frequent surface fires that rid
the understory of shade-tolerant invaders, and some severe fires, but not
too often, is their only possible niche.

Regime IV. Frequent severe fires (Table 2.2, lower left). These forests are
characterized by widespread occurrence of young, dense, even-aged
stands that seldom reach late-successional stages (Dix and Swan 1971,
Johnson 1992). Many northern conifer forests in regions with occasional
drought, such as the central North American boreal forest, fall in this cat-
egory. This is also the domain of canopy-stored serotinous-seeded
species, and some sprouters, such as aspen.
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Regime V. Moderately frequent severe fire (Table 2.2, lower middle).
Forest types composed of long-lived species adapted to fire, but occur-
ring in regions where severe droughts are not quite as common as the
previous group (e.g. Cogbill 1985, Foster and King 1986, Bergeron ef al.
1998).

Regime VI. All fire types infrequent (Table 2.2, lower right). Forest types
in this regime have different dynamics from all the other forest types
shown on the table. Wind becomes the dominant large-scale natural dis-
turbance force and wind, insects and disease combine to cause small-scale
gap-phase dynamics. The species strategies for perpetuation are also dra-
matically different from all those in the other regimes (e.g. Whitney
1986, Frelich and Lorimer 1991a). This is the domain of shade-tolerant
species that have little in the way of seedbanks (canopy stored or soil
stored), but that survive disturbance in the form of a seedling bank, or as
resprouts from the stump.

Disturbance regimes on the landscape

The interaction between frequency of drought and physiography deter-
mines the spatial relationship among landscape units with the six distur-
bance regimes described above. A climatic gradient from dry to wet on
uniform physiography would typically lead to a gradient in forest distur-
bance regime types that follows the order I-VI above. Frequent light
surface fires (Regime I) occur at the edge of grasslands that burn more
than once a decade, and fuels never reach high loadings so fire intensity
remains low. With a slightly more moist climate, fires may sometimes
occur almost annually and then skip a decade or more, depending on the
sequence of wet and dry years; hence Regime II with light surface fires
alternating with more severe fires. Next come the complex fire regimes
(Regime III), in systems where surface fires are not quite frequent
enough to prevent successful recruitment of young tree cohorts, and
severe crown fires are not very frequent either. It is in this regime that the
trade-off between surface fires and crown fires is evident; it is in some
sense a compromise between the frequent light fire regimes and the
infrequent severe fire regimes. In Regime 1V, fires are infrequent enough
that massive fuel loads build up, resulting in very severe fires when an
infrequent drought occurs. Droughts and resulting severe fires are rare in
Regime V, and succession to late-successional species between fires
becomes more likely than in Regime IV. Finally, in Regime VI the
climate and soil combination is so moist that fires are extremely rare, and
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the species that grow there have fuel characteristics that limit fire inten-
sity unless extreme fuel conditions occur, such as windfall slash.

Because climatic gradients that are large enough to allow the full
sequence of Regimes I-VI to exist also occupy large spatial domains,
differences in physiography are likely to interfere with the development
of an ideal disturbance regime gradient. Bodies of deep loamy soil allow
existence of disturbance regimes one or two numbers higher than the
surrounding regimes; and conversely areas of shallow or coarse sandy soil
allow existence of regimes one or two numbers lower than the climate
alone might indicate. On landscapes with very diverse topography and
landforms, these features may almost override a regional climatic gradi-
ent. Northeastern Minnesota provides an example of a climatic gradient
that overlies diverse landforms that greatly modify the expected gradient
of disturbance regimes (Figure 2.10). The Saganaga Batholith, an area of
extremely shallow soil over granite in the Boundary Waters Canoe Area
Wilderness, frequently has dry fuels, and lightning ignitions are
common, even though lightning frequency is no higher than elsewhere
in the landscape. Hence, this area is classified as Regime IV, even though
it is in a moist climate in the extreme northeastern part of the map
(Figure 2.10). Disturbance Regime VI is able to express itself in a few
areas with deep loamy soil fairly near the prairie—forest border (Figure
2.10). Near Lake Superior, one would expect only Regime VI to exist,
but areas in Regimes III and IV occupy most of the area (Figure 2.10).

Summary

This chapter gives background information on disturbance necessary to
understand later chapters. The definition of the disturbance regime (a
description of the type, size, intensity and frequency of disturbance) starts
the chapter. Next two very important basic concepts were explored:
rotation period (time required to disturb an area equivalent to the whole
landscape of interest) and difference between intensity (a measure of
physical energy of a disturbance) and severity (the impact on plants via
degree of mortality). Then the mechanics of the three most important
natural disturbance types in temperate forests were considered: wind,
fire, and herbivory. These three disturbance types have many interactions
among themselves and with the forest. Near the end, the chapter goes
tull circle and returns to the disturbance regime definition. Armed with
the information on frequency, size, type, and intensity/severity of distur-
bance from the middle of the chapter, it is possible to outline six major
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Figure 2.10.  Distribution of fire regimes in northeastern Minnesota. Map
modified from Dave Shadis, U.S. Department of Agriculture, Forest Service,

Chippewa National Forest, Minnesota. Note that if climate were the only
influence, the regimes would fall in order from I to VI from southwest to northeast

across this map.

disturbance regimes that fall within a scheme of fire frequency cross-
classified according to frequency of stand-killing fires and frequency of
light surface fires. The life-history characteristics of the dominant tree
species with regard to shade-tolerance and mechanism for surviving or
regenerating after fire, and the other disturbance types, work together
with the cross-classified fire regimes to form the complex disturbance
regimes. Thus, the simple definition of a disturbance regime given at the
beginning of the chapter can be reconciled with the complex multivari-
ate nature of disturbance as it occurs on the ground. The disturbance
regimes can also be mapped on the ground because they fall along a cli-
matic gradient from dry (disturbance regime I) to wet (disturbance
regime VI). Finally, the chapter showed that there is an interaction
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between the dry-to-wet gradient of disturbance regimes and soil type.
For example, sandy or shallow soils can cause a landscape patch to show
disturbance Regime I or II dynamics when it would be Regime III on a
loamy soil or Regime V on a silt loam, with identical climate in each
case.



3 - Sampling and interpretation of
stand disturbance history

Introduction

The previous chapter provided general background information on how
disturbances work in the forest. This chapter shows how to detect and
measure the impact that disturbances discussed in Chapter 2 have upon
the forest at the individual tree and stand scale (1-10 ha). Chapter 4
tollows with a synthesis of stand dynamics in the Great Lakes forests,
obtained using the methods presented in this chapter. Thus, this pair of
chapters (3 and 4) presents methods for studying stand dynamics and then
the results of application of those methods to the Great Lakes forest.
Chapters 5 and 6 form a similar pair of methods/applications but at the
landscape scale.

Here I start with discussion of the different types of evidence on stand
disturbance history, then proceed to show how to use such evidence to
construct a disturbance chronology which chronicles the occurrence of dis-
turbance and its impact on stand structure for the last few centuries.
Much of the chapter is devoted to interpreting tree rings for stand history
and dealing with the various problems that are inherent in these methods.
The importance of choosing a sampling scheme (i.e. the all-important
question of which trees to core) that matches the objectives of a given
study is another important topic discussed below.

Use of stand data for interpretation of stand history

Several lines of field evidence are available to those investigating stand
history. They provide difterent levels of detail, time resolution, and types
of information about stand history (Table 3.1). Much of the chapter will
concentrate on tree-ring evidence, because that type has the widest avail-
ability and greatest utility for fine resolution of temporal and spatial dis-
turbance processes in temperate zone forests.
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Fossil evidence

Fossil pollen and plant parts such as seeds and conifer needles preserved in
sediments that can be radiocarbon dated have allowed reconstruction of
tree migration over thousands of years and large regions (Davis 1981).
Reconstruction of major changes in forest-community composition in
response to climate change and disturbance at a given location can also be
accomplished with such data. There are conditions under which these
analyses can be used to investigate stand history. When small, sediment-
filled hollows are present that are covered with forest canopy, as much as
half of all pollen falling on the surface of the sediment may have traveled
through the trunk space, rather than above the canopy. This means that a
strong local signal may exist at the scale of 1-2 ha of forest (Calcote 1995,
1998).

There are several well-known problems with the fossil pollen data. For
example, differential preservation sometimes makes the analysis of forests
with Populus difficult. One cannot always differentiate key species in the
same genus. Paper birch and yellow birch are indicative of different types
of disturbance (fire versus wind, respectively), but their pollen is indistin-
guishable. There are great problems with calibrating the amount of
pollen in a given stratigraphic layer to the abundance of trees in the vicin-
ity. The relative pollen production of each species and different distances
that pollen of each species travels makes this an almost intractable
problem. Despite these difficulties, pollen analysis is a valuable tool,
when looking at differences in composition that take place over hundreds
or thousands of years. Switches in forest type at the stand scale, when
they occurred and whether they were gradual or abrupt, have been ana-
lyzed in hemlock and sugar maple forests of the Lake States (see Chapter
6, ‘Sylvania case study’).

Charcoal can indicate the occurrence of fires in the vicinity. There are
problems with source area, however, which makes it hard to pinpoint a
return interval for fires. The use of charcoal in studies of forest history has
generally been limited to changes that occur over thousands of years (e.g.
Swain 1978, Clark and Royall 1995). However, when one is looking at
forest development over a more limited geographical area (a local stand)
or a much shorter time scale (the life of the current generation of trees),
techniques for dating charcoal, such as varved lake sediments and carbon-
14, are of more limited use. Little is known about how long charcoal per-
sists in the forest floor, but buried charcoal is very persistent (Buckley and
Willis 1970). The presence of charcoal in a forest floor therefore does not
necessarily indicate that the current stand originated after fire. Henry and
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Swan (1974) found charcoal which they concluded from other evidence
was 300 years old, yet the stand was only about 35 years old, having orig-
inated after the 1938 New England hurricane. Carbon-14 analysis could
be used to distinguish between ancient and modern fires, but the time
resolution is not fine enough to be very useful if the objective is recon-
struction of forest history over the last century. Even with varved lake
sediments, charcoal deposition events can be dated exactly, but they
cannot always be matched up in a one-to-one correspondence to fires.
This is because heavy rain storms may wash charcoal into the lake on
multiple dates after one fire.

Historical records

Often there are records of severe storms or forest fires; sometimes the
exact stands that were hit can be identified. For example, Henry and
Swan (1974) knew that their study area had been hit by the 1938 New
England hurricane. They were also able to cite Channing (1939) for
dates of earlier hurricanes that may have caused one or more of the dis-
turbances on their study area. Managers of parks and forests frequently
gather historical information about their management area, as well as
keep a record of storm damage, fires or timber cutting that takes place.
Thus, Lorimer and Krug (1983) were able to verify the even-aged condi-
tion of many of their stands from experimental forest records. Frequently
surveyors or early settlers, foresters and naturalists give useful information
about specific areas. Examples are Roth’s (1898) survey of the forest con-
ditions and Irving’s (1880) account of a large windfall 40 miles in length,
both in northern Wisconsin. Finally, weather records are useful sources
of historical information. Accounts of major storms and droughts extend
back to the early 1900s in the journal Monthly Weather Review.

Physical

This evidence in temperate forests is mainly limited to windthrow
mounds, sometimes called tip-up mounds, or pit and mound topogra-
phy. If a mound is associated with a rotten log a date of formation can
often be established. In this case it may be possible to establish the date by
careful excavation around the mound and determination of ages of living
and dead trees near it (Stephens 1956, Henry and Swan 1974). By con-
trast, analysis of windthrow mounds is of limited value for determination
of disturbance severity; the number of mounds on a per-hectare basis
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does not correspond to severity of the last disturbance in many cases.
Personal observation of cored trees growing on windthrow mounds in
Upper Michigan indicates that many windthrow mounds remain visible
for 200 years or more. Mounds are a preferred site for germination and
survival of new trees, whether they are formed by single treefall gaps or a
stand-leveling disturbance. Since trees are uprooted throughout the life
of a stand and mounds may persist from a previous stand, it is difficult to
establish a link between the number of mounds present in a stand and the
date and intensity of a wind-caused disturbance. Thus, the study of these
mounds is more useful for establishing microsite preferences for under-
story plant species and tree seedlings (Beatty 1984, Beatty and Stone
1986), than for analyzing stand disturbance history.

Air photo interpretation

Sequential air photos are especially valuable for verifying and interpreting
successional and stand development sequences. Often, stereo pairs of air
photos are available, and many keys allow one to identify tree species. If
one can obtain two or three sets of photos of the same area taken over
several decades, then two sets can be viewed at the same time on a zoom
transfer scope, which allows for adjustment of any scale differences that
may occur between two sets of photos. Using this technique, it is possible
to verify whether chronosequences are a valid way to study successional
pathways. For example, Frelich and Reich (1995b) found that jack pine
stands that were 30 years old on air photos taken in 1934 looked the same
— that is they had the same tree species composition and canopy texture —
as stands that in the 1990s are 30 years old. This verified that, at least for
the last several decades, there was a stable chronosequence, and the chro-
nosequence technique would be valid for field studies of succession.

Compositional

The species composition of a stand may contain some information about
disturbance history. There are few direct relationships between distur-
bances and the succession of tree species which occurs after a disturbance.
In recent years, many investigators have abandoned the view that the
process of succession is so homogeneous that the approximate age struc-
ture of the forest can be deduced from it (Cattelino et al. 1979, Oliver
1981, Franklin and Hemstrom 1981). It is tricky to relate age and species
composition except in cases where a thorough ecosystem classification
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has been done, the growth characteristics of the tree species have been
characterized for the ecosystem type, and one is sure that events such as
climate change have not influenced these factors during the lives of the
current generation of trees. In the hemlock—hardwood forest only paper
birch—aspen stands can reliably be associated with disturbance. Such
stands occur with high frequency after intense fires (Lorimer 1981).
Even-aged stands of paper birch—aspen mixed with other species are
probably of fire origin, especially if verified by datable fire scars on survi-
vor trees. It should be kept in mind, however, that the fire may have
burned in windfall slash. Thus, the frequency of windfall may be under-
estimated if all paper birch—aspen stands are considered of fire origin only.

Structural

There is a relationship between stand structure and disturbance history,
but it has limitations. Diameter—frequency distributions (referred to
hereafter as diameter distributions) are sometimes useful when used in
conjunction with age data. To avoid complications caused by lumping
different even-aged stands or species with different growth rates, diame-
ter distributions should be plotted separately for the leading dominant
species on a single homogeneous stand (Hough 1932, Meyer 1952,
Oliver 1978). Also, the shapes of diameter distributions for canopy trees
only (those receiving direct sunlight on the top of the crown) are much
easier to interpret than when all crown classes of trees are considered
together. With these considerations taken into account, all-aged forests
commonly have a steeply descending monotonic diameter distribution
(De Liocourt 1898, Hough 1932, Tubbs 1977). By contrast, an even-
aged stand usually exhibits a unimodal diameter distribution (Meyer
1930, Hough 1932, Lorimer and Krug 1983). Unbalanced multi-aged
stands and even-aged stands, however, cannot reliably be separated on the
basis of diameter distribution without tree age information.

Another useful form of structural evidence is a diameter-exposed
crown-area distribution (ECA distribution). To obtain the crown-area
distribution of a stand, the cross-sectional area of the portion of the
crown exposed to the sun of each tree is estimated (thus eliminating sup-
pressed trees and areas of crown overlap). These areas are then summed
for all trees within each size class. The resulting distribution represents
the proportion of the total exposed crown area (of the stand) occupied by
each size class. In a perfectly balanced all-aged forest new patches would,
by definition, be created at a constant rate, resulting in a mosaic of groups
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of trees of all different ages (Lorimer and Frelich 1989). Trees in each age
class would have unimodal diameter (and crown-area) distributions. The
total crown-area distribution would then be the sum of widely dispersed
unimodal distributions of the age classes. The principal advantage of
crown-area distributions over diameter distributions is that different den-
sities which occur in various size-classes are equalized. For example, a
gap created by the fall of a large tree may contain 50 saplings, so that 50
saplings occupy the same area as one large tree. In cases like this, density
exaggerates the importance of small trees in a stand.

Tree replacement in ‘gaps’

Gaps can be sampled across a forest stand by walking transects and meas-
uring length, width, date of formation, and composition of the gap-
making trees and replacement trees in all gaps that were intersected
(Runkle 1981, 1982). If a large sample size is obtained, a simple Markov
succession model can be constructed, using the proportions of basal area
among species of gap-making trees (the ‘current forest generation’) and
the proportion of basal area or density among replacement trees (the
‘future forest generation’). In addition, the proportion of area in the stand
going through gaps per unit time can indicate the canopy turnover rate.
For example, 10% turnover per decade would seem to indicate a 100-
year canopy turnover.

Tree age data

The last line of evidence for analysis of stand history is the use of age and
growth-rate data obtained by increment coring. Distributions of total
tree ages are useful but do not always give a direct indication of stand dis-
turbance history. Age distributions are unambiguous only when a stand is
strictly even-aged (Lorimer 1985). Such a stand could be created by an
intense crown fire that kills understory vegetation, or by catastrophic
windthrow in a stand with no understory (i.e. the stem exclusion stage,
Oliver 1981). All of the trees in the stand would originate as new seed-
lings. However, the same type of disturbance could also create a uni-
modal or descending monotonic age distribution if recolonization
following a disturbance is slow (Franklin and Hemstrom 1981). Broadly
unimodal age distributions can also be created by a series of disturbances
(Oliver and Stephens 1977), a heavy disturbance which allows under-
story trees of various ages to survive (Henry and Swan 1974, Lorimer
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1983a), or interruption of seedling recruitment (such as by deer brows-
ing, Anderson and Loucks 1979). Finally, an apparently ‘all-aged’ distri-
bution may develop after a stand-leveling disturbance. Consider the case
of'a hardwood stand which had the canopy removed by a windstorm 100
years ago. There could be small suppressed trees up to 100 years old
which survive. In addition, new seedlings would be established on the
forest floor in the post-disturbance stand. The range of ages in such a
stand could be 200 years.

The most important evidence of stand history, also obtainable from
increment cores, is the pattern of growth increment. When large trees are
windthrown, other trees which were formerly suppressed or crowded by
the windthrown trees usually show an abrupt and sustained increase in
radial growth. So long as possible errors (such as missing rings and inter-
ference with normal growth caused by climatic anomalies) are taken into
account, such releases from suppression can clear up ambiguities present
in age distributions (Lorimer 1985). Understory trees of various ages
which are released from suppression by a massive windstorm will all show
release about the same date, making releases from suppression a more
accurate indicator of disturbance intensity than age distributions.

However, care must be taken in interpretation of disturbance intensity
from increment cores. There is not necessarily a one-to-one correspon-
dence between the proportion of trees showing release and the propor-
tion of the canopy destroyed by a disturbance (see ‘Construction of stand
disturbance chronologies’ below). A tree that has been released may later
be overtopped by gap closure or by other faster growing trees (Oliver
1978, Bicknell 1982, Hibbs 1982). If such trees remain overtopped, the
original disturbance may not be detected if understory trees are not
included in the analysis. By contrast, trees some distance from a newly
formed gap may respond to increased light (Canham 1985), resulting in
an overestimate of disturbance intensity. Growth patterns are also useful
for determining the proportion of trees which enter a stand as new seed-
lings after a disturbance with no period of suppression. These trees grow
relatively rapidly from the start and show a characteristic pattern of stead-
ily declining radial growth with age. It should be possible to distinguish
those sample trees that were in the canopy from the start, based on
growth patterns, and to combine this information with releases from
suppression to obtain a disturbance chronology for a given stand of trees.
Much more detail is given on this in the following section.

Fire scars have been used extensively to date fires in conifer forests.
Arno and Sneck (1977), Stokes (1981) and Madany ef al. (1982) discuss
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techniques for selecting sample trees and problems involved in determin-
ing dates from fire scars. Errors of plus or minus several years caused by
missing, false or indistinct rings may occur in a particular tree (Stokes
1981). Since these errors may result in assigning more than one date to a
single fire, the dates should be corrected using the principles of cross
dating (Fritts 1976). In eastern North America, analysis of fire scars is
often difficult due to the decay of wood around the scar which occurs in
the humid climate. Although fire scars are occasionally found on old
specimens of hardwoods such as sugar maple and oaks, relatively little
analysis of fire history has been done in hardwood stands as compared
with conifer stands. Some exceptions are studies of fires scars on oaks
(Buell et al. 1954, Abrams 1992, Abrams and Nowacki 1992). In contrast
to hardwoods, some eastern conifers retain fire scars quite well.
Successful analysis of multiple fire scars has been done on red pine,
eastern white pine and white cedar, (Spurr 1954, Heinselman 1973).
Hemlock trees with fire scars dating from a fire episode in the
1920s—1930s were used to outline the extent of the fire in the Porcupine
Mountains (Frelich and Lorimer 1991a).

Construction of stand disturbance chronologies from tree-
ring evidence

Three issues are at stake here: (1) how to use tree-ring measurements and
analysis of radial increment patterns to determine when a tree entered
the canopy (canopy accession date) and/or when it reached a certain size
class; (2) sampling stand age structure, i.e. for exactly which trees do we
need to know canopy accession date? and (3) how to combine the
canopy accession dates from the sampled trees into a disturbance chro-
nology for the stand.

Radial increment pattern analysis

Studies commonly reconstruct disturbance history of forests based on age
of release from suppression or other growth patterns (e.g. Heinselman
1973, Henry and Swan 1974, Canham 1985, Glitzenstein et al. 1986,
Foster 1988a,b, Lorimer and Frelich 1989, Deal ef al. 1991, Dynesius and
Jonsson 1991, Frelich and Lorimer 1991a, Frelich and Reich 1995b).
Indeed, releases and growth trend over the life of a tree are very valuable
for interpreting stand history, even though they are what dedrochronolo-
gists studying climate as recorded by tree-rings filter out of their data. In
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complementary fashion, most of the criteria discussed in this section are
designed to filter out the climatic influence on tree rings, revealing the
disturbance history. Often, the date at which a tree attained a certain size
is important to reconstruct as well. For example, the size structure of a
stand years ago may be important for postdicting the suitability of the
stand as habitat for a wildlife species that utilizes trees of a certain size.

Interpretation of releases

A release is defined here as a large-magnitude, abrupt and sustained
increase in radial growth (Figure 3.1). Releases occur in understory trees
after removal of the canopy (release from suppression) or in canopy trees
when one or more neighboring trees are removed (release from competi-
tion of neighbors). Shade-tolerant species are capable of exploiting very
large changes in available sunlight, even when they are old and large
trees, whereas intolerant trees are not. For example, Frelich and Lorimer
(1991a) found many sugar maples and hemlocks with periods of extreme
suppression ranging from a few decades to 300 years. Mid-tolerant
species such as yellow birch and white pine generally can only sustain
10-50 years of suppression by shading, and intolerant species such as
paper birch and red pine can only sustain short periods of about 10 years.
However, intolerant species such as red pine can sustain very long periods
of suppression (up to a century) due to overstocked stand conditions,
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Figure 3.1.  Examples of releases from suppression in radial increment patterns
from red pines studied by Frelich and Reich (1995a). A, major release (=100%
growth increase); B, moderate release (50—99% growth increase).
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where each tree is still receiving some direct sunlight on top of the crown
(Frelich and Reich 1995b). Thus, releases in intolerant species do not
necessarily indicate when they first entered the canopy, but rather when a
stand-thinning event occurred.

Three terms from the definition of release given above — ‘large-
magnitude’, ‘abrupt’, and ‘sustained increase’ — require further explana-
tion. Criteria must be set up for these three terms which are reasonable in
light of the species and region involved in a given study.

The magnitude of release for a given tree depends on how large a
change in environment occurs and the size and species of tree. Percentage
increases, rather than a fixed release threshold (i.e. 0.5 mm/yr for sugar
maple in Canham 1985), have been used more widely. The reasons for
this are that some understory trees would grow faster than any reasonable
fixed threshold even before a release, whereas other canopy trees which
have been released may not attain the threshold growth rate until many
years later, if ever. In addition, older trees with large diameters may never
attain a ring-width threshold that works for smaller trees.

In hemlock—hardwood forest, radial growth increases in saplings of
two- to six-fold after release from suppression are well documented for
sugar maple (Downs 1946, Eyre and Zillgitt 1953, Lorimer 1983a,
Canham 1985) and for hemlock (Marshall 1927, Lyon 1936, Lorimer
1980). Dahir and Lorimer (1996) found that sugar maple saplings showed
average growth increases of 92% and 144% when very small gaps (0-50
m?) and medium-sized gaps (100—150 m?) formed above them, respec-
tively. Mid-tolerant species such as yellow birch do not respond to release
quite as well (Eyre and Zillgitt 1953), but Godman and Marquis (1969)
found an average 78% increase in radial growth of yellow birch saplings
after a heavy crop-tree thinning, and many cases of 100% increase are
evident in the cores collected by Frelich and Lorimer (1991a). Sapling
and pole-sized canopy trees often respond to increased growing space,
such as that from light crop-tree thinnings or group selection cuts with
moderate release (Eyre and Zillgitt 1953, Stone 1975, Stroempl 1983).
Such trees may be growing fairly rapidly before release and cannot be
expected to increase radial growth as dramatically as a suppressed tree
(Godman 1968). Canopy trees growing in extremely dense stands that
are heavily thinned so that new growing space is opened up on more than
one side of the crown may show 100% or more growth increases. This is
true for young stands of tolerant or intolerant species and for mature tol-
erant species (Downs 1946, Godman and Marquis 1969, Frelich and
Reich 1995b, Singer and Lorimer 1997).
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How are we to use the complex data just presented for interpretation
of stand disturbance history? Thresholds for increases in ring width need
to be large enough to screen out responses to side light that do not
directly represent a gap-forming event (i.e. minimize the ‘false positives’),
and they need to be small enough not to exclude trees that have
responded directly to a gap (i.e. minimize ‘false negatives’). Several
researchers have weighed these issues and have used criteria of >100%
and >50% increases in ring width after disturbance to indicate ‘major
release’ and ‘moderate release’ for shade-tolerant species (e.g. Frelich and
Lorimer 1991a, Frelich and Graumlich 1994). In these cases major
release was defined as transition from understory (no direct sunlight) to a
canopy position (crown receives direct sunlight), and moderate release
was taken to indicate an increase in growing space for trees already in the
canopy. An exception was made for cases where a moderate release is the
only release for a given tree that is known to be in the canopy at the time
of coring. In such cases, the release date is the most likely time at which
the tree entered the canopy (e.g. Lorimer and Frelich 1989, Frelich and
Graumlich 1994). Remember that these criteria create a reasonable
balance between false positives and false negatives for the forests of inter-
est. They may have to be adjusted to accommodate different forest types
or different study objectives. For example, Nowacki and Abrams (1997)
developed a method for determining the dates of canopy disturbance
based on response of old canopy oak trees to decreased competition
when one or more neighbor trees died. Their analyses were based on
increases in growth that are higher than those that could reasonably be
expected due to climatic effects during the years in question. A variety of
growth thresholds was obtained for different trees and different decades
over the last 300 years in Pennsylvania oak forests.

In addition to magnitude of growth increase, a certain degree of
abruptness is also required to screen out patterns that may not represent a
release. In a truly abrupt release there is a period of 1-5 years during
which the >50% or >100% increase in ring width increase occurs.
These criteria are consistent with data presented by Stroempl (1983),
which show sugar maple responding to release within two years and
reaching a peak radial growth rate 5-6 years after a thinning. An obvious
point where the change from a relatively slow to a fast growth rate
occurred is visible. One can always adopt two or more categories of
release such as ‘abrupt’ and ‘gradual’ to provide some sensitivity analysis
of the criteria chosen to indicate release.

Finally, there is the question of how long an increase in growth should
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be sustained in order to be considered a release. Several studies have
adopted criteria of 15 or 20 years of sustained slow growth before, and
sustained high growth after a proposed release. There is a trade-off to be
made between a relatively short period of sustained increase and a rela-
tively long one. Use of a long period of sustained increase in radial
growth would screen out patterns caused by short-term climatic fluctua-
tions, responses to side light by understory trees next to a gap (Canham
1989), and response of understory trees to canopy defoliation by insects,
which often results in 2-3 years of increased light. Use of a short period
of sustained increase in radial growth would screen out trees which are
overtopped after only a few years by faster growing trees in a gap, and
minimize the effect of decreasing radial growth that occurs as trees
increase in diameter. Observations of radial growth on the Upper
Michigan study areas during the drought of the 1930s indicate that trees
on hilltops have a depression of growth rates for 4-10 years, while trees
on lower slopes show almost no evidence of the drought. This was the
most severe prolonged drought on record in the adjacent northern
Wisconsin area (Lorimer and Gough 1988) and represents the most dra-
matic climatic event that must be separated from releases in the Great
Lakes Region. Studies of hemlock radial growth in New Hampshire
from 1860 to 1927 (Lyon 1935) and in New York from 1930 to 1970
(Cook and Jacoby 1977) reveal patterns of growth similar to those in
Upper Michigan. No climate-related periods of slow growth longer than
10 years were reported in either study. Examination of Lyon’s (1935) data
reveals no events that would be interpreted as releases under the proposed
15-year criterion, even though there was a 10-year period of below-
normal precipitation in New Hampshire during the 1860 to 1927 study
period. Thus, using criteria of at least 15 years of slow growth before
release and at least 15 years of rapid growth after release seems to be a rea-
sonable way to screen out growth patterns that are anomalous from the
disturbance ecologist’s point of view. The 15-year pre-release criterion
may have to be relaxed in cases where a tree shows a major release when
it was less than 15 years old, so that there is not the possibility of 15 years
of slow growth prior to the release event.

Analysis of early growth rates

Some canopy trees show no releases from suppression. In many cases such
trees were already in a gap at the time of the earliest ring on their incre-
ment core, and it is desirable to have objective methods for classifying
them as such. Providing objective methods for handling cores without
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Figure 3.2.  Two hypothetical forests illustrating the eftects of forest structure on
the chance of suppression given an observed sapling radial growth rate. Saplings
with shaded crowns are growing faster than a threshold growth rate such that 50%
of saplings in gaps exceed the threshold, but only 20% of suppressed saplings exceed
the threshold growth rate. In case A, 1 of 7 (14%) of all saplings growing faster than
the threshold are suppressed. In case B, 2 of 5 (40%) of all saplings growing faster
than the threshold are suppressed. After Lorimer ef al. (1988).

releases is the purpose of this section of the chapter (and the next section
as well, see ‘Other radial increment patterns’ below). Shade-tolerant trees
have a well-known ability to remain alive for many years in dense shade.
Such trees persist in the understory with much slower growth rates than
canopy trees overhead (Graham 1941a, Canham 1985, 1989). Therefore,
it is reasonable to expect that one may classify the canopy status of a large
tree at the time it was a sapling (i.e was it in a gap or suppressed?). A clas-
sification rule was devised to determine the probability that a sapling
with a given growth rate came from the overstory distribution (Lorimer
et al. 1988, Lorimer and Frelich 1989). A comparison of two hypotheti-
cal forests with different structural features illustrates how such a rule can
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Figure 3.3.  Distributions of radial growth rates for suppressed (black bars) and gap
(shaded bars) saplings. All of the saplings are sugar maple 2—4 cm dbh and were
growing in the hemlock—hardwood forest of the Porcupine Mountains, Michigan.

After Frelich (1986).

work (Figure 3.2). In the example, 20% of suppressed trees have growth
rates above a threshold value of 1.0 mm/yr, whereas 50% of saplings in
gaps exceed this value in both forests. In a forest with a large area in
recently formed gaps (Figure 3.2A), 1 of 7 (14.3%) of all saplings that are
growing faster than 1.0 mm/yr are suppressed. In the other stand with
less gap area, the probability that a fast-growing sapling is suppressed is
much higher, 2 of 5, or 40% (Figure 3.2B).

These probabilities can also be used to determine the gap status of a
tree — although it may be large and old today — at the time it was a sapling.
To do this, the mean 5-year growth rate of each sample tree is measured
at the point where it was a sapling (4 cm dbh for the examples here) and
this growth rate is compared with contemporary growth rate distribu-
tions for suppressed saplings and gap saplings in the 4 cm dbh size class
(Figure 3.3). If a sample tree has an observed growth rate, X, = a spec-
ified growth rate, x, then the probability that the sample tree originated
in a gap is equal to the ratio of the proportion of gap saplings exceeding
growth rate x to the proportion of both suppressed and gap saplings
exceeding this threshold (Lorimer and Frelich 1989):

Gxx Q,g
(8.X Q) +(G,X Q")

P(gap | X=x) = (3.1)
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where:

P(gap | X=x) is the probability that a tree was growing in a gap when
4 cm dbh, given a mean 5-year radial growth, X, at 4 cm dbh = a spec-
ified threshold growth rate, x

G_ is the proportion of saplings in the 4-cm diameter class with growth
rate =x

S_1is the proportion of suppressed saplings in the 4-cm diameter class
x-
with growth rate =x

Q' is the proportion of current canopy trees in the stand (or in stands

with similar structure to that being analyzed) that were growing in gaps
when 4 cm dbh

Q', is the proportion of current canopy trees in the stand (or in stands
with similar structure to that being analyzed) that were suppressed when

4 cm dbh.

One can obtain G_and S_ directly from the contemporary sapling
growth rate distributions. Note that Q'g + Q',= 1.0, and that they can be
viewed as weighting factors for situations where the relative abundance
of currently mature trees that were in gaps and those that were suppressed
when they were 4 cm dbh are something other than 50:50. Therefore,
we need only obtain one of them to get the other, and Q' can be esti-
mated in a recursive fashion (Lorimer ef al. 1988 present an example).
The recursive procedure involves an initial estimate of Q' _as the propor-
tion of all trees that were sampled that have a growth pattern indicating
gap origin (see ‘Other radial increment patterns’ below), plus all current
canopy trees in the sample with growth rates at 4 cm dbh = an initial
arbitrarily chosen threshold, and then calculating an interim P(gap). The
threshold growth rate is adjusted gradually until P(gap) =0.95, establish-
ing the minimum threshold for 95% confidence of gap status at 4 cm dbh
(and at the height the cores were taken).

This early growth rate analysis should be developed separately for sites
with different quality and stands with different structural types because
growth rate distributions may vary. One is also assuming that growth-rate
distributions are stationary over time (i.e. the growth rates were the same
under the same conditions when mature trees were saplings as they are
for present-day saplings).

If the assumptions are valid and the procedure has worked, the follow-
ing formula should provide a good prediction of H_, the proportion of all
trees in the ‘historic’ data set of mature trees with growth rates =x:
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H =(S,XQ )+ (G XQ,) (3.2)

When applied to the hemlock—hardwood forest of Upper Michigan,
Lorimer and Frelich (1989) found that sugar maple and hemlock saplings
2—6 cm dbh had a 95% chance of growing in a gap if their annual radial
increments averaged 1.5 and 1.3 mm/yr, respectively, in old growth
stands. In younger stands dominated by pole and mature-sized trees, the
thresholds were different: 1.2 mm/yr and 1.0 mm/yr for sugar maple and
hemlock, respectively.

Other radial increment patterns

Other types of radial increment patterns besides releases are useful for
interpretation of stand history. Many trees never go through a period of
suppression, especially when seedling establishment occurs after severe
crown fires and stand-leveling windthrow. These trees exhibit nearly
flat, declining, or parabolic radial increment patterns (Figure 3.4).
Nearly flat radial increment patterns (minimum 10-year average ring-
width at least 70% of the maximum 10-year average ring width) and
gently declining patterns lasting all or most of a tree’s life have been
found to be very common in even-aged stands and in large gaps within
multi-aged forests, even for shade-tolerant species like sugar maple and
hemlock (Hough and Forbes 1943, Frelich and Lorimer 1991a). If such
trees are now in the canopy (at the time of coring), then they were
probably in the canopy all their life. The logic of the situation is that it is
unlikely that a tree would advance from suppressed status to free-to-
grow status while showing a decrease (or at least no increase) in radial
growth rate. The same reasoning was used by Oliver and Stephens
(1977) in analyzing radial-increment patterns of a mixed species forest in
New England.

A second radial-increment pattern frequently observed is parabolic
(Figure 3.4). For example, Lorimer and Frelich (1989) found that most
maples in a 40-year-old stand that originated after stand-leveling wind-
throw in the Porcupine Mountains, Michigan, had parabolic patterns
with continuously increasing growth for the first 25 years or less. The
declining or parabolic pattern in the growth of initially dominant trees
over several decades is well documented (Marshall 1927, Fritts 1976).

The last types of patterns to be mentioned here are the more ambigu-
ous patterns that either increase slowly over many years or fluctuate
irregularly over time (Figure 3.5). Radial growth patterns that increase
gradually over many years present a difficult interpretive problem. The
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Figure 3.4.  Examples of gradually declining (A), flat (B), and parabolic (C) radial
increment patterns from the black spruce and jack pine forest studied by Frelich and
Reich (1995a).

only thing one knows for sure about such a pattern is that if the tree was
in the canopy at the time of coring then the tree must also have been in
the canopy by the time the maximum ring-width on the core occurs.
The tree could have been in the canopy all along, but in a poor competi-
tive position, or there could have been a release followed by a drought or
injury which has ‘hidden’ the release. The date of entrance into the
canopy for such trees lies somewhere in an ‘ambiguous zone’ between the
first ring and the time of maximum growth. Several solutions are pos-
sible, such as to pick the decade with the highest upward growth trend,
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Figure 3.5.  Examples of ambiguous and irregular growth patterns. A, releases
indicated by pointers in a paper birch tree with irregular growth patterns and B,
ambiguous zone delimited by triangles in a black spruce tree. Both trees were on
the study area of Frelich and Reich (1995a).

or the middle of the ambiguous zone. If the earliest growth rates are high
enough to indicate 90% or 95% chance that the tree was already in a gap
(see analysis of early growth rates), then the tree can safely be assumed to
be in the canopy from the start.

Irregular patterns are defined as those with two or more peaks 20 or
more years apart, after smoothing the pattern with a 15 or 20 year
running mean to exclude short spikes and valleys caused by climatic
events. Irregular patterns could be caused by cycles of release and over-
topping, by injury to the tree followed by gradual recovery or by unusual
sensitivity to climate or site factors by an individual tree. Irregular pat-
terns can be handled as special cases of the already mentioned patterns
(e.g. Lorimer and Frelich 1989, Frelich and Lorimer 1991a). If the early
growth rate meets the threshold value for early growth rate analysis, the
tree can be classified as initially in a dominant position. If the height of
successive peaks occurred in an overall flat or declining pattern and the
highest part of the first peak is 25 years or less from the start, the tree can
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be classified as initially dominant, consistent with the interpretation of
the parabolic pattern. If the highest part of the first peak is more than 25
years from the start or the height of successive peaks is increasing, there is
an ambiguous zone. Of course, any of the peaks which are abrupt and
sustained enough to meet the criteria for a release should be counted as
such.

Summary of guidelines for interpretation of radial-growth patterns

Radial increment patterns are used to indicate when trees went from
suppressed crown classes (i.e. overtopped by other trees) to intermediate,
co-dominant or dominant positions (i.e. receive direct sunlight on the
crown, and are in a canopy position). The following guidelines summar-
ize my experience with radial growth patterns in the Great Lakes
Region. These are general guidelines only; the reader may have to adjust
them for use in other regions, special situations, or in light of new evi-
dence.

I. Shade-intolerant tree species: assume that they were in the canopy
from the start, regardless of the radial increment pattern. Analysis of
total tree age is necessary to establish time of disturbance. Releases
indicate stand-thinning events.

II. Mid-tolerant and tolerant species:

A. Major release(s) present (including those in the first 15 years of
the tree’s ring record)
* Tree in canopy gap at time(s) of release(s)
B. Moderate release(s) present (including those in the first 15 years
of the tree’s ring record)
1. Release is the first or only release on the tree’s record
* Tree in canopy gap at time of release
2. Release is not first or only moderate release
* A neighboring tree died at the time of release
C. No releases present
1. Growth pattern is flat, declining or parabolic
* Tree was in a canopy position from the start of the
ring record
2. Growth pattern has slowly rising ambiguous zone
a. Ring width exceeds threshold value for gap origin
at sapling size class
* Tree entered canopy gap when ring-width
exceeded threshold
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b. Ring width does not exceed threshold for gap
origin at any size
* Tree entered canopy during decade of maxi-
mum upward slope within the ambiguous zone
3. Growth pattern is irregular
* Treat as a special case of any of the above conditions
as appropriate.

Sampling stand age structure

Many studies of forest history require accurate reconstruction of forest
age structure, and the choice of sampling method has a major impact on
interpretation of results. Here I contrast two ways of viewing forest age
structure, both of which are useful in certain contexts. Both cases assume
that one has established study plots, and will either sample all trees or
sample trees using a random or systematic method.

Tree-population-based age structure
Typically, age structure is expressed as a relative frequency distribution,
and the proportion of individuals in each age class (or cohort) is:

N
RF,

= ﬁt (3.3)

where:

REF, is relative frequency of age class I
N. is number of stems in age class [

N, is total number of stems in the population.

Sampling could be a total population sample, where all trees on a plot are
cored, or a random or systematic sample, representing a sub-set of all
trees. If a sub-set of trees are to be cored, all trees are usually numbered
and the sub-set chosen by number prior to coring in the field (e.g.
Canham 1985).

Area-based age structure
The areal proportion of a plot or landscape occupied by each age class (or
cohort) is:

RA. =

4 (3.4
i At °
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where:

RA, is relative area of age class I
A, is area occupied by age class [

A_ is total area occupied by trees on a plot or landscape of interest.

The sampling is carried out by selecting the tree stem or crown nearest to
each of randomly or systematically located points on the ground. Area
within a stand occupied by a given post-disturbance cohort can be
expressed as the proportion of points, as represented by nearest tree
stems, or in terms of proportion of crown area occupied by each cohort.
Several studies have employed exposed crown area (ECA), defined as the
horizontal area of the portion of a tree crown directly exposed to sunlight
not including crown overlap of adjacent trees. The relative proportion of
ECA for age class I would be the aggregate ECA of all trees in age class I,
divided by the aggregate ECA of all trees in the stand. These two options
will be discussed in more detail below.

Interpretation of the two sampling strategies

There are some major differences between tree-population-based and
area-based age distributions. Population-based samples are often used by
demographers to calculate life tables with growth and mortality rates.
Mortality is expressed as percentage of individuals dying per unit time
(reciprocal of average lifespan or canopy residence time). The shape of
the tree-age distribution can be interpreted as even-aged or multi-aged.
Both density-dependent mortality, or self-thinning, and density-inde-
pendent mortality, or senescence and removal by disturbance, can be ana-
lyzed. Because many small trees may occupy the same area as a few large
trees, population-based samples give a poor estimate of areal extent of
disturbance.

Area-based age samples are commonly used in studies of disturbance
regimes by foresters and landscape ecologists. Disturbance rate is
expressed as percentage of land area disturbed per unit time (reciprocal of
rotation period). Within stands, disturbance rate may be expressed as per-
centage of canopy area (ECA) that turns over per unit time. Thus, area-
based studies are useful for reconstruction of canopy turnover rates and
gap dynamics within stands (e.g. Runkle 1982), and patch characteristics
of a landscape (e.g. Heinselman 1973, Frelich and Lorimer 1991a,
Frelich and Reich 1995b). Self-thinning cannot always be detected
because a cohort may lose many individuals to density-dependent
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mortality but still continue to occupy the same area with fewer, but larger
trees.

Tree-population- and area-based samples will yield the same result
only in cases where the forest is strictly even aged, or if all trees are allo-
cated the same amount of space regardless of age. One may visit a local
apple orchard to see such a stand. However, many age-structure studies
(other than those that sample all trees) do not make clear whether tree-
population-based or area-based samples were used to choose sample
trees, at least within some of the stands included in the study (e.g.
Heinselman 1973, Romme and Knight 1981, Yarie 1981, Knowles and
Grant 1983, Veblen 1986, Scott and Murphy 1987, Foster 1988ab, Platt
et al. 1988, Stein 1988, Abrams and Scott 1989, Deal ef al. 1991). Many
of these papers state that trees were selected at random, or that selected
trees were cored. However, whether the sampled trees were the nearest
stem at random points on the ground or a random selection from the
population is important for interpretation of the data. Of course, all of
the cited studies make valid points, and all have useful information. But it
is difficult for the reader to judge the overall quality of a study, or use the
data for comparison with other studies, without knowing how sample
trees were selected.

Compilation of stand disturbance chronologies

A disturbance chronology generally indicates what proportion of trees in
a stand entered the canopy over time, commonly on a per decade basis in
temperate forests. Now a simple example will demonstrate how to
sample trees within a stand to make a disturbance chronology and also
compare the properties of tree-population-based and area-based samples
of forest age structure. I will also show how to convert one sample type to
the other for applications where, for logistical reasons, the optimum type
of sample cannot be used or both tree-population- and area-based
samples of forest age structure are desired.

Comparison of sampling strategies

Differences between tree-population-based and area-based sampling
methods are illustrated by sampling 25 trees (1/3) from a hypothetical 60
by 60 m mixed-age forest plot (Figure 3.6). A full tally of distribution of
individuals, and distribution of ECA, among cohorts serves as the stan-
dard for comparison of three sampling strategies (Table 3.2). As many
trials as possible of each sampling scheme were carried out and the
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Figure 3.6.  Tree-crown map (showing exposed crown areas) on a 60 by 60 m
hypothetical forest plot. Numbers within tree crowns are age (years). Unlabeled
small trees are part of the 20-year-old cohort.

average was used for comparison with the known values, because the
point here is the overall comparison of the sampling schemes, rather than
whether there are errors in an individual sample.

Strategy 1. Systematic by number — a tree-population-based sample.
Trees were numbered consecutively and every third tree was sampled for
a total of 25. Because 1/3 of the trees are sampled per trial only 3 trials are
possible.

Strategy 2. Systematic by a grid of points — an area-based sample. A grid
of 25 points was laid over the map in Figure 3.6 and the tree with crown
overhead (or nearest crown) was sampled at each point. Ten trials were
carried out by shifting the origin of the grid. This represents the
maximum possible number of trials, since no additional shifts of the grid
could be done without obtaining a set of trees identical to a previous trial.

Strategy 3. Stratified random — a combination of area- and- population-
based samples. The plot was divided into 25 grid boxes and one tree was
picked randomly by number within each box. Five trials were obtained
without excessive duplication.
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Table 3.2. Comparison of stem number and exposed crown area for the
hypothetical forest plot

Cohort age (yr)

>150 120 90 20
Number of stems 1 6 17 51
Stems (%) 1.3 8.0 22.7 68.0
ECA (m?) 228 1026 1276 611
ECA (%) 7.3 32.7 40.6 19.4
Notes:
Only canopy trees (receiving direct sunlight on the crown) are considered in this
example.

ECA, exposed crown area.

The example (Figure 3.6) was purposely devised to show the major
difference between tree-population-based and area-based measures of
dominance within closed-canopy forests. For example, the 90-year-old
cohort has only 22.7% of the stems, but occupies twice as much area as
the 20-year-old cohort with 68% of the stems (Table 3.2). Samples taken
using strategy 1 (tree-population-based) agree closely with the known
relative-frequency versus age distribution of stems (cf. Table 3.2, Table
3.3). Sampling strategy 2 (area based) agrees with the known relative area
versus age distribution, or area occupied by each cohort (cf. Table 3.2,
Table 3.3). The stratified random sample does not gauge either percent-
age of stems, or percentage of area occupied, but seems to be intermedi-
ate between the two (cf. Table 3.2, Table 3.3).

Extreme care should be used before deciding on any type of spatial
stratification of age samples within stands. Stratified samples may not
measure either age class—frequency or age class—area distributions, and it
is questionable what the meaning of the data is. This problem would be
minimized in relatively uniform forests and maximized in forests with
complex age structure with overlapping spatial distribution of age classes.
Any sampling strategy that may allow trees in different locations relative
to the grid corner or grid center to be selected within a given grid cell is
a stratified sample (e.g. numbering trees within each grid cell and then
selecting one at random). If the rule within each grid cell was to select
the tree nearest the center the resulting sampling strategy would be
systematic (i.e. would give the same result as strategy 1) rather than strat-

ified.
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Table 3.3. Estimated age distributions (relative frequency or relative area) from
sampling schemes 1, 2 and 3

Cohort age (yr)

Sampling strategy >150 120 90 20

(1) Tiee population based % stems

Mean 1.3 8.0 22.7 68.0
Range 0.0-4.0 8.0-8.0 20.0-24.0 68.0-68.0
(2) Area based % ECA

Mean 7.2 31.2 40.8 20.8
Range 4.0-8.0 24.0-36.0 36.0-44.0 16.0-24.0
(3) Stratified ?

Mean 0.8 20.0 28.8 50.4
Range 0.0-4.0 16.0-24.0 20.0-40.0 48.0-60.0

Although it is generally clear whether a given study requires popula-
tion-based or area-based sampling, logistical considerations may ulti-
mately determine which strategy is chosen. For example, in studies of
population dynamics over large areas, numbering of trees necessary for a
population-based sample may be impossible. In this case, if area-based
sampling is carried out, data must also be obtained on relative sizes of
trees in different age classes for the purpose of converting the data to rel-
ative frequencies of stems.

It is perfectly feasible to do population-based samples, and then
convert to area-based data, so that both life tables and canopy disturbance
rates can be analyzed in one study. One caveat is that small sample sizes of
large, old trees will often result. This is especially true in very old stands
where there may be tens or hundreds of small trees for each large tree. In
this case additional large trees may be sampled to look at their age struc-
ture separately. When an age distribution is compiled for all age classes in
the stand the representation of large trees in the sample can be weighted
proportionally lower (e.g. if their representation in the sample is twice
that in the stand, weight their data by half).

Conversion between tree-population and area samples
Conversion of tree-population-based samples to area-based estimates can
be done if exposed crown area (ECA) of all sample trees is available.
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Exposed crown radius can be measured relatively quickly in the field
while taking the increment core of each tree so that ECA can be calcu-
lated in the lab (Lorimer and Frelich 1989). Alternatively, the ECA for
each tree may be predicted from an ECA versus dbh regression. In either
case the ECA is tallied for all sample trees within each cohort or age class
and then expressed as a percentage of the sum of ECA for all sample trees:

RA=—— (3.5)

where:

RA, is estimated relative area of age class I
j indexes sample trees

N.. is the number of sample trees in age class I

S1

N, is the total number of sample trees
ECA,; is the exposed crown area of a sample tree in age class [

ECA_ is the exposed crown area of a sample tree.

Conversion of area-based samples to tree-population-based estimates
is made by dividing the proportion of total area occupied by each age
class by the average ECA among sample trees for each age class. The
result is a ‘pseudo proportion’in each age class. When this is done for all
age classes the resulting ‘pseudo proportions’ are rescaled to add to 1:

PCA 1
RF. = , (3.6)
i ECAg O,
> PCAGECAg
j=1

Where:

REF, is estimated relative frequency of age class [
jindexes sample trees
N_ is the number of age classes or cohorts
ECA, is average exposed crown area of sample trees in age class [
PCA_ is proportion of sample trees in age class I.
If we apply these conversion formulas to the example we see that the

interconverted estimates of proportion of trees and area occupied by trees
in each class are close to the actual values (cf. Table 3.4, 3.2).
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Table 3.4. Conversions from tree population to area occupied samples and vice
versa

Cohort age (yr)

Conversion type >150 120 90 20

Tiee population to area occupied % ECA

Mean 6.6 32.8 41.0 19.6
Range 0.0-19.8  29.8-34.3  32.7-45.2  17.7-20.5
Tiee population to area occupied

>150 fixed at 7.3% % ECA

Mean 7.3 32.7 40.5 19.5
Range - 31.8-34.4 37.8-419  19.0-20.5
Area occupied to tree population % stems

Mean 1.4 7.2 22.5 69.0
Range 1.3-1.4 7.2-7.3 19.5-28.3  63.1-72.0

The sampling strategies and formulas for conversion given here apply
mainly to canopy trees in dense forests. They also assume that only one
canopy layer is being analyzed. Therefore, understory trees have to be
handled separately. It is not known how the area-based sampling strategy
would respond when applied to savannas with discontinuous tree cover.
Conversions between population-based data and area-based data should
be used with caution in savannas, because trees in groves may have differ-
ent crown sizes for a given dbh than trees growing singly on the savanna.
The example given here highlights the necessity for researchers to work
through examples such as shown in Figure 3.6 before starting a major
forest-disturbance study, to see if the proposed sampling scheme/number
of increment cores will work given the spatial mix of cohorts in a specific
study area.

How to handle trees without complete cores

In humid climates, many older trees are hollow, and it is often impossible
to determine the date of canopy accession. Sometimes large tree size also
makes it physically impossible to get complete cores from some trees in
each stand. Such trees must, however, be included in any sampling
scheme. If they are not included then there is great risk that younger
cohorts will look more important than they truly are. The ECA of such
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Figure 3.7.  Maximum dbh versus age relationship for 25 sugar maple stands in
western Upper Michigan. The regression line indicates a conservative minimum
length of stand-chronology reconstruction. For example, if good tree core data
come from trees 40 cm dbh or less, then 80 years is the maximum length of time
that a chronology could be carried back in time, while data from trees up to 60 cm
dbh would allow reconstruction back 130 years.

trees can still be measured, so that the proportion of ECA occupied by all
other cohorts is known. For example, the >150-year-old tree in Figure
3.6 may be hollow, but we would still know that it occupies 7.3% of
ECA. In the example the samples from the other trees can be weighted so
that they add up to 92.7% (Table 3.4). It is simply wrong to avoid the old
hollow trees by always selecting a new tree every time a hollow one is
encountered, and then come to the conclusion that younger cohorts
occupy 100% of the stand.

There are two ways to handle these hollow trees. One is to include
them in the sampling, recording species, dbh, and other relevant data, and
continue to select new trees until the desired number of complete cores is
in hand. Then the proportion of incomplete cores and the size of the
trees they are from is known. The second way to handle hollow trees is to
determine a threshold diameter above which the proportion of hollow
trees is so high that it is not worth coring trees above the threshold. One
can then limit the length of the disturbance chronology for the plot to the
minimum time it would reasonably take trees to reach that threshold size,
by following the upper 5th or 10th percentile of an age—diameter rela-
tionship (Figure 3.7). Coring could then be concentrated among size
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classes where nearly all trees are sound, resulting in a more accurate dis-
turbance chronology for a shorter time period.

Those studying forest disturbance history also should not forget that
recent gaps, where trees are too small to core, must also be taken into
account. Trees in these gaps are part of the forest canopy in that they
receive direct skylight on top of their crowns and they are in the process of
beginning to respond to a canopy disturbance. Few people take cores
from trees less than 5 cm dbh. To obtain a complete sample of all canopy
accession dates one must record the number of sample points that fall
within gaps where trees are too small to core and somehow estimate the
ages of all such gaps. For a complete chronology up to the time of sam-
pling, one must measure these recent gaps, cut small saplings down to esti-
mate gap age, or else consider the gaps as an unsampled part of the forest.

Regardless of how trees that cannot be cored are handled in the field,
it will be necessary to construct an ECA—dbh regression to estimate the
proportion of ECA occupied by these unsampled trees. Frelich and
Lorimer (1991a) predicted the ECA of large hollow trees (>>60 cm dbh)
that often occupied 10-30% of total ECA on their 70 plots in Upper
Michigan. Only species and dbh need be recorded for large unsampled
trees if an ECA-DBH regression is available, making field work efficient.
The regression approach to ECA also may have the advantage of being
useful on a regional basis (Lorimer and Frelich 1989).

Once the proportion of ECA not sampled is known, the true propor-
tion of the stand represented by each cored tree (WPCA) can be calcu-
lated:

W(100)

WPCA = (3.7)

where:
WPCA is the weighted percentage crown area
W is the weighting factor
N s the total number of cored trees on the plot.
The weighting factor, ¥, is calculated as:
ECA,
W=—— (3.8)
ECA,

where:

ECA,_ is the aggregate exposed crown area of all trees in size classes that
were sampled
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ECA,_ is the aggregate exposed crown area of all trees on the plot.

For cases where sample trees were picked on a stratified scheme by tree
size (e.g. core the nearest pole-sized, mature and large tree at each grid
point), a more complicated method for calculating 1 is necessary that
takes into account the ECA in each tree size class:

yy— (ECAJECA)

YIN (3.9)

where:

W once again is the weighting factor

ECA, is the aggregate exposed crown area occupied by trees in diameter
class d, from which the core was taken

ECA, is the aggregate exposed crown area of all trees on the plot
Yis the number of cores in diameter class d

N is the total number of cored trees on the plot.

Note that when trees are chosen without regard to size class and there are
no problems with hollow trees, so that all size classes are sampled, the
weighting factor becomes 1.0, and ceases to become a factor in the anal-
ysis. Each core then represents 1/N of the forest canopy, where N is the
number of sampled trees.

Handling changes in cohort area over time

Disturbance chronologies as described above represent the area occupied
by various age classes, currently or in the past, with different degrees of
accuracy. Two factors that determine accuracy are: (1) the tendency of
trees from the original cohort to die over time so that the cohort occu-
pies a smaller amount of space as time passes; and (2) the opposing ten-
dency of pole and mature sized trees to expand their crowns over time so
that the cohort occupies more space over time.

How fast does cohort area shrink over time?

Self~thinning occurs in even-aged cohorts so that fewer but larger trees
occupy approximately the same area as time goes on. After a certain age,
however, density-dependent mortality ends and additional mortality
reduces the area occupied by an age class. Eventually gaps formed by the
death of a tree will be so large that crown expansion of other trees in the
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cohort can no longer compensate for a dead individual. At this point the
relationship between area occupied by an age-class and size of the original
disturbance breaks down. This age can be estimated for a typical stand in
any forest type. For example, in the hemlock—hardwood forest, Runkle
(1982) found that the average dbh of a gapmaker was about 50 cm, while
the minimum gapmaker dbh (2 of 2921 trees) was about 25 cm. Runkle
estimated that the average age at the time a tree dies and forms a gap ranges
from 160 to 255 years for sugar maple and from 182 to 366 years for
hemlock. The ranges are derived from different studies of age—diameter
relationships throughout the northern hardwood forest. However, sugar
maple and hemlock will reach the minimum gapmaker dbh (25 c¢m) in
virgin stands after 130 to 190 years on the average (Gates and Nichols 1930,
Morey 1936, Tubbs 1977). Thus, the possibility that mortality would sig-
nificantly reduce the area occupied by an age class in this forest type could
be ruled out by using the average age for trees to attain the minimum gap-
maker size, 130 years in this example, as the maximum length of time that
the disturbance chronology adequately represents the original cohort area.

Crown expansion

Now, let’s deal with the second issue of crown expansion by trees in a
cohort. Accurate estimates of the areal extent of disturbances that
occurred decades ago depends on the assumption that the area occupied
by a disturbance age class remains approximately constant within the time
frame of self-thinning discussed in the previous section. However,
mature trees adjacent to newly formed gaps usually expand their crowns
into the gap. Thus, some years later the area occupied by the cohort in
the gap may appear to be smaller than it was at the time of gap formation,
and the older cohorts around the gap may appear larger.

To become established in the canopy a newly released sapling in a gap
must grow at least as high as the widest part of the crowns of surrounding
canopy trees without being overtopped. The questions to be answered
are therefore:

1. How high is the widest part of the surrounding tree crowns?

2. How high are typical suppressed saplings at the time of release?

3. How long will it take the saplings to make up the difference from
their height to the height of the surrounding trees?

4. How much horizontal crown expansion will the surrounding trees
accomplish during the time (from question 3) that the saplings are
growing up into the gap?
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Table 3.5. Estimated crown expansion by sugar maple gap-border trees that will
occur before recently released trees in a new gap are established canopy members

Initial dbh — border trees?

55 185 36.0 56.0

Height (y) of widest part of crown (m) of border trees 6.6 10.1  12.8 149

Years (x) for gap tree to grow from 5.0 m to y 6 18 28 35
Dbh (cm) of gap tree at x years after gap formation 3.1 7.8 114 137
Crown radius (m) of gap tree at year x 1.6 1.9 2.1 2.3
Final dbh (cm) of border trees at year x 63 269 449 672
Estimated crown expansion of border trees (m) 0.6 2.3 2.1 1.6
Notes:

* The four initial dbh are the means for the sapling (0-10.9 cm dbh), pole
(11.0-25.9 cm dbh), mature (26.0-45.9 cm dbh), and large (=46.0 cm dbh) trees.
Source: After Frelich and Martin (1988).

These questions can be answered by intensive analysis of tree growth
data. For sugar maple-hemlock forest in Upper Michigan, Frelich and
Martin (1988) found that a typical suppressed sapling was 5.0 m tall at the
time of release. Such a sapling would have to grow another 1.6-9.4 m to
reach a point where it was no longer in danger of being overtopped — that
point where it was as tall as the widest part of the crowns of trees sur-
rounding the gap — depending on the size of the trees surrounding the
edge of the gap. Gap edge trees ranged from saplings at 5.5 cm dbh
through pole, mature and large trees with a mean dbh of 56.0 cm (Table
3.5). Age versus height regression showed that a typical sapling would
take 6 to 35 years to grow the required distance and that the surrounding
trees would expand from 0.6 m to 2.3 m into the gap, depending on their
size class, during that time (Frelich and Martin 1988, Table 3.5).

At first thought, it seems that this expansion by trees bordering gaps
would inherently underestimate the relative area occupied by gaps, espe-
cially if the forest is sampled years after an episode of gap formation.
However, it turns out that this actually depends on the method by which
sample trees used to reconstruct stand history were selected. At each sample
point, one has the choice of coring the tree with the nearest stem, or the
tree with the crown overhead (or nearest crown overhead if the sample
point happens to land in the interstitial space created by crown shyness).

For recently formed gaps, border trees will nearly always have a crown
radius larger than new saplings inside the gap. Therefore, sample points
which land outside the gap, under the crown of an adjacent large tree,
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Mature

Gap

9/000

Figure 3.8.  Edge of recent gap filled with saplings surrounded by mature trees, in
aerial view. Points on the ground beneath the shaded zones are closer to one of the
saplings than to the trunk of the mature tree whose crown is overhead. From Frelich

(1986).

may still be closer to the stem of one of the new saplings inside the gap
(Figure 3.8). The average effect of this error is to make the radius of the
gap appear larger than it actually is, so that the proportion of cored trees
that are estimated to be inside gaps is larger than the proportion of the
plot occupied by the gaps. Thus, the nearest-stem method of selection
would overestimate the extent of recent disturbance, while the overhead-
crown selection method would have no error.

The magnitude of this type of sampling error, and the relative perfor-
mance of nearest-stem versus overhead-crown selection methods, will
depend on the relative sizes of border trees and the new trees inside the
gap, which will change over time as border trees expand into the gap and
new trees grow. Let us examine the situation 35 years after gap formation
in 2 hemlock—hardwood forest, when, according to the above discussion,
gaps trees will have had time to become established as canopy members.
At this point crown expansion stops unless additional new gaps have
formed. An average mature tree (36.0 cm dbh) in this forest on the edge
of a new gap has a crown radius of 3.6 m, and will expand into the gap by
1.9 m — for a total radius of 5.5 m — by the time the gap saplings have
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Mature Tree

Gap
Boundary:

----Original
-------- After 35 yr.

Sapling

Figure 3.9. Hypothetical example of expansion of mature trees into a gap.
Distances from the 35-year-old sapling and the mature tree to the original gap
boundary are equal in this instance. From Frelich (1986).

become established canopy members and crown expansion stops (Frelich
and Martin 1988). Since an average sapling has a radius of 1.7 m, the total
distance between the mature border tree and the sapling in the gap will
be about 7.2 m (Figure 3.9). The midpoint of this distance (3.6 m) falls
exactly at the original boundary of the gap (Figure 3.9). Therefore, the
nearest-stem selection method would accurately estimate the areal extent
of the gap at the time it formed, but it would also underestimate the area
currently occupied by the mature trees that were around the border of
the gap when it formed. The overhead-crown selection method, in com-
plementary fashion, would underestimate the original extent of the gap,
but correctly estimate the current extent of occupancy by the expanded
gap-border trees.

We can adapt this analysis to examine all gap and border tree size
classes, using the appropriate crown expansion estimates for each size
class, and calculate the average sampling error for a large stand with many
gaps (Table 3.6). To combine the errors in Table 3.6 into an average for
all size classes, the average proportion of gap circumference bordered by
each size class must be calculated. Since trees bordering a gap are tangent
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Table 3.6. Apparent error in gap radius caused by crown expansion for two
methods of selecting sample trees

Initial size of border trees

Sapling  Pole Mature  Large

Proportion of average gap 0.26 0.22 0.26 0.26
circumference occupied
Weighted
Selection method Average error (m) average
Nearest stem —0.2 —0.8 —0.2 0.6 —0.1
Overhead crown —0.6 —23 —2.1 —1.6 —1.6

Source: After Frelich and Martin (1988).

to the gap (meaning they do not by definition intersect the gap border)
the average proportion of gap circumference bordered by a size class is
not the same as the proportion of the total crown area occupied by the
size class. The actual proportion is related to the relative number and
crown diameter of trees among the size classes. For example, suppose that
there are two size classes, large and small, in a forest. Suppose that the
large trees occupy 75% of the forest and have an average crown diameter
and crown area of 12 m and 113.1 m? Suppose that the small trees
occupy 25% of the forest and have an average crown diameter and crown
area of 4 m and 12.6 m?. The ratio of number of small to large trees is:

25%  75%
12.6 m2 113.1 m?

or 1.98%/m? : 0.66%/m?

This can be simplified to three to one. If trees are selected at random and
placed along the border of a gap, three of the small trees with a crown
diameter of 4 m will be placed for every large tree with a crown diameter
of 12 m (Figure 3.10). If crown diameter is used as an estimate of the
portion of the gap border taken up by each tree, it is clear that the two
size classes will occupy equal proportions of the border. The procedure
just discussed can be expressed mathematically as:

pizw (3.10)

gwi)mi)



80 - Sampling and interpretation of stand history

Figure 3.10. Proportions of gap boundary occupied by small and large trees. In
this example, three small tree (4 m crown diameter) are present for each large tree
(12 m crown diameter). From Frelich (1986).

where:

P, is the proportion of circumference of an average gap bordered by dbh
size class

D is the average crown diameter of dbh size class [
N, is the relative number of trees of dbh size class I

n is the number of dbh size classes.

Average proportions of gap circumference occupied by sapling, pole,
mature and large trees in the hemlock—hardwood forest was calculated
using this formula, using pooled data from a large number of plots
(Frelich and Martin 1988). The results (Table 3.6) show that the average
proportions of gap circumference occupied by the four size classes,
sapling, pole, mature, and large, in this case are fairly uniform. The
average error for both selection methods, for gaps that have been closed
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by gap-sapling growth into the canopy, can be weighted by the relative
abundance of trees in different size classes to obtain an overall stand-wide
error. If one is interested in examining the original area of gaps at the
time they were formed, the nearest-stem selection method provides very
little error in this forest (only —0.1 m on average), while the overhead-
crown selection method provides for an average error of —1.6 m (Table
3.6). Since gap perimeter is very large in old multi-aged forests, an
average error of 1.6 m is very significant, although it would not matter
much when sampling young even-aged stands.

To summarize this crown expansion factor directly, we may say that
there is an important difference between selecting the tree with crown
overhead versus the tree with the nearest stem at points on the ground.
Because crowns of pole and mature trees expand aggressively, the areal
extent of crowns of a cohort may be larger than the original gap in
which the cohort was recruited. The stems of a cohort in a gap do not
very well define a recently formed gap, but may define the area of the
original gap after a few decades and continue to do so for many more
decades. Therefore, the overhead-crown selection method should be
used when the goal is to estimate the current area occupied by a cohort
regardless of its date of origin, but the nearest-stem selection method
should be used for a better estimate of original extent of older cohorts
that have closed gaps (Frelich and Martin 1988), keeping in mind the
length of time limitation discussed above (see the previous sub-section of
this chapter: ‘How fast does cohort area shrink over time?’). For recently
formed gaps, the area occupied by the crowns of the young saplings and
the area of the original gap are the same thing. Therefore, if one’s goal is
to reconstruct canopy turnover rates, which require knowledge of the
actual area of gaps, a hybrid selection method may be in order: if a
sample point falls in a gap, get the age (or core if possible) of a gap tree,
but if it falls in a closed gap (sensu Runkle 1981, 1982), core the tree
with the nearest stem.

How many trees to core?

If one will not or cannot sample all trees, then there is always a question
of how many trees to sample. The main considerations are the chance of
missing a cohort of trees in complex multi-aged stands, and the precision
of the estimated proportion of trees in each cohort.

The probability of failure to detect an age class of trees can be calcu-
lated for any size of cohort and number of sample points:
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Figure 3.11.  Probability of failure to detect a cohort for x number of randomly
located cores within a forested plot of trees.

pf=(1-Pp)* (3.11)
where:

Pfis the probability of failure to detect age class y
Py is the proportional area occupied by age class y

Xis the number of independent sample points.

The chance of missing a cohort that occupies 50% or more of stand area
falls to less than 5% with as few as five trees cored (Figure 3.11). To
achieve this level of detection in complex stands with many cohorts that
each occupy a small proportion of the stands requires at least 30 cored
trees, randomly or systematically distributed throughout the stand.

The precision of estimates of the proportion of a stand occupied by
each cohort can be given by the confidence limits for proportions:

p(d—p)
+1.96 — 3.12
p N (3.12)
where:

p is the sample estimate of proportion of points belonging to a given
cohort

N is the number of sample points (assumed to be independent with
respect to date of canopy accession).
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Independence of sample trees

All parametric and non-parametric statistical confidence intervals and
tests require independent samples. Contrary to most scientists’ under-
standing, neither a so-called random sample nor a sampling scheme
where every location has an equal chance of being sampled guarantees
independent samples. A systematic sample does not rule out statistical
analyses in the context of forest disturbance. Many have assumed that
choosing samples (in this case trees to core) at random is equivalent to
choosing independent samples. However, disturbance is a spatial process,
and randomly chosen trees do not guarantee independence. For example,
in cases where a stand comprises a few large patches, each originating
after a different disturbance, all cores taken from trees in each age class are
not independent, regardless of whether they were done in a systematic
grid or randomly. Therefore, the disturbance chronology is merely an
empirical observation of approximate proportions in each age class, and
no statistical test can be done. This information may still be very valuable,
however.

One can find out if tree ages are independent within a stand, but not
until the stand chronology is finished! Then, if the cored trees have been
mapped, one can check for spatial autocorrelation, and if that falls to an
insignificant level at some distance — say 20 m — then any trees sampled
that are 20 m or more apart are ‘independent’ for purposes of statistical
tests. This criterion also applies to cases where the objective is to see if
disturbance rates are significantly different on different slopes or other
landforms within a study area. Moran’s [ may be used to check for conta-
gion in tree ages (Sokal and Oden 1978, Frelich and Graumlich 1994)
and is also available in a two-dimensional form (Czaplewski and Reich
1993). Contagion among categorical variables, such as tree species or age
classes, can be assessed by using Ripley’s K, the standard normal deviate
method, or other spatial statistics (Sokal and Oden 1978, Legendre and
Fortin 1989).

For all practical purposes, a systematic sample works best for distur-
bance history analyses. They are more accurate at assessing the areal
extent of each disturbance event than random samples (Payandeh and Ek
1971, Snedecor and Cochran 1980), which often have many samples
clustered in one area, and leave other parts of the stands undersampled.
Also, systematic samples are much easier to carry out in the field, as
anyone can tell you who has ever tried to locate a bunch of random
points in a dense forest, where it is often necessary to measure from some
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point of origin to locate each point. If random samples are logistically
difficult to establish, are not as accurate as systematic samples, and do not
guarantee independence of samples, there is no point in using them.

The stand structural chronology

A second type of chronology can be constructed from tree-ring data that
illuminates the effects of disturbance on the structure of stands. With the
conventional chronology discussed above, the question to be answered is
how many individuals or how much area is in each cohort? The alterna-
tive question is: how much of the stand area was occupied by saplings
(0—10.9 cm dbh) or saplings plus poles (11.0-24.9 cm dbh)? Then instead
of looking for evidence that most trees entered the canopy at the same
time, one can answer other questions such as: did the stand ever experi-
ence series of disturbances such that the structure was reduced to that of a
sapling or pole stand, even though there was never a stand-replacing dis-
turbance? In some ways, this analysis is more important than the standard
disturbance chronology. Wildlife populations, for example, respond
more to the size structure of stands than to age structure.

Thus, a chronology can be constructed that shows proportion of the
stand occupied by saplings (trees <10.9 cm dbh) or trees in any other size
class of interest in each decade. The same field sampling and calculations
described for the standard disturbance chronology are needed. For the
sapling anaysis just mentioned the weighted percentage crown area for
each sample tree is entered on the chronology for all decades from the
earliest rings until the tree exceeds the sapling upper diameter limit.
Then the weighted percentage crown area for all trees below the thresh-
old size is summed to estimate the proportion of the plot occupied by
saplings in a given decade (Figure 3.12).

The fraction of a plot occupied by saplings may represent the effects of
more than one disturbance. For example, suppose that two disturbances,
each of which removes 40% of the canopy of a stand, occur 20 years
apart. Because it takes about 30 years for hardwood trees in the Lake
States to grow to 10.9 cm dbh, the stand will be almost totally reduced to
saplings after the second disturbance. Such episodes of disturbance have
been referred to as ‘functional catastrophes’ (e.g. Frelich and Lorimer
1991a,b).

The approximate trunk diameter of a tree may be reconstructed for
any point in the tree’s past, assuming all ring widths were measured and
the rings are satisfactorily cross-dated. To do this, one can simply add up
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Figure 3.12.  Example of a stand structural chronology from a nearly steady-state
sugar maple—hemlock stand in the Porcupine Mountains, Michigan. The weighted
percent crown area of each sample tree was entered on the chronology for each
decade from the time of first canopy accession, until the tree reached the upper
limit of the sapling size class (10.9 cm dbh, shown by solid line) and the upper limit
of the pole size class (25.9 cm dbh, shown by dotted line). Box at the bottom shows
the sum of weighted percent crown area for all saplings in the upper row, and all
sapling plus poles in the lower row, for each decade. From Frelich (1986).

the cumulative sum of ring widths from the center to the desired year.
The main problems with this technique are the bark (tree diameter in the
field is usually measured outside the bark), and trunk asymmetry. If two
or more cores are taken per tree, then the asymmetry problem is reduced,
because one can use the average ring width for each year. However,
almost all ecologists studying disturbance history would rather take one
core per tree and core more trees, thus obtaining a more extensive distur-
bance history. Therefore a correction factor (CF) should be used when
calculating tree size in the past: CF is the ratio of the radius of the sample
increment core to the radius of the tree inside bark, as measured in the
field. Some knowledge of tree bark thickness and the assumption that the
cored radius maintained the same relationship to the tree’s radius



86 - Sampling and interpretation of stand history

throughout the ring record are required. When this correction factor is
multiplied by the core radius up to a given year and then a bark correc-
tion factor is added on, a much better estimate of tree size in that year is
obtained. I have found that the length of some cores containing the pith
is only one-quarter the tree’s diameter! This occurs in old-growth forests
with highly asymmetrical trees. This correction factor also corrects for
shrinkage of the core due to drying. One wants to estimate tree size in
live, wet condition. Thus, the average core radius inside bark will be less
than half the tree diameter, inside bark.

Calculation of canopy turnover rates and residence times

The most direct method for calculating canopy turnover rates (percent-
age turned over per year — usually at the stand or landscape scale) is simply
to take the mean percentage disturbance per unit time among a number
of plots, from an area-based disturbance chronology where the nearest-
stem method was used to select sample trees. An alternative is to measure
the area of gap formation along transects for a known length of time.

The technique of measuring gap area does not work in some old-
growth forests, including the author’s hemlock—hardwood and near-
boreal jack pine, spruce—fir forests. The reason is that there are few
discrete gaps in these forests. The whole forest is laced with a network of
interconnected small openings. When one tries the methods of Runkle
(1981, 1982) in these forests, one can walk for long distances without
coming to a well-defined gap edge. Instead of measuring regeneration in
‘gaps’ in these forests, one simply finds individual gap-making trees
within a transect 10-20 m wide, and looks at the trees most likely to
replace each gapmaker. The replacement species can be selected in differ-
ent ways: the species with the highest number of stems within a few
meters of the gapmaker, or the species with the biggest stem in the gap,
or the species of the one stem that looks to the investigator to be the most
logical successor to the downed tree. A species-by-species transition
matrix is constructed directly from the raw data (e.g. Frelich and Reich
1995a).

The canopy residence times for individual trees, or the time from
canopy accession until death, is the reciprocal of the turnover rates.
Analyses may be done for all species pooled, or separated for each tree
species or group of species (e.g. Runkle 1981, 1982). A more direct
method of calculating canopy residence time is to take cores or wedges
from trees that recently died and formed gaps. These cores are subjected
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to radial increment pattern analysis, and the number of years from release,
rapid early growth, or start of a parabolic, flat or declining growth pattern
until death, is the residence time for an individual tree.

Note that canopy residence times from one or two stands, or from
many stands over a short period of time, may have little meaning. Ten-
year canopy mortality rates within one stand are often very low; inspec-
tion of 70 plot chronologies from upper Michigan (Frelich 1986), shows
that no mortality was detected for a total of 343 out of 742 decades of
total reconstruction, or 47% of all decades. Also, average mortality per
decade ranged from 1.7% to 18.9% among the 70 plots over the 120-year
time window that was reconstructed.

To test the variability in estimated disturbance rates for different
periods of observation, Frelich and Graumlich (1994) calculated the
range of variability in estimated canopy residence times among observa-
tion periods from 10 to 60 years from an intensively studied 5-ha multi-
aged hemlock—hardwood forest (Figure 3.13). Results show that at least
60 years of observation are necessary to get relatively stable estimates of
canopy turnover within one stand (e.g. 170-200 years). Runkle’s (1982)
data cited above included only 10 years, but the data were taken from a
large geographical area. Frelich and Lorimer’s (1991a) data were based on
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Figure 3.13.  Range in estimates of canopy turnover for different lengths of

observation or reconstruction, for a sugar maple—hemlock forest in Sylvania
Wilderness Area, Upper Michigan. Data from Frelich and Graumlich (1994).
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a large geographical area and long time window (120 years). Thus, it is
clear that either a long time or large area, or both, is necessary for accu-
rate estimates of canopy disturbance rates in the northern hardwood
forests.

Summary

There are several lines of evidence for interpreting stand disturbance
history. Each has problems; however, interpretation of radial increment
patterns seems to yield the most accurate information in temperate
forests. The proportion of trees entering the canopy (i.e. went from
shaded understory position to a gap position with direct syklight on the
crown) can be estimated by coring a number of trees and analyzing their
radial increment patterns. As a general guideline, major releases (abrupt,
sustained, 100% increase in ring width) indicate the time of canopy
accession. Trees with parabolic arches near the center of the core, or flat
or slowly declining growth patterns over the life of the tree were likely in
a gap from the time of the first ring on their core. A disturbance chronol-
ogy can be assembled by calculating the proportion of trees that entered
the canopy in each decade.

Analyses of forest history require that hollow trees and trees too small
to be cored be taken into account during sampling. If hollow trees
occupy 30% of the area, then the area of all other trees can only occupy
70%, even though 100% of the sample cores come from them. Some
studies of disturbance history have failed to account for unsampled trees.

Great care must be taken to determine which trees, and how many
trees, to core. The following guidelines apply in cool-to-cold-temperate
forest where I have the most eperience. In simple even-aged stands 5—10
cores may be sufficient to estimate stand history. In complex multi-aged
stands 30 or more cores may be necessary to detect all cohorts that
occupy 5% or more of the stand. There are two different types of age
structure: the proportion of stems in each age class and the proportion of
area occupied by each age class. It is important to know which is appro-
priate for a given study, because the sampling stategies are different. One
has a hard time to justify calling a disturbance a ‘catastrophe’ if 80% of all
trees originated after the disturbance, but those 80% of trees occupy only
10% of total crown area. There is much confusion in the literature on
these methods and objectives.

To estimate the proportion of trees in each age class, all trees should be
numbered and the sample trees selected at random from all individuals.
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To estimate proportion of area occupied by various cohorts one can
select trees that are closest to randomly or systematically located points
on the ground. The proportion of area occupied by cohorts can also be
reconstructed two ways: the area currently occupied by each cohort, or
the area originally occupied by each cohort at the time it was a new gap.
Sampling the tree with crown overhead at each sampling point on the
ground will allow straightforward reconstruction of the area currently
occupied by each cohort in a stand. In contrast, sampling the tree with
the nearest stem at each sampling point will allow reconstruction of the
area originally occupied by each cohort for about 120 years. Up to age
120, crown expansion by new trees in a gap approximately balances the
loss of crown area within the gap by tree death due to self-thinning and
the loss of gap area to expansion of trees surrounding the gap. Beyond
120 years these balances no longer hold and it becomes difficult to esti-
mate the area originally occupied by a gap.



4 - Disturbance, stand development,
and successional trajectories

Introduction

What are the major changes in stand structure over time (stand develop-
ment) and what changes in composition over time (succession) accom-
pany developmental changes? How do these changes occur in major
forest types of the Lake States forests? These are the major questions
examined in this chapter. Many studies on stand dynamics in the Great
Lakes forests — studies which used methods described in Chapter 3 — are
synthesized here. The chapter starts with basic schemes for development
and succession. Then I proceed to case studies of five major forest types
that illustrate the types of variations on the basic schemes of development
and succession that occur among forests.

Basic stand development sequence

Four basic stages of development that stands go through after stand-
replacing disturbance were described by Oliver (1981). I present these
stages in a form modified to fit the context of cold-temperate hard-
wood—boreal transition zone forests of the Lake States (Figure 4.1).

Old
multi aged

Stand ‘ Stem ‘ Demographic

initiation exclusion transition

Figure 4.1.  Four basic stages of stand development.
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Complications of this basic scheme of four stages that occur in different
forest types will be described in detail later on this chapter. Stages of
development are important to keep in mind when thinking about distur-
bance regimes throughout the rest of the book because it is disturbance
regimes that determine the proportion of stands in each stage of develop-
ment. For example, with short-rotation logging, all stands across the
landscape will be in the initiation and stem-exclusion stages of develop-
ment with no chance to go on to the old multi-aged stage.

Stage 1. Initiation. This stage follows major disturbance, such as stand-
leveling wind, crown fire or clear-cut logging.

* The open space is filled in with individuals that arrive by seed (e.g.
paper birch and aspen after fire), stump sprouts (e.g. oak forest after
fire), roots sprouts (e.g. aspen after clear cutting), or advance regenera-
tion (e.g. sugar maple or other shade-tolerant species after a tornado).

* The individuals are part of an age group called a cohort.

¢ This stage lasts from the time of stand-replacing disturbance until the
new cohort forms a continuous canopy and trees begin competing
with each other for light and canopy space.

Stage 2. Stem exclusion. During this stage, the canopy is dense enough to
prevent new saplings from growing into the canopy — there is no space available for
new canopy trees.

* The canopy continues to have only one dominant cohort, with a uni-
modal dbh distribution. The canopy upper surface is relatively smooth.

» Competition among trees is intense and density-dependent self-
thinning is the major cause of mortality.

» Crowns are small enough so that when one tree dies, the other trees are
able to fill the vacated space in the canopy by expanding their branches
horizontally. This situation continues for 100-150 years in northern
hardwoods and red or white pine stands, but may last only 20 to 40
years in some aspen and jack pine stands.

Stage 3. Demographic transition. At this point, a stand undergoes demo-
graphic transition from one cohort of trees in the canopy to more than one cohort.
There may be a wave of high mortality as many trees reach senescence at the same
time.

* The crowns of the trees are now large enough so that when one dies the
surrounding trees cannot fill the gap. As a result, a new cohort of trees
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has space to enter the canopy. The dbh distribution has the remnants of
an old unimodal peak in larger size classes and a new peak in the small
size classes. This can be called a ‘compound dbh distribution’.

o If the stand was originally composed of a pioneer species such as paper
birch, shade-tolerant trees such as sugar maple, hemlock, beech or
spruce and fir may begin entering the canopy.

* There are more gaps in the canopy and more light on the forest floor
than during the stem-exclusion stage. Mid-tolerant trees such as bass-
wood, green ash, yellow birch and white pine may be able to enter the
canopy through some of the larger canopy gaps.

* Mortality undergoes a transition from mostly density-dependent self-
thinning to mostly density-independent mechanisms such as senes-
cence and blowdown due to weakened wood caused by heartrot or
disease. Dense clusters of young trees in large gaps still undergo self-
thinning (i.e. the whole stand development sequence may repeat itself
at the neighborhood spatial scale within gaps).

* The stand begins to take on ‘old growth’ characteristics, with large
rotten logs on the forest floor, many sizes of trees, and an uneven
canopy surface.

* This stage lasts from the time the first trees younger than the distur-
bance cohort are able to grow into the canopy until the disturbance
cohort no longer has a significant presence in the stand.

Stage 4. Multi-aged. At this point demographic transition to uneven-aged
status is complete, and the forest has many age classes and size classes of trees in
the canopy. There may be few or no remnants left from the original cohort.
Mortality is continuous at a relatively low level, caused by death of single trees or
small groups of trees.

e The dbh distribution is characterized by many small trees, with a
steep decline in number of trees until the middle size classes, where
the decline becomes more shallow or levels off, followed by another
sharp decline in the largest size classes. The dbh distribution results
from a high rate of mortality for small trees (which are undergoing
self~thinning in gaps), low mortality for middle-aged trees, and high
mortality for large, senescent trees.

* Changes in species composition, development of old growth charac-
teristics, and density-independent mortality with some self-thinning in
gaps described for the reinitiation stage continues.

* This stage will last until another stand-replacing disturbance occurs.
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Many readers will undoubtedly notice that I have changed the last two
stages from Oliver’s scheme (Oliver 1981, Oliver and Larson 1996). What
I call ‘demographic transition’ was referred as to as ‘understory reinitia-
tion’ by Oliver. I made this change because in the Great Lakes Region,
this stage has a lot of variability among forest types. Some forests have an
understory layer of tree seedlings in all stages of development. However,
those seedlings rarely have any chance at all of growing into the mid-story
and then capturing a gap as long as the stand is in the stem-exclusion
stage. Therefore, the understory is not really reinitiated at a given point in
time. What I call the ‘multi-aged’ stage of development was referred to as
‘old growth’ by Oliver. The problem with ‘old growth’ is that it has
become a political term that has many different definitions used by man-
agers in different countries and in different states throughout the United
States. Environmentalists have tagged any forests with large trees, or old
trees (especially older than people’s maximum lifespan), as ‘old growth’.
This includes stands of long-lived species such as oak, maple, and white
pine in the Great Lakes Region that are 120—150 years old but still in the
stem-exclusion or demographic-transition stages of development.
Therefore, to avoid confusion with these many political definitions of old
growth, I have introduced the term ‘multi-aged’ forest. This term is also a
good descriptor of the forests in question, since we are always talking
about forests that have undergone transition from even-aged to uneven-
aged. Multi-aged says exactly what it means with no ambiguity.

Stand development can also be placed on a continuous scale. For
example, in sugar maple forests of Upper Michigan, modal stand diame-
ter, proportion of total crown area in large trees (>46 cm dbh), and ratio
of mature (26—45.9 cm dbh) to large trees are useful measures for quan-
tifying stage of stand development (Lorimer and Frelich 1998). Figure
4.2 shows the dbh distribution for six stands ranging from young even-
aged to nearly balanced all-aged. Stands with <45% of the crown area in
large trees have unimodal diameter distributions, and as the ratio of large
to mature trees exceeds 1.5, the form of the diameter distribution
changes from unimodal to multi-modal, irregular, or descending mono-
tonic, and the ratio of large to mature trees also increases throughout this
sequence (Figure 4.2). Thus, these scaling factors allow the placement of
stands on a developmental continuum that continues further than a chro-
nosequence of stand ages. This can be an advantage because stand age
becomes difficult or impossible to determine at or beyond the demo-
graphic transition stage of development.
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Diameter distributions of sugar maple from six stands in the Porcupine

Mountains and Sylvania Wilderness Areas in Upper Michigan, arranged in order of
stand structural chronosequence (top left, right, middle left, right, bottom left,
right). Canopy trees and gap saplings are shown as shaded bars and suppressed trees
are represented by open bars. After Lorimer and Frelich (1998).
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Succession, fluctuation, and stand development

Another aspect of stand development to keep in mind is its relationship
to changes in species composition, commonly referred to as succession or
fluctuation. T use the common definition of succession: a directional
change in species composition over time, where one species or group of
species replaces another. Changes in composition of lesser magnitude
than replacement are termed ‘fluctuation’, where the relative proportion
of two or more species shifts over time. Fluctuations may be major (e.g.
the ratio of maple to hemlock shifts from 25:75 to 75:25) or minor (e.g.
the ratio of maple to hemlock shifts from 40:60 to 60:40).

What about the relationship between changes in composition and
stand development: do they necessarily parallel one another? As shown
in the five case studies below, sometimes stand development is accompa-
nied by succession, but often it is not. There is often the incorrect
assumption by many that stand-replacing disturbance always initiates a
new successional sequence. Severe disturbance always initiates a new
stand development sequence, which has sometimes in the past been
called ‘physiognomic succession’ to differentiate it from the classical
notion of succession that refers strictly to changes in species composition
over time.

Before we launch into case studies that spell out the relationships
between species composition change and stand development, it is neces-
sary to have an understanding of what is meant by ‘a directional change
in composition over time’, as was stated in the definition of succession
above. The four stages of stand development described above are defi-
nitely directional, but what about successional development? Predicting
the direction of succession in forests has been a major focus of ecological
research as long as the science of ecology has existed (e.g. Gleason 1927,
Clements 1936, Watt 1947, Curtis 1959, Drury and Nisbet 1973, Horn
1974, West et al. 1981, Peet 1992, Frelich and Reich 1995b). I have
detected five major models of successional direction in the literature
(Figure 4.3).

Cyclic model

Succession starts with composition state A, then proceeds to state B, C,
etc., eventually returning to state A. Cyclic succession was first proposed
by Watt (1947) and has been one of the major models employed by
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Figure 4.3.  Five models of successional direction.
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ecologists. An example is aspen invading an area after severe fire, fol-
lowed by red maple and other species of intermediate shade tolerance,
then by shade-tolerant northern hardwoods and hemlock, which then
persist until another fire resets the cycle to aspen (Lorimer 1977,
Whitney 1986, Frelich 1992).

Convergent model

In the classic model of Clements (1936), vegetation in two or more states
(A and B) converges to state C over time. Two adjacent post-fire stands
dominated by early or mid-successional species such as aspen and white
pine, respectively, which both succeed to shade-tolerant sugar maple and
hemlock, provide an example.
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Divergent model

One community (state A) diverges into two or more states (B, C, etc.),
over time. The divergence involves feedback switches that magnify initial
minor differences, and, once the differences are large, allow their perpet-
uation (Wilson and Agnew 1992). An example of this process could be a
post-fire aspen stand that could easily succeed to pine, oak and maple on
three adjacent sites. These differences in trajectory could be caused by soil
differences that favor different species or by differences in seed availability.

Parallel model

Communities in states A and B each undergo stand-replacing distur-
bance, and each returns to the same state shortly after the disturbance.
This is what some would call no succession, or is used to describe return
to original condition after a short period of transient dynamics. Parallel
succession can occur in the North American boreal forest, where species
such as jack pine or black spruce can dominate adjacent stands. When
stand-replacing fires occur in such areas the species in the pre-fire stand
are the only seed source, and the post-fire stand maintains the same tree
composition (Dix and Swan 1971, Heinselman 1981a,b, Johnson 1992).

Individualistic model

Also called multiple pathways of succession (Cattelino ef al. 1979), indi-
vidualistic succession occurs when stochastic variables, such as timing of
major seed crops of the important tree species, droughts, disturbances,
and other factors interact to produce multiple pathways of succession at
different times at the same location. This model emphasizes continuous
change and there may not be a stable endpoint. For example, a gap in the
forest canopy formed in one decade could be filled by paper birch merely
because paper birch had a good seed year and other species did not. If the
paper birch later die of old age during a drought they may be replaced by
a species with drought-tolerant seedlings, such as white cedar, if that
species happens to be nearby.

Predicting successional direction

There are several difficulties with trying to predict successional direction
in a real-world forest. The first of these is obvious in theory but often
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invisible in the field. Namely, disturbance regimes are often complex,
with several different types of disturbances. The result is what I call a
‘successional system’, with many developmental and successional stages
related to each other in a web that may include segments of any or all of
the five directional models of succession. An investigator who does not
manage to isolate individual segments of the whole system for study will
likely end in confusion, since their data will show elements of more than
one directional model, which may wash each other out. In my opinion
this is why there are so many studies done where large numbers of field
plots and variables such as soil type, disturbance type, and stand age, are
put into multi-variate ‘black boxes’, such as multiple regression,
ANOVA, factor analysis, ordination, or canonical correlation, and end
up with significant results that only explain 5% of the variation. It is nice
to know that there is a significant trend in the data, but one also needs to
explain differences among plots to have true predictive ability.

Other factors that may obscure our ability to predict direction of suc-
cession in forests include lack of spatial context, lack of consideration of
spatial scale, and inadequate knowledge of successional mechanisms.
Reviews of succession (Drury and Nisbet 1973, Facelli and Pickett
1990) suggest that the spatial context in which succession occurs is not
adequately taken into account in many studies. Neighborhood effects,
such as seed rain, shading, and nutrient feedbacks to the soil through lit-
terfall, all play a role in determining how succession proceeds under-
neath the canopy of every tree. The successional direction for an entire
stand (1-10 ha scale) is the sum of all these neighborhood trends, and a
number of recent studies attempt to integrate these spatial effects into
successional studies (e.g. Lippe et al. 1985, Hubbell and Foster 1986,
Smith and Huston 1989, Frelich et al. 1993, Frelich and Reich 1995b).
Research on forest succession often concentrates on processes that occur
at a single spatial scale. For example, a large number of papers have been
published that examine individual tree gaps (e.g. Runkle 1982) or that
examine stands (e.g. Grigal and Ohmann 1975) or that analyze land-
scapes (e.g. Payette et al. 1989, Dansereau and Bergeron 1993). An
example of the data-interpretation difficulties this may create occurs for
fir—spruce—birch forest reported by Buell and Niering (1957). This forest
may be a uniformly mixed forest, with individual trees of different
species next to each other (the result of convergent succession), or a
series of small mono-dominant stands (the result of divergent succes-
sion). However, since no spatial data are presented, this is impossible to
ascertain.
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Case studies of forest development and succession

Case study 1:The birch-white pine, hemlock—hardwood successional
system

The persistence and widespread success of white pine in presettlement
forests of eastern North America, and its dependence on fire, 1s a paradox
because white pine does not have adaptations to fire possessed by the
classic fire-adapted species. Although white pine responds favorably to
exposed mineral soil seedbeds and high sunlight after fires, it does not
have serotinous cones like jack pine and black spruce, the ability to sprout
vegetatively after fire like aspen and birch, or widespread and abundant
seeds nearly every year like aspen and birch. White pine does possess the
compensating life-history characteristics of long lifespan, ability of
mature individuals to survive surface fire, moderate tolerance to shade,
and the ability to grow in poor environments, such as riverbanks and
rock outcrops, giving it a permanent refuge (at least it was permanent
before humans removed these refuges) from disturbance and competition
by shade-tolerant species (Figure 4.4).

Stand development after severe fire

There is a delicate balance between the abundance of white pine and fire:
too much fire and the system shifts to mostly paper birch; too little fire and
white pine succeeds to sugar maple—hemlock forest. Thus white pine has
the curse of mid-successional species in that it can’t get along with fire and
can’t get along without it. Severe natural fires ignited by lightning occur in
the range of white pine during spring, or late summer/autumn, after 2-3
months of drought at the sub-continental scale (Haines and Sando 1969,
Heinselman 1973, Cwynar 1977). White pine is most abundant in areas
where the rotation period, or mean interval between severe fires, is 150 to
300 years (Frelich 1992). If the fire cycle becomes more than 300 years for
any reason, then hardwoods invade and change the fuel type in such a way
that fires become much less common. Windthrow and other treefall gaps
then become the dominant disturbance type. Forests within the range of
white pine experience treefall mortality of 10% or more every 70 years on
average, and they experience stand-leveling windthrow at intervals of
1000 to 2000 years (Lorimer 1977, Canham and Loucks 1984, Whitney
1986, Frelich and Lorimer 1991a). Windthrow is generally not favorable
for white pine establishment, although a few white pine generally occur
in post-blowdown stands. Only one instance of heavy recruitment of
white pine after windthrow is mentioned by the literature (Hough and
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Figure 4.4. Refuges from disturbance for white pine: riverside (foreground), and
rocky ridges (background, upper left). These refuges are nearly permanent unless
humans cut them down. Photo: University of Minnesota Agricultural Experiment
Station, Dave Hansen.
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Table 4.1. Period of peak seedling recruitment for white pine (starting the year
after fire, and ending at the number of years indicated)

Peak

recruitment

(yr) Associated species* Location Reference

10 Red maple, gray birch, Pennsylvania, USA  Hough and Forbes
white ash, cherry 1943

20 Hemlock, paper birch New Hampshire, =~ Henry and Swan

USA 1974

20 Pin oak, bur oak, jack pine Wisconsin, USA Frelich 1992

25 Aspen, paper birch, red Minnesota, USA Frelich 1992
maple

25-30 Aspen, red pine Ontario, Canada Cwynar 1977

25-35 Paper birch, red maple, New Hampshire,  Foster 1988a
hemlock USA

20-40 Chestnut, red maple, red ~ Pennsylvania, USA  Hough and Forbes
and white oak 1943

40 Paper birch, aspen Quebec, Canada Maisurrow 1935

Note:

¢ Species recruited at the same time.

Forbes 1943), although many instances of heavy recruitment after fire are
documented.

White pine has abundant seed crops every 3—5 years and very slow
growth during the first 5-10 years after germination. In addition, after
severe crown fire only a few surviving white pine remain in most forest
stands. Therefore, seedling establishment by white pine in post-fire
stands usually takes place over 20—40 years under a faster growing or
earlier established canopy of aspen, birch, red maple or oak (Table 4.1).
Some white pine seedlings may be present right away in the stand initia-
tion phase of development if restocking by other species is slow (Figure
4.5). The shade cast by aspen or oaks is not as dense as that in
hemlock—hardwood stands, so that growth of the mid-tolerant white
pine seedlings is good — usually 0.3—-0.6 m per year. Near the end of the
stem exclusion phase of development (which varies from 40 to 80 years
of age), many of the white pine are tall enough to take positions in the
upper canopy as the birch begin to die (Figure 4.5).

During the demographic-transition stage white pines enter the canopy
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Figure 4.5.  Succession and stand development after stand-killing fire in a paper
birch—white pine successional system. Initiation (A), Stem exclusion (B),
Demographic transition (C), and Multi-aged stages (D). From Frelich (1992).

at different times, as gaps caused by the death of mature birch appear. In
addition, other white pine may have been in the canopy from the early
stand initiation phase, and others are suppressed under larger white pines.
These processes lead to differential growth rates and the development of a
hierarchy with rapidly growing canopy-emergent white pine and slower
growing trees in intermediate and overtopped crown classes. The diame-
ter distribution becomes bimodal (Figure 4.5).

Two types of low-severity disturbance facilitate the transition from
demographic transition to old multi-aged phases of development, which
generally occurs between 100 and 200 years of age. White pine is very
susceptible to high winds and the larger the tree, the more susceptible it is
(Stoekeler and Arbogast 1955, Foster 1988b). Therefore, trees in the
canopy emergent position are often toppled by wind and other white
pines from a lower position are released into the canopy. A second distur-
bance may be surface fires at intervals of 20—40 years (Frissell 1973). If
shade-tolerant hardwoods are invading the understory they may be killed
by surface fires. Also, a few of the large white pine may be killed by
surface fires, opening gaps for recruitment of new white pine seedlings
and saplings. The gaps caused by wind and surface fire cause a stand to
become increasingly multi-aged, with a multi-modal diameter distribu-
tion. White pine stands may be maintained in the old multi-aged stage
for one to several centuries until another severe crown fire occurs
(Heinselman 1981b).
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A pattern of cyclic succession

A repeating sequence of severe crown fires with intervening low to
moderate-severity surface fires can lead to long-term dominance by white
pine in one stand for several thousand years (Davis ef al. 1994, 1998, Figure
4.6). There would be pulses of species such as paper birch after each major
fire, so that some succession would occur from time to time. When old
multi-aged white pine stands are maintained by surface fires, periods of
several centuries with little succession are also possible. Other cycles may
also occur in which the birch/white pine forest alternates with

20 years 60 years

#Trees
#Trees

Intense fire

250+ years

Gap phase wind
and spot fire

Severe fire
after windthrow

Figure 4.6.  Cyclic succession in the birch, white-pine, sugar maple successional
system. Diameter distributions at various ages after stand-killing fire are indicated by
solid lines, long dashed lines and dash-dotted lines for white pine, paper birch, and
sugar maple, respectively. After Frelich (1992).
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Table 4.2. Chance of an individual stand surviving
one or more rotation periods under a constant
probability of fire with stand age

Number of rotation periods Stands surviving
1 36.8
2 13.5
3 5.0
4 1.8

hemlock—hardwood forest (Figure 4.6). A necessary condition for succes-
sion from white pine to hemlock—hardwood is several centuries without
severe crown fire and infrequent surface fire. Two major factors can cause
or accelerate such successional events. First, fire may miss a stand by chance.
Under natural conditions disturbances that occur at random with respect to
stand age may skip individual stands for one or more consecutive rotations
(Van Wagner 1978). For example, if the natural rotation period for crown
fire in white pine forest is 200 years, then 14% of all stands may survive two
rotation periods (400 years) and a few stands may even survive three or four
rotation periods (Table 4.2). This would be enough time for succession to
northern hardwoods. Successive windstorms would selectively remove the
much taller canopy-emergent pines and release understory shade-tolerant
species such as hemlock and sugar maple —a process known as disturbance-
mediated accelerated succession (Abrams and Nowacki 1992). The second
factor promoting the switch to hemlock—hardwood forest is species com-
position—fuel feedbacks. If a white pine stand is missed by fire for 2—4 cen-
turies, and species like hemlock and sugar maple become a major
component of the forest, then the fuels become more difficult to burn, and
the rotation period for fires is lengthened. This is consistent with the rela-
tive lack of recent burns and abundance of recent windfalls recorded by the
nineteenth century land surveyors in northern Wisconsin and Upper
Michigan (Bourdo 1956, Canham and Loucks 1984), and with observa-
tions that northern hardwood forests are fairly resistant to burning (Stearns
1949, Curtis 1959, Miller 1978, Bormann and Likens 1979). Other factors
can also contribute to the paper birch/white pine to hemlock—hardwood
successional trend: (1) a coincident change to cooler and wetter climate
(Davis et al. 1992, 1994, Clark et al. 1996); (2) fine-textured soils that favor
rapid growth of hemlock and hardwoods; and (3) the presence of topo-
graphical firebreaks.
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Succession from hemlock—hardwood forest back to paper birch/white
pine requires a severe fire (Figure 4.6). However, hemlock—hardwood
stands have moist foliage and relatively low canopy bulk density, and they
cannot carry a crown fire. Therefore this successional event will be rare
and be facilitated by windfall-fire interactions. Although severe fires are
not common in hemlock—hardwood forests (Frelich and Lorimer 1991a),
slash from a stand-leveling windfall event can be quite extensive and
provide the necessary fuel for severe fires (Stearns 1949, Whitney 1986,
Foster 1988a, Lorimer 1977). The post-fire successional sequence com-
monly included paper birch and white pine. Drought is a necessary factor
for windfalls to burn. At any one time on a natural landscape there are
areas of recent windfall. However, they are much more likely to burn if a
drought occurs. A coincident change to a warmer/drier climate, sandy
soil, and lack of topographical firebreaks will aid this successional
sequence and allow the return of the birch/white pine forest.

Succession, stand development and wind in the hemlock—hardwood forest

These forests have a tendency to undergo divergent succession, segregat-
ing into hemlock-dominated and sugar maple-dominated stands (Davis
et al. 1994; see Chapter 6, ‘Sylvania case study’, for more detail). Once
these hemlock or sugar maple-dominated stands are established,
however, many centuries can go by without any succession within stands
(Davis et al. 1998). The previously described double whammy of wind-
fall followed by fire, causing the birch—white pine—hemlock—hardwood
cycle, does not occur very often. Instead, most of the dynamic action is
in constantly changing stand structure (Figure 4.7).

These forests experience many single treefall gaps, a moderately large
number of disturbances that kill 5-40% of the trees, and very few stand-
leveling wind events. The medium disturbances have a greater cumulative
impact on the forest than either single tree gaps or stand-leveling wind (see
Chapter 6, “Wind regimes and landscape structure’). As a result, there are
few even-aged stands, and few all-aged stands, but many very complex
multi-aged stands. Therefore the basic stand development scheme needs
some refinement to take into account many different types of multi-aged
stands. There does not seem to be a straight-line sequence of stand develop-
ment, but rather a ‘web of development’, with many interlinked types of
stands and developmental pathways. Frelich and Lorimer (1991b) identified
eight different structural types, all of which work equally well for hemlock
and sugar maple stands, and can be viewed as variations on the central
theme of the four basic stand development stages (Box 4.1, Figure 4.8).
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Figure 4.7.  Partial blowdown and recovery in an old multi-aged
hemlock—hardwood forest in the Porcupine Mountains, Upper Michigan. Photo:
Lee Frelich.

BOX 4.1

Stand development stages for sugar maple—hemlock forest in Upper Michigan.
Each stage entry is followed by the equivalent stage from the general stand
development scheme (Figure 4.1), a general description of how the stage is
formed and what type of structural evidence might place a stand in a given
stage. The detailed classification rules are given in Frelich and Lorimer (1991b),
and were formulated so that all stands on the landscape could be assigned to one
of the eight stages. Remember that disturbance events can cause a discrete
change in developmental category, but that growth after a disturbance is a con-
tinuous process. Therefore, the classification rules provide somewhat arbitrary
boundaries between stages as stands develop.

Sapling stand (equivalent to stand initiation):
Very young relatively even-aged stands created by intense blowdown that
has removed the former canopy, all at once, or in two or more episodes
within two decades. A substantial majority of canopy area is occupied by
saplings (trees 0—10.9 cm dbh) and poles (trees 11.0-25.9 cm dbh), with
aggregate crown area of saplings greater than that of poles.
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Pole stand (early stem exclusion):
Young even-aged stand that develops from growth in a sapling stand. A
substantial majority of the canopy area is occupied by saplings, poles, and
mature trees (trees 26.0—45.9 cm dbh), with aggregate crown area of poles
greater than that of saplings or mature trees.

Mature stand (late stem exclusion):
Middle-aged, even-aged stands resulting from growth of a pole stand. A
substantial majority of the canopy area is occupied by poles, mature trees,
and large trees (>46.0 cm dbh), with aggregate crown area of mature trees
greater than that of poles or large trees.

Multi-aged break-up stand (demographic transition):
Typically an old, first-generation stand after canopy-leveling windstorm
that has more mature and large trees than a mature forest, but does not yet
have a broadly uneven-aged structure. These stands result from growth and
development in mature stands.

Multi-aged pole stand (a subdivision of the multi-aged stage):
A stand with size structure similar to that of a pole stand, but not originat-
ing from a sapling stand. Unlike a pole stand, widely scattered age classes
are present. Multi-aged pole stands result when a moderately severe wind-
storm reduces the stature of any of the other multi-aged stand types or a
steady-state stand, by removing most of the large and mature trees and
leaving behind mostly pole-sized trees. A windstorm that creates multi-
aged pole stands does not quite reduce stand stature enough to place the
stand in the sapling stage.

Multi-aged mature stand (a subdivision of the multi-aged stage):
A stand with structure similar to that of a mature stand, but not originating
from a pole stand. Unlike a mature stand, widely scattered age classes are
present. Multi-aged mature stands result when a moderately severe wind-
storm reduces the stature of old multi-aged stands or steady-state stands, by
removing large trees while leaving mature trees intact. This stage can also
result from continued growth in a multi-aged pole stand.

Old multi-aged stand (a subdivision of the multi-aged stand):
A stand that has gone more than 250 years since the last canopy-leveling
disturbance and has a canopy dominated by mature and large trees. Usually
at least 50% of the canopy area is occupied by large trees. Generally, several
to many widely scattered age classes are present that are unequal in area
occupied. Old multi-aged stands result from growth of multi-aged break-
up, multi-aged pole, or multi-aged mature stands, or from partial canopy
removal in a steady-state stand.

Steady-state stand (a subdivision of multi-aged stand, also sometimes called

balanced all-aged stand):
A stand that has gone more than 250 years since the last major disturbance
and has experienced continuous formation of small scattered treefall gaps
over the last 250 years, so that the area of new gap formation has been rela-
tively constant over time.
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Figure 4.8.  Eight stages of stand development in hemlock—hardwood forest. See
Box 4.1 for definitions.

Case study 2: The southern-boreal jack pine-aspen,
spruce—fir-birch—cedar successional system

Basic development sequence

These jack pine, aspen and black spruce dominated boreal forests are as
similar to those of central Canada as one can find in the lower 48 states.
Within the primary forest remnants of the Boundary Waters Canoe Area
Wilderness (BWCAW), the natural processes of disturbance and forest
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Figure 4.9.  Stand initiation in an upland jack pine—black spruce stand after a high-
severity crown fire in Minnesota’s Boundary Waters Canoe Area Wilderness. Note
that much of the soil was a moss mat that burned away, exposing bare rock. Photo:
University of Minnesota Agricultural Experiment Station, Dave Hansen.

development still occur. These forests on nutrient-poor shallow soil over
granitic bedrock originate after severe crown fires (Figure 4.9). Under
the pre-European natural disturbance regime, severe crown fires had a
rotation period of approximately 50-70 years (Van Wagner 1978,
Heinselman 1981b).

Sometimes fires occur in young stands (<10 years old), an age at
which the conifers do not produce much seed, and aspen comes to dom-
inate the post-fire stand (Heinselman 1973). Otherwise, if fires occur
when jack pine and black spruce are old enough to produce abundant
seed, then those species dominate the post-fire stand. Jack pine has serot-
inous cones that remain closed until scorched, and after a crown fire,
seeds rain down by the millions on every hectare. Black spruce has semi-
serotinous cones; a few open every year, but the majority are stored in the
canopy and open after fire. Surveys of seedling densities after fire indicate
that densities of 100000 to 300000 seedlings per hectare are common
2-3 years after fires (Heinselman 1981b). This initiation phase of devel-
opment lasts less than a decade, by which time a very thick young forest
closes the canopy. After that, stem exclusion begins and continues until
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Figure 4.10.  Successional and developmental web for the near-boreal forest of the
Seagull Lake area in northern Minnesota’s BWCAW. Dotted arrows show pathways
caused by growth and self-thinning. Solid arrows show pathways caused by
exogenous forces shown in the shaded ovals. BS, black spruce; PB, paper birch;
WC, white cedar; BE balsam fir; QA, quaking aspen; RP, red pine; and JP, jack
pine. From Frelich and Reich (1995a).

approximately age 100 (Frelich and Reich 1995b). Demographic transi-
tion occurs between age 100 and 150 as large gaps form when small
groups of jack pine die. Balsam fir, white cedar and paper birch invade
these gaps, and black spruce also increases its importance within stands
during those years. Finally, when the original jack pine have nearly all
died, after age 150, stands become a mixture of the ‘climax species group’
of black spruce, balsam fir, paper birch and white cedar, a more complex
group than the hypothetical spruce—fir often mentioned in the literature
(Frelich and Reich 1995b, Figure 4.10).

All directions of succession occur in this forest

Can parallel, convergent, divergent, cyclic and individualistic succession
all occur at the same time in one forest? Yes, but it all depends on how
you look at the system. Let’s examine the system at several spatial scales
and also compare stands of many different ages at one point in time and
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Mosaic Mixture

Figure 4.11.  Idealized spatial structures in the near-boreal forest. From Frelich and
Reich (1995a).

the same stands at several points in time. Frelich and Reich (1995a)
accomplished this suite of analyses by mapping all trees within some
stands, reconstructing stand history since the last fire, and examining the
spatial structure and composition of stands of widely varying ages
(origins from 1801 to 1976) on aerial photographs of the same forest
taken in 1934, 1961 and 1991. Air photo interpretation proceeded by
classifying forest blocks of 1 ha, 4 ha, or 16 ha in size on all three air
photos into one of the following four spatial structures (Figure 4.11):

1. Solid Matrix (MAS). Block is nearly completely dominated by one
species (makes up >90% of tree cover).

2. Matrix with Inclusions (MAI). One mono-specific patch comprises at
least 50% of the area.

3. Mosaic (MOS). The block has mono-specific patches (>0.25 ha in
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area) of two or more species. No one patch comprises 50% or more of
the tree cover; however, one species may occupy more than one
patch, and may comprise more than 50% of cover.

4. Mixture (MIX). The block has more than one species, but patches
>0.25 ha comprise <10% of the area. Thus, the species form a diffuse
mixture.

The above classification leads to a simple quantification of forest texture.
Results reveal that young stands are predominantly matrices of jack pine,
sometimes with inclusions of aspen at 1 ha, 4 ha and 16 ha spatial scales
(Figure 4.12). Mosaics of jack pine and aspen also occur in some young
stands, especially at the 16-ha scale. Mixtures of species are rare among
young stands. In contrast, mature forests in the stem exclusion stage show
that black spruce that were initially present in the understory make their
way into the canopy, so that some forest blocks at 1 ha, 4 ha, and 16 ha
spatial scales move from the matrix with inclusion to the mosaic or
mixture spatial structure. Old and very old forests are mixtures of black
spruce, balsam fir, paper birch, and white cedar at all spatial scales
(Figures 4.10, 4.12).

Analysis of transitions of the same forest block over time (between
1934 and 1991, or between 1961 and 1991) confirm that young stands
move from solid matrices and matrices with inclusions to mosaics and
mixtures over time. Stands that started out as mosaics in 1934 change to
mixtures by 1991, and finally, all observed transitions in very old stands
result in the continuation of the mixture spatial texture. Of those 1-ha
blocks of forest that start out as solid matrices in 1934, some stay in the
same category until 1991, while others change to matrices with inclu-
sions or to mixtures. These varying pathways depend on the erratic dis-
tribution of canopy-gap formation, which may miss some 1-ha blocks
for decades, hit others lightly creating a few small openings that become
inclusions, or create many openings resulting in a mixture. Thus, all
blocks that are solid matrices will eventually make their way to the
mixture category, but the timing will vary depending on the fine-scale
spatial and temporal distribution of canopy mortality. Also, bigger blocks
of forest undergo transition from matrix to mosaic to mixture slightly
faster than smaller blocks. This is expected because as canopy openings
cause transition of bigger blocks to mosaics and mixtures, there could be
1-ha blocks embedded within a large block that by chance escape canopy
disturbance and temporarily remain a solid matrix (Figure 4.12).

Spatial patterns in an example of very old forest where all trees were
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21 ha
M4 ha
., Young 316 ha

Percent of Blocks

Spatial Structure

Figure 4.12.  Spatial structure by stand age and spatial scale in the near-boreal
forest. Percentage of blocks (1, 4, and 16 hectares in size) that are solid matrices
(MAS), matrices with inclusions (MAI), mosaics (MOS), or mixtures (MIX) are
shown for young (0—40 year old), mature (41-100 year old), old (101-150 year old),
and very old (>150 years). From Frelich and Reich (1995a).
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Figure 4.13.  Patch map of a very old fire-origin red and jack pine stand well into
demographic transition at age 192 years. Patches with different shadings represent
the area occupied by canopy and gap trees of each species receiving direct sunlight
from above. The patches were formed from a stem map by making Tiesen polygons
around each canopy tree, using the perpendicular bisectors of line segments from
the subject tree to each of the near neighbors. The resulting polygons were then
merged wherever two trees of the same species shared a side. After Frelich and

Reich (1995a).

mapped are complex, with multiple and single-tree patches of each of the
four climax species, along with a few remnants of the original pine
cohort (Figure 4.13). Average patch size is small (35 m?), but 20-40% of
area is in the largest patches (ranging approximately from 1000 to 2300
m?). Surprisingly, there is no contagion within species between mature
trees and seedlings in gaps, or between standing dead trees that recently
died and saplings in gaps (Figure 4.14). In fact, the four species black
spruce, balsam fir, paper birch and white cedar are apparently replacing
each other on a patch-by-patch basis within the stands (Table 4.3). The
patches are renewed by small-scale disturbance events, including senes-
cence of old birch, summer thunderstorm winds, and heavy wet snow
accompanied by strong winds that commonly take down small groups of
white cedar and black spruce. Spruce budworm is also common in these
older stands, and despite its name, infests mostly balsam fir. Most fir trees
do not live beyond 40 years for this reason, even though the species is
capable of living 200 years. There are virtually always young fir in the
forest understory that are not killed by budworm, and when they mature
they are infested themselves (Heinselman 1981a).
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Figure 4.14.  Lack of contagion between adults, recently dead trees and saplings in
gaps for balsam fir. Contours show elevation in meters, starting from the lowest
point on the plot, which is 126 meters long east-to-west. After Frelich and Reich
(1995a).
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Table 4.3. Tiansition probabilities of from species-to-species on two plots

Transition to:

Transition from (n):  Black spruce Balsam fir Paper birch White cedar

Transition frequency

Threemile Island (192 year old stand)

Jack/red pine (77) 0.286 0.195 0.325 0.195
Black spruce (43) 0.326 0.209 0.349 0.116
Balsam fir (49) 0.286 0.327 0.224 0.163
Paper birch (11) 0.181 0.545 0.273 0.0
White cedar (12) 0.083 0.0 0.167 0.750
All (192) 0.276 0.240 0.292 0.193
Fishook Island (127 year old stand)

Jack pine (20) 0.600 0.050 0.300 0.050
Black spruce (44) 0.610 0.023 0.364 0.0
Paper birch (1) 0.0 0.0 1.0 0.0
All (65) 0.600 0.031 0.354 0.015
Note:

* Note sample of 1.
Source: After Frelich and Reich (1995b).

Now, in light of the evidence just presented, we return to the question
at the beginning of this section: can all directions of succession occur in
one forest at the same time? The following paragraphs summarize the
empirical evidence.

Parallel succession clearly occurs when stands that still have substantial
numbers of jack pine or aspen burn (Heinselman 1973, 1981a,b, Frelich
and Reich 1995b, and Figure 4.10). Based on the landscape-level analysis
of the BWCAW by Heinselman (1973), parallel succession in tree-
species composition occurred at all spatial scales from individual tree to
landscape.

Divergent succession is occurring at fine-grained spatial scales, such as
the individual tree scale and the 0.25 ha scale (Figure 4.13). Whether
reconstructing history of one stand via increment core analysis or follow-
ing stands over time on sequential air photos, all young stands eventually
progress to mosaics or mixtures that can be viewed as very small stands of
individual species.

Convergent succession is occurring in the very same stands experiencing
divergent succession, at the exact same time, at spatial scales of 1 hectare
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or more (Figure 4.12). The mixture or mosaic of black spruce, balsam fir,
paper birch, and white cedar looks pretty much the same on one hectare
as on another.

Cyclic succession occurs when old stands burn, because a substantial pro-
portion of late-successional species invades the jack pine or aspen, before
burning and returning to those early successional species (Figure 4.10).
The fact that some species such as balsam fir and white cedar do not
invade many stands for 100 years or more after fire, and are removed at
the time of fire, indicates that cyclic succession occurs.

Succession is individualistic in these forests, because the timing of transi-
tion from a matrix of jack pine to a mixture of spruce, fir, birch and cedar
depends on the timing of death of the jack pine, which in turn depends
on the random nature of windthrow that creates openings in the canopy.
The timing of invasion by late-successional species also depends on the
distance from surviving seed sources after severe fires, which varies tre-
mendously throughout the BWCAW. A third factor leading to individu-
alistic succession is the random timing of severe crown fires. If a stand
burns when young, parallel succession is sure to occur. If it burns when
old, cyclic succession occurs. If it burns when very old, and there is no
jack pine left, a different as yet unobserved trajectory will occur.

Near-boreal forest summary

A scientist studying these forests with some sort of philosophical agenda
as to which models of succession are most elegant or theoretically attrac-
tive could get the data to fit any successional model they wanted by
adjusting the temporal and spatial scale of analysis. Conversely, the con-
tused scientist who doesn’t understand the scale-dependent nature of this
forest is likely to remain confused after analyzing the data. I recommend
multi-scale, multi-temporal analyses of succession because it appears that
the true picture of succession can only be arrived at in that way.

One implication of the study of stand response to disturbance in the
near-boreal forest is that stable oscillation between successional states is
unlikely. Ludwig ef al. (1997) describe a boreal forest where preferential
browsing of aspen and birch in young stands and poor reproduction of
aspen under its own canopy lead to succession to fir, which in turn
increases the density of fir foliage in the canopy until budworm has an
ideal breeding environment, and an outbreak occurs which kills much of
the canopy. Then fire occurs and the system goes back to the
aspen—birch stage. However, when disturbance severity and timing is the
main driver of forest change — such as in the near-boreal case study —
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such stable-limit cycles are unlikely because there is no reason that dis-
turbances of similar severity should return on a regular basis. Forest-fire
intensity, or the rate at which heat energy is released per unit time, is very
dependent on degree of dryness of fuels and the weather at the time of
the fire in boreal forests (Johnson 1992). Fire intensity has a large influ-
ence on whether a fire will stay on the ground or enter the crowns
within a closed-canopy conifer forest, and this in turn determines
whether the canopy trees are killed. Thus, fire severity is extremely vari-
able from one event to the next — literally as variable as day-to-day
weather. Windstorms have a similar variability in degree of blowdown
caused, depending on wind speed and condition of stands hit by the
wind (Frelich and Lorimer 1991a). Budworm damage to balsam fir in
the near-boreal forest depends on stand composition at the stand and
landscape levels (Bergeron et al. 1995), thus leading to a wide range of
tree mortality among stands. In addition, with an equal chance of
burning across stands of all ages, the timing of natural disturbances in the
near-boreal forest is very erratic for a given stand. The chance of stand-
killing fire does not increase with age, so that the cycle does not neces-
sarily have to go back to the early-successional stage within a certain
time frame. Paleoecological analyses of Swain (1973) and Bergeron et al.
(1998) confirm that climate change, by regulating the disturbance
regime, has governed the balance between the early-successional species
group jack pine—aspen, and the late-successional species group white
cedar—spruce—fir—birch over the last several millennia in the near-boreal
forests of Minnesota and southern Quebec. The spatial structure of the
forest at several scales also influences the chances of a regularly oscillating
system. If a near-boreal forest is to switch back and forth from jack pine
to cedar as the disturbance regime changes, the seed source for species in
each forest type must always be present. However, cedar and fir are often
removed from stands by severe fires (Frelich and Reich 1995a), and the
placement of refuges from fire and size of fire cause large variation in the
amount of time it takes for cedar and fir to reinvade after fire, from
decades to centuries. Because of this and climate changes, the forest is
not likely to cycle through the jack pine and cedar phases on any regular
basis.

Case study 3:The near-boreal birch, spruce—fir successional system

This variant of near-boreal forest occurs on sites with better quality soils
that are relatively deep and fine textured compared with the jack pine
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forest (Ohmann and Ream 1971). These are dense forests of mixed
aspen, birch, balsam fir, white spruce, and red maple. Good soils favor
paper birch and aspen immediately after fire, rather than the conifers.
Therefore, these forests were undergoing constant succession in response
to fire. Fires remove fir and spruce, replacing them with birch and aspen
that dominate the initiation and stem-exclusion developmental phases.
During the demographic-transition phase of development (age 50-80
years), balsam fir, white or black spruce and red maple invade from intact
forest surrounding the burnt areas, attaining dominance by 80-100 years
after fire, and remaining as a multi-aged stand until removed by the next
fire. The fir and spruce were often high in density, and able to propagate
crown fire as well as jack pine forest. But because they were on less
drought-prone soils, they did not burn as often. Average intervals
between stand-killing fires were about 100 years (Heinselman 1981a).
Successional direction can be both parallel (young aspen stands return
quickly to aspen when burned) or cyclic (older stands succeed to fir and
then return to aspen when burned).

Case study 4:The near-boreal birch—white and red pine, spruce—fir
successional system

Near the borders of lakes, on peninsulas, and on islands within the
BWCAW, the severity of fires was often lower than on the contiguous
uplands dominated by jack pine, aspen and black spruce. The lake edges
are often so rocky that fuel for fires was not contiguous, the humidity was
higher, the vegetation in some cases could tap into the water table and
remain wet even during droughts, and finally, in some areas, a concentra-
tion of large lakes served as fire breaks that interfered with the free move-
ment of crown fires across the landscape. In such areas, crown fires
occurred much less often (150-200 years average interval) than in the
jack pine forest, and many fires dropped to the ground to become surface
fires. Such a disturbance regime, with infrequent crown fires and fre-
quent surface fires, favors the development of red and white pine forests
(Heinselman 1973, Frelich and Reich 1995b). Red and white pine can
only survive fire as mature adults, meaning that they can only survive
surface fire, during which the peak temperature inside the bark does not
get high enough to kill living cells, and the foliage is not killed. Saplings
are usually killed by fire, since their bark is too thin to provide that much
insulation, and the tree can be girdled by fire. Individual mature trees that
survive the fire are the source of seed.
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If there is a major crown fire, most of the large pines are killed. Paper
birch invades rapidly, grows much faster than any pine seedlings present,
and dominates for all of the initiation and stem-exclusion developmental
phases. The few large pines that survived after crown fire, as well as pines
outside the burned area, provide the seed source for a gradual reinvasion
of the stand underneath the young birch canopy. This wave of reinvasion
by white pine typically takes 1-4 decades (Frelich 1992). As the stand
reaches the demographic transition phase of development, white pine
break through the birch and begin to dominate the canopy by age 100.
At this age, the stands reach a triple-point for potential future develop-
ment and succession. The stand could have another crown fire and go
back to the birch-dominated reinitiation phase. The second possibility is
that no fire will occur, leading to succession to shade-tolerant species,
mainly black spruce, balsam fir and white cedar (Heinselman 1973,
1981b, Frelich and Reich 1995a). Windstorms hasten succession to
spruce and fir because the much taller pines are susceptible to blow-
down. The third potential pathway for development of the 100-year-old
birch forest with pine breaking through the canopy, is that one or more
surface fires will occur. Although the mean age at time of stand-killing
fire 1s 150-200 years, some stands go for 400-600 years without stand-
killing fires (Heinselman 1973). White and red pine can be maintained
for 600 years or more, as long as surface fires occur regularly. Minor
surface fires remove shrubs, invading late-successional tree species, and
thick duff, allowing for establishment of new cohorts of young pines. If
surface fires continue to occur, the stands become multi-aged, usually
with 2—4 main age groups (Frissell 1973, Heinselman 1973, Frelich
1992).

In the rocky lands and sandy lands, white and red pine form stands in
areas where fire has less than average presence than the surrounding land-
scape, due to protection from fire by the landscape and topographical
setting. These pines cannot perpetuate themselves without surface fire,
and they cannot get along with frequent crown fire either. The fire
regime and topographic setting has to be just right, which is why red and
white pine occupied a relatively small proportion of Minnesota’s forest
landscape (about 13%) even in presettlement times (Frelich 1995). The
timing of crown fires and surface fires determined whether these forests
underwent succession from paper birch to white and red pine, and then
on to more shade-tolerant species, or whether they remained multi-aged
pine stands for several centuries, or whether they reverted to the jack
pine or aspen forest type.
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Case study 5: Peatland black spruce

Black spruce has a tendency to occupy wetland sites with sphagnum peat,
low pH and low nutrient supply (Heinselman 1963, 1970). Wetland areas
that are cut off from ground-water flow get most of their water from
rainfall and are the most acidic. These are the raised peatlands that hold
onto rain water like a sponge, occupying most of the ‘Big bog’ just to the
west of the BWCAW. Other areas with slowly moving ground water
have minerals which neutralize the acid produced by sphagnum mosses,
leading to dominance by tamarack or cedar.

These lowland conifer forests did support canopy-killing fires, but
only half as often as uplands, so that the average interval between fires was
about 150-200 years (Heinselman 1981a). Burning usually did not cause
much change in tree composition. The main change that occurs in
upland areas after fire is invasion of paper birch and aspen, but these two
species do not grow well on peatlands. Succession from one conifer to
another on peatlands is determined more by long-term changes (over
centuries and millennia) in the thickness of peat, changes in drainage pat-
terns, and climate change than by fires (Heinselman 1963).

Because fires were relatively infrequent in the peatlands, many stands
reached old ages. Generally, the stem-exclusion phase lasted until age
150-200 years (Heinselman 1963, Groot and Horton 1994). Stands over
200 years old go through demographic transition and eventually become
multi-aged. The developmental changes in this case are not accompanied
by any successional change.

Summary: general trends of succession and time lines of
stand development

Here I present a quick guide to succession (Box 4.2) in the five forest
types discussed earlier in the chapter along with idealized time lines of
succession as I believe it would proceed under the historic natural distur-
bance regime (Figure 4.15). These two features can provide the reader
with a condensed tabular and visual summary of the chapter.

BOX 4.2. GUIDELINES FOR SUCCESSIONAL CHANGE

THE BIRCH—WHITE PINE, HEMLOCK—HARDWOOD SUCCESSIONAL
SYSTEM

* Windfall-severe slash fire combination converts hemlock—hardwood to
birch. This type of event has a frequency under natural conditions in the
Lake States of once every 1000-2000 years.
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* Birch succeeds to white pine over a 100-200 year period. Surface fire
maintains white pine and lack of fire allows succession back to
hemlock—hardwood.

* Hemlock—hardwood forest can sustain light surface fires and windthrow (if
the slash does not burn) with no change in successional status.

* The dynamics of the hemlock—hardwood forest are dominated by a web
of structural changes as the forest responds to repeated low to moderate-
severity treefall disturbance.

THE JACK PINE—ASPEN, SPRUCE—FIR—BIRCH—CEDAR SUCCESSIONAL
SYSTEM

» Severe crown fire at intervals of 20—120 years allows perpetuation of jack
pine and aspen.

* Two severe crown fires within a short time remove jack pine and give dom-
inance to aspen.

e Chance lack of fire for more than 200 years allows succession to
spruce—fir—birch and cedar.

* Multi-aged spruce—fir-birch—cedar forests can be maintained by wind-
throw and gap dynamics until the next fire. They may succeed to aspen and
black spruce if burned.

THE BIRCH, SPRUCE—FIR SUCCESSIONAL SYSTEM

* Severe fire with mean rotation of 100 years results in removal of spruce and
fir and replacement by birch.

* Chance lack of fire for more than 100 years allows succession to fir and
spruce.

* Fir and spruce can be maintained by windthrow and budworm.

THE BIRCH—WHITE AND RED PINE, SPRUCE—FIR SUCCESSIONAL
SYSTEM

* Severe fire with mean rotation of 150-300 years results in removal of pine
and/or spruce and fir, and their replacement by birch.

* Surface fires with mean rotation of 20—40 years can maintain multi-aged
pine.

* Chance lack of all types of fire for >200 years (shorter time if wind helps to
prematurely remove pines) allows spruce and fir to replace pine.

* Spruce and fir can be maintained by wind and budworm gap dynamics.

PEATLAND BLACK SPRUCE

* Severe fire results in self-replacement by black spruce.

* Windthrow results in self-replacement by black spruce.

* Succession (if it occurs at all) depends on peatland development and
change in drainage patterns.
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Figure 4.15.  Idealized time lines of succession for five forest types under the
historic disturbance regime in the Lake States. Large triangles, small triangles, and
dots indicate the occurrence of stand-replacing fire, light surface fire, and stand-
leveling wind, respectively. BA, paper birch and aspen; SE spruce—fir; SFBC,
spruce—fir-birch—cedar; RmRo, red maple and red oak; R-WP, red and white pine.
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landscape structure

The forest landscape comprises a collection of many contiguous stands.
We may delineate and label these stands according to species composi-
tion, developmental stage, stand age, or vegetation growth stage (VGS, a
concept which integrates composition, development and age defined
below). If the landscape is a complex one, with more than one ecosys-
tem type, there may be several different stand delineation/labeling
systems in place, each of which is adjusted to take into account the
unique disturbance—physiographic—tree species interactions in each eco-
system. The main effect of a disturbance regime on the landscape is to
determine what proportion of stands are in each stage or stand age. If the
disturbance regime is stable over sufficient time — two to three rotation
periods for the predominant disturbance type — then a characteristic dis-
tribution of stands among growth stages or stand age will result. This
chapter will start with the relatively simple concept of stand age distribu-
tions for simple landscapes and gradually work through to the more
complex situations of multi-ecosystem landscapes with multiple succes-
sional webs and the presence of old-growth forest on the landscape.

Stand age distribution across the landscape

We can immediately break stand age distributions into two types: stable
ones that are capable of perpetuation over time without change in shape,
and unstable, or irregular ones. Only flat or monotonically decreasing
stand age distributions can be stable (Figure 5.1). Stand age distributions
that are unimodal or have two or more large peaks with gaps between are
unstable (Figure 5.2). These unstable distributions indicate a changing
disturbance regime over time or a landscape that is too small compared
with disturbance size to sustain a stable age distribution (see Chapter 8).
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1. Four types of potentially stable stand-age distributions and their hazard
functions.
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Figure 5.2.  Two examples of unstable stand-age distributions.

With an unstable age distribution, one cannot characterize the distur-
bance regime without extraordinarily detailed knowledge of the system
and very long periods of observation, on the order of several tree life-
spans. Small changes (on the order of 50% change in rate of disturbance)
from one stable age distribution to another — called mixed age distribu-
tions — may be amenable to analysis (e.g. Johnson 1992, Johnson and
Gutsell 1994).

Stable stand-age distributions and rotation periods

Four types of stable stand-age distributions (or time since disturbance dis-
tributions) occur on forested landscapes. Features of interest besides
shape of each distribution, are the shape of the hazard function — which
expresses the chance of disturbance with stand age (Figure 5.1) — and the
fire interval distribution.

The uniform stand-age distribution

This is the dream of many commercial foresters. If a uniform stand-age
distribution can be attained and maintained for a given forest type then a
steady supply of timber may be produced in perpetuity. The statistics are
simple: the rotation period x is the maximum age (or harvest age), and
1/x of all acreage can be harvested annually. The hazard function by stand
age for this distribution is basically at zero until harvest age is reached,
when the chance of disturbance becomes 100% (Figure 5.1B). It is
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doubtful that this distribution can occur in any forest ecosystem under a
natural disturbance regime.

The negative exponential stand-age distribution

A constant hazard function, or equal probability of disturbance across all
stand ages, will result in the negative exponential age distribution (Van
Wagner 1978 and Figure 5.1A). Many northern conifer forests have a
constant hazard of burning across stand ages, including the white pine
and jack pine—black spruce forests discussed in Chapter 4. The formula
for the negative exponential is:

A(f) =exp (— (/b)) (5.1
where:

fis time in years and b is the rotation period.

The rotation period, b, is also equal to the mean stand age, giving one an
easy method of calculating the rotation period from the age distribution
(Van Wagner 1978, Johnson and Gutsell 1994). The fire interval distribu-
tion is:

)= (1/b) - exp (—t/b) (5.2)

which can be used to predict the proportion of stands that would experi-
ence two disturbances within a short time (e.g. how many are hit twice in
10 years?), or what proportion would go for more than one rotation
period before being disturbed.

When the cumulative frequency of stand ages is plotted on a semi-log
graph, the resulting graph will lie along a straight line if the negative
exponential distribution fits. Changes in slope of the semi-log graph —
which appears as two or more straight-line segments — delineate changes
in the rate of disturbance (1/b). Several of these mixed age distributions
from boreal and near-boreal forests are discussed by Johnson (1992).

The negative exponential age distribution has important implications
for landscape structure. Since it implies that any given point is hit by dis-
turbance in a random selection process, then by chance some stands will
get hit twice in a very short time, leading to the presence of many young
stands across the landscape. Sometimes a ‘double whammy’ effect will
occur whereby a second disturbance hits a young stand before the trees
are old enough to bear seed. Typically, this leads to presence of deciduous
stands within a conifer-dominated landscape (Heinselman 1973). There
are many early-successional deciduous species in the genera Betula or
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Populus around the northern hemisphere that are capable of long-
distance seed transport. These species always ‘find’ disturbed areas where
the previous species have been indisposed somehow, and are therefore
open for invasion. The double whammy effect on changing composition
is minimal in most deciduous forests, where the species can resprout from
the stump or root system.

Just as some stands on a landscape with negative exponential distribu-
tion of stand ages are hit twice in a short period, other stands will not be
disturbed for one or more rotation periods, leading to the presence of
old-growth and late-successional species even when rotation periods are
short. See Chapter 6 ‘Fire in the southern-boreal jack-pine forest’ for an
example.

The Weibull distribution
This distribution is described mathematically as:

A() = exp (—(t/b)) (5.3)

where f and b are the same as in the negative exponential (time in years
and rotation period), and cis the shape parameter.
The fire interval distribution is:

Sity=((ctY) / &) - exp(—(¢/b)") (5.4)

When the shape parameter is 1, the Weibull is the same as the negative
exponential, with a constant hazard function, and when ¢>1, the hazard
of disturbance increases with age (Figure 5.1C). The Weibull is useful for
cases where early-successional stands are not flammable, and flammability
increases with age, as when aspen is invaded by conifers (Johnson and
Gutsell 1994).

The combination stand age distribution

This is a combination of the uniform and negative exponential. An indi-
vidual stand goes through a ‘waiting period’, with very low hazard before
it is susceptible to disturbance. After that, there is a transition period,
where hazard of disturbance increases, and then a third stage of the distri-
bution follows, where the hazard function stabilizes at a higher level, and
stands are disturbed at random in a fashion similar to that described above
for the negative exponential (Figure 5.1D). One can estimate the rota-
tion period roughly by breaking the age distribution into two parts — the
flat part and the negative exponential part — and calculating the mean
stand age only for those stands in the negative exponential part of the dis-
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tribution. For hemlock—hardwood forest in the Lake States subject to
high winds there is virtually no chance of a second stand-leveling blow-
down (hazard=0) for several decades after a first blowdown occurs
(Frelich 1986, Frelich and Lorimer 1991a). Once stands are over age
100-130 years, however, stands again reach a constant chance of blow-
down, and there 1s no reason to believe that this hazard function contin-
ues to change. Thus, it should generate a negative exponential after age
100-130 years. The combination age distribution has a true change from
one fundamental distribution type to another due to inherent properties
of the forest and not due to changes in disturbance frequency over time.
Therefore, these combination distributions cannot be modeled as a
Weibull or a mixed distribution in Johnson’s (1992) sense.

Truncated age distributions

Often one cannot obtain stand-age data beyond a threshold age, such as
when stands have entered the multi-aged phase of development so that the
post-disturbance even-aged cohort is no longer present, or because trees
over a certain age are hollow. If there are enough data to determine the
shape of the distribution, and it is a negative exponential, then one can
look at the slope of the negative exponential, which is directly related to
the mean age and rotation period. One can also solve this problem graph-
ically by looking for the age threshold at which 63% of all stands are
younger, since the 63% point is also directly related to the mean age and
rotation for a negative exponential distribution. Of course this strategy
will only work when less than 36% of all stands are beyond the truncation
point. For extremely truncated age distributions where there is no hint of
the true shape of the distribution, other methods for calculating rotation
periods are necessary. For truncated stand-age data where the younger
stands have a uniform distribution, one cannot simply extrapolate to get
the maximum age that represents the rotation period. The shape of the
distribution almost certainly changes in older stands, and it will turn out
to be a combination age distribution in most cases. The method described
below, based on proportion of the landscape disturbed over time, will
suffice to estimate rotation periods in cases where age data is truncated.

Variability in rotation periods

It is wise not to take estimates of rotation periods too seriously. I have
found it practical to get a consensus from several studies in a given forest
type, and then take a two-fold bracket of variability around the consensus
value. There is some support for this in the literature. Graphs in Johnson
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(1992) show that the rotation period in the BWCAW from 1690 to 1760
was about twice as long as for the period 1760 to 1900. Clark (1988) ana-
lyzed charcoal in varved lake sediments in the Itasca area, and found that
over the last 750 years, the interval between major fire events varied from
44 to 88 years. Johnson and Larsen (1991) report that fire cycles varied
from 50 to 90 years in the Canadian Rockies over the last 400 years, and
Bergeron has shown similar variation in boreal forests of southern
Quebec (Bergeron ef al. 1998). When applying rotation periods to esti-
mate the proportion of the landscape in various age classes — whether for
purposes of natural area restoration or developing harvesting regimes that
mimic natural disturbance — it is important to acknowledge that there
is a range of natural variability in landscape structure over time.
Unfortunately, one may not know whether they are currently operating
under the same natural disturbance rotation periods as those indicated by
historical reconstructions.

Estimating rotation periods without stand age distributions

Stand age distributions are not always available. This is especially true for
reconstruction of historical disturbance regimes from observations of
early settlers and surveyors. It can also be true on landscapes like the Lake
States’ hemlock—hardwood forest, where stand initiation events have a
rotation period so long relative to tree age that any attempt at developing
a stand age distribution is severely truncated, to the point where only
10% of all stands may have a detectable stand age (e.g. Frelich and
Lorimer 1991a).

All estimates of rotation periods done in the absence of age distribu-
tions are in some way based on the proportion of the landscape disturbed
over some period of observation. The basic formula for estimating the
rotation period is:

T 55
- 655)

where:

T is the period of time during which disturbances are observed (years)
P is the proportion of landscape disturbed
For example, if a landscape were observed for 50 years, and during that

time 0.20 of the landscape was disturbed, then the estimated rotation
period is 50/0.20 = 250 years. Note that this calculation assumes that the
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rotation period is constant over time (i.e. that the time of observation is
representative) and that the age distribution of stands is uniform for the
period of observation (i.e. there is no depletion of the stands less than 50
years old). If 20% of the landscape was disturbed during a 50-year period
on a landscape with a negative exponential age distribution, some of the
stands could easily be disturbed twice. Thus, the rotation period would
be underestimated by the above formula. The solution for this is to tally
multiple disturbances if they occur at one point, or the area of all distur-
bances, including the area of overlap among disturbances that occur
during the time of observation. This may be easy to do from sources such
as fire records where each occurrence is recorded and mapped. It is not
easy to do when there are simply two points of observation, at the begin-
ning and end of the time of observation, such as when two aerial photos
are available.

Examples of the proportion method in use
Several different variations of the analysis of proportion of the landscape
disturbed over a period of observation have been done:

1. Proportion of survey lines recorded as disturbed by presettlement land
surveyors. This method has been used for several studies of natural
disturbance frequency in the northeastern United States. The exact
time of observation is unknown, so it is necessary to bracket these
analyses with minimum and maximum estimates of the length of time
after disturbance that the surveyors reasonably would have recognized
disturbances. Generally, authors have assumed this bracket to be
equivalent to the stand initiation stage of development, lasting
between 10 and 20 years. Lorimer (1977) and Canham and Loucks
(1984) used land survey records and estimated rotation periods for
wind of 1000-2000 years in hemlock—hardwood forest. The propor-
tion of section corners recorded as windfall or recent burn can also be
used in addition to the proportion of survey lines.

2. Proportion of the landscape occupied by early successional species.
This method will work only if there is an early-successional species
that can be reliably associated with recovery from stand-replacing dis-
turbance and the average number of years this species persists among
all such stands is known. Lorimer (1981) used this method to estimate
fire rotation periods in a mixed forest of beech, maple, hemlock, pine
and spruce in Maine. He assumed that all severe fires are recolonized
by paper birch and that these stands remain dominated by paper birch
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for about 75 years. Thus, the proportion of the forest dominated by
birch, plus that recently burned, as recorded by presettlement land
surveyors and divided into 75 years, yielded an estimated rotation of
800 years for fires in the mixed hardwood—conifer forests of north-
eastern Maine.

3. Sequential air photos and/or forest inventories. The proportion of
area burned or blown down on photos, or the proportion of inven-
tory plots that are disturbed since the last inventory, are used for the
analysis.

4. Stand-history reconstruction. If the disturbance history of many plots
is reconstructed, one can look at the proportion of all stands that expe-
rienced a certain type of disturbance over the period of reconstruction.
If the study plots have variable lengths of stand-history reconstruction
then the time of observation for all plots can be pooled for a ‘pseudo
period’ of observation. To estimate the rotation period that pseudo-
period of observation is divided by the number of disturbance events
that occurred among all plots. This is really the same as the proportion
method because all the plots experienced at least partly the same time
window and are not independent. Frelich and Lorimer (1991a) used
this method and confirmed Canham and Loucks’ (1984) very long
rotation periods for heavy windthrow in hemlock—hardwood forest.

Confidence limits for proportion-based estimates of rotation period
When a point-sample is used to estimate rotation periods (this assumes
that one is willing to consider a study plot a point relative to the land-
scape), the following formula will show the approximate degree of sam-
pling error (Snedecor and Cochran 1980):

The 95% confidence interval for a proportion:

1_
pil.%‘\ /p(Np) (5.6)

p is the proportion of points disturbed during some period of observation

where:

N is the number of sample points, in this case stands that are assumed to
be independent with respect to stand age.

One then applies the upper and lower bounds of the confidence interval
to formula 5.5 (T/P) to get upper and lower bounds for the rotation
period.
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A large number of plots is necessary to get a reasonably small confi-
dence interval for the proportion of plots disturbed over a period of
observation, because the confidence intervals get narrow in proportion
to the square root of the number of plots. Several hundred plots would be
ideal to get a relatively small confidence interval. When working in small
forest remnants, however, establishing more plots does not always help.
As plot number increases the average distance between plots becomes
smaller, the covariance among plots becomes larger, so that one distur-
bance affects many plots, and the plots are not independent. This is espe-
cially true for heavy disturbances that remove large portions of the
canopy, which also tend to be geographically large (e.g. Figure 5.3). If
disturbances are large enough to span the distance between sample
points, then the covariance among sample points must be taken into
account.

An example of this covariance occurred during Frelich and
Lorimer’s (1991a) study of spatial patterns in the hemlock—hardwood
forest of the Porcupine Mountains. Sample stands were 1.7 km apart on
average and the disturbance size distribution (Figure 2.2) was such that
many disturbances were larger than 1.7 km in length. Covariance
among plots was 3.4 times the variance on their study area. The confi-
dence interval for rotation period of windstorms that remove =60% of
the canopy ran from 805 to 9553 years (mean was 1484 years, n="70)
without using the covariance, but was 535 to infinity when covariance
was taken into account. To bring the covariance among plots down to
nearly zero the study areas would have to have been so large that only
one of the 70 plots would, on the average, have landed within the
larger patches created by windthrow. The mid-point of the largest size
class in Figure 2.2 (6310 ha) provides a reasonable estimate of the
largest patches created by windthrow during presettlement times in the
Great Lakes Region. If Frelich and Lorimer had allocated one plot to
each 6310 ha of forest in order to have independent samples, then the
existing primary forest study areas would have had to be 19 times their
current size to accommodate 70 plots. Clearly, that would be an impos-
sible situation since one cannot create new forest for a study. This is
one of those cases where random versus systematic sampling of the
landscape would have made no difference: Frelich and Lorimer used a
random sampling strategy, but still ended up without independent
plots. Fortunately several studies, using a variety of methods, with a
variety of time frames, indicate that the rotation period for heavy
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Figure 5.3.  Number of heavy (>40% canopy removal), medium (20-39% canopy
removal) and light (10-19% canopy removal) disturbances between 1860 and 1969
among 46 plots within the never-logged hemlock—hardwood forest of the
Porcupine Mountains, Upper Michigan. After Frelich and Lorimer (1991a).
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canopy destruction is in the range of 1000—2000 years. Therefore, a
consensus among many studies is more useful for final inference about
the frequency of stand-leveling blowdowns than the confidence inter-
val statistics.

Confidence interval statistics are much more meaningful for smaller
partial disturbances that remove 10-40% of the canopy. There is a rela-
tively large number of observations for these disturbances and they are
typically spread randomly over the landscape (Figure 5.3), so that little
covariance exists among plots (Frelich and Lorimer 1991a). The rotation
periods and 95% confidence limits found for partial disturbances were
52-119 years, 251-516 years, and 512—-2113 years, for wind disturbances
that remove 10-19.9%, 20-29.9%, and 30-39.9% of the forest canopy,
respectively. Similar statistics for all disturbances removing =10% and
=20% of the canopy were 40-76 years, and 98—412 years, respectively
(Frelich and Lorimer 1991a).

Ecosystem types, disturbance regimes, and landscape
patterns

The study of age structure and rotation periods alone does not give us a
complete picture of disturbance dynamics on the landscape. Somehow, it
is necessary to integrate age structure with successional stage, develop-
mental stage, and the mosaic of ecosystem types across the landscape.
Some disturbances homogenize forest type across ecosystem types. For
example, intense fire can create birch forest on soils ranging from sand to
silt. The absence of severe disturbance in turn may allow alternate com-
munities to develop on different ecosystem or soil types, as the birch
forest succeeds to pine on sandy soils, and maple on silty soils. Therefore,
the pattern of different stand types across the landscape results from a
blend of ecosystem — or soil and physiographic effects — and disturbance
effects.

How do we go about characterizing this blend of ecosystem and dis-
turbance effects? Although we cannot usually (and certainly not always)
predict exactly which stands will be hit by natural disturbances, it is pos-
sible to assign probabilities that individual stands will be disturbed. For a
given ecosystem type it is possible to assign one of the theoretical land-
scape age structures discussed earlier in this chapter. Furthermore, with
enough study it is possible to link landscape age structure and the esti-
mated proportion of stands in each age class to developmental and suc-
cessional stages, using the integrating concept of the vegetation growth
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stage (see “What is a vegetation growth stage?” below). It is then possible
to analyze how changes in disturbance frequency will affect the propor-
tion of stands in each vegetation growth stage on a given ecosystem type.
We need only one more step to characterize a landscape that has a mosaic
of ecosystem types. This is to repeat the vegetation growth stage exercise
for each ecosystem type so that we have a complete picture of the
expected number of stands in each vegetation growth stage on every
forested ecosystem type across the landscape.

What is a vegetation growth stage?

Basically, vegetation growth stages are an integration of the developmen-
tal and successional stages. Changes in development and composition are
taken into account simultaneously so that there is a new vegetation
growth stage every time the developmental stage or the successional stage
changes. A simple hypothetical example of forest response to stand-
replacing disturbance will illustrate this:

Developmental stages:

* stand age 0—10: initiation

* stand age 11-50: stem exclusion

* stand age 51-80: demographic transition
* stand age =81: multi-aged

Successional stages:

* stand age 0—40: aspen

o stand age 41-80: aspen with fir understory
* stand age 81-100: mixed aspen and fir

e stand age =101: fir

Vegetation growth stages:

o stand age 0—10: aspen-dominated initiation

* stand age 11-40: aspen-dominated stem exclusion
* stand age 41-50: aspen—fir stem exclusion

* stand age 51-80: aspen—fir demographic transition
¢ stand age 81-100: multi-aged aspen—fir

¢ stand age =101: multi-aged fir

Note that vegetation growth stages provide a more detailed breakdown of
forest change over time, with more categories than either developmental
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or successional stages. The stages can be rather subjective as well; i.e. one
may count aspen with understory of fir separately, or wait until fir enters
the canopy before defining a separate successional stage or vegetation
growth stage. A final comment: the commonly recognized size class
systems such as seedling, sapling, pole, mature, and large tree-dominated
stands may be used in place of developmental stages.

A simulation of landscape characteristics

Nothing shows scientists whether they really understand all the parts of a
system as well as an attempt to develop a simulation. The key here is to
estimate the proportion of the landscape in each vegetation growth stage.

Simulation structure
A typical box and arrow type of simulation run on a one-year time step is
adequate for this purpose:

1. Each vegetation growth stage is represented by a box that keeps track
of the proportion of all vegetation within an ecosystem within that
vegetation growth stage.

2. Devise a transition matrix for annual transfers among the vegetation
growth stages, as indicated by research on rotation periods and succes-
sion. The transition matrix specifies that:

* 2A. A fraction of the value in the box will be transferred to the next
higher vegetation growth stage, on an annual basis, according to this
formula: 1/x, where x is the number of years a stand would spend in
that vegetation growth stage in the absence of stand-killing distur-
bance.

* 2B. A fraction of the value in each box will be transferred to the first (or
post stand-killing disturbance) vegetation growth stage, on an annual
basis, according to this formula: 1/y, where y is the length of the rota-
tion period for stand-killing disturbance. Be careful: this assumes a con-
stant hazard function for the duration that each stand is in a given
vegetation growth stage. Adjustments to account for non-constant
hazard can be made by changing the fraction disturbed annually in suc-
cessive growth stages.

» 2C. If there is more than one type of stand-killing disturbance, then
step 2B will be repeated using the appropriate rotation period for each
additional disturbance type. Note that the transfer may not always be to
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the same box for each disturbance type. There may need to be two or
more post-disturbance boxes. For example, a stand of a shade-tolerant,
late-successional species such as balsam fir may blow down in a heavy
windstorm but remain dominated by balsam fir, even though now
dominated by small seedlings of fir. If the same fir stand burned, fir may
be removed and succeed to aspen. In a case such as this there would be
a post-disturbance vegetation growth stage called something like ‘seed-
ling balsam fir’ for post-wind stands, and one called something like
‘seedling aspen’ for post-fire stands.

* 2D. Partial disturbances (non-stand-replacing disturbances) that affect
vegetation growth stage can be included also, as long as the rotation
period for them is known. Surface fires, for example, may kill a fir
understory beneath mature pines, thereby delaying succession from
pine to fir.

3. The simulation can start with an equal proportion of stands in each
vegetation growth stage and then be run until the proportions come
to an equilibrium. This usually means running the simulation for at
least one rotation period for the dominant disturbance type.

4. Repeat the whole exercise (steps 1-3) for each ecosystem type on the
landscape, and then sum the results to see what the whole landscape
would look like under a given disturbance regime.

Preparing for the simulation

A unique web of different vegetation growth stages with many different
types of transfers among boxes may be developed for each ecosystem
type. It is up to the investigator to have a thorough understanding of
stand development and successional relationships to disturbance for all
disturbance types that may occur in the ecosystem, in order to properly
structure the simulation. A three-step process is necessary to work out
the web of growth stages and get ready to run the simulation.

Preparation Step 1. Vegetation growth stages must be quantitatively
related to age classes after disturbances of all types that will appear in the
simulation (necessary to get the variable x in simulation step 2A above).
The age of transition may not be accurate for every stand across the
landscape, but what is needed is the average age at which stands switch
from one vegetation growth stage to another. This can often be done
with size/age class data from field plots, or even from forest inventory
data.



Ecosystems, disturbance, and landscape patterns - 139

Preparation Step 2. Relate the vegetation growth stages to each other
with a set of ‘successional guidelines’ as shown in the summary of

Chapter 4.

Preparation Step 3. Estimate rotation periods for the ecosystem and time
period of interest (necessary to get the variable y in simulation step 2B
above). Many managers of reserves in North America today are inter-
ested in the so-called pre-European settlement disturbance regime
(usually the historical period 1600—1900) since their goal is to compare
the current forest with what is thought to be natural.

Preparation Step 4. Decide on the most appropriate model for the theo-
retical age distribution (i.e. hazard function) for each ecosystem type and
disturbance type.

Tivo words of caution about the simulation

First, those who desire high precision for the proportions in various
growth stages may keep track of each vegetation growth stage as a vector
containing the proportion in each annual age class, and adjust the hazard
function annually, instead of averaging these over all years within a vege-
tation growth stage. My experience is that this increases the amount of
work by quite a lot and may or may not result in different results from
using each vegetation growth stage as a single pool. Given the wide vari-
ation in confidence intervals for rotation periods and the fact that they
fluctuate over time, small differences among different simulation
methods may not have much meaning. In fact, I recommend running all
of the simulations twice, using the upper and lower bounds of confidence
estimates for the rotation periods. There is no point to saying that a given
vegetation growth stage, for example mature white pine, should occupy
23.57% of the landscape under a certain disturbance regime. It is more
reasonable to say it would occupy 15-30%.

Secondly, I caution the reader that even the estimates of proportion of
stands across the landscape using the bounds of the confidence limits for
the rotation period still assume an infinitely large landscape. Because dis-
turbances can be large (fires and derechos that affect 100000 ha are
common), variation in the proportion of the landscape in a given vegeta-
tion growth stage will essentially be zero to 100% for small landscapes in
one patch. If the landscape is a mosaic of ecosystem types, and each eco-
system type has many widely scattered occurrences, then the proportion
in each vegetation growth stage for each ecosystem type may be quite
stable (see Chapter 8 ‘Stability of age structure’, and Table 8.1).



140 - Disturbance and landscape structure

An example simulation — the Minnesota North Shore of Lake Superior

Simulation set-up

Land surveyor records indicate the presettlement landscape comprises
three major ecosystem types: a hardwood ecosystem dominated by sugar
maple stands, a white pine ecosystem, and a near-boreal ecosystem with
paper birch, aspen, black spruce and balsam fir.

The three forest types have the following set-up as described under
‘preparing for the simulation’ above. For fire rotation periods in each
ecosystem type I determined the ‘best estimate’ from the literature and
then made that the center of lower and upper bounds with a two-fold
difference. Severe fires were simulated with rotation period brackets of
100-200 vyears, 150-300 vyears, and 2000—4000 vyears for the
spruce—fir-birch, white pine and hardwood ecosystems, respectively
(data from Swain 1973, Heinselman 1973, 1981a, Frelich 1992, Johnson
1992). Surface fires were simulated with a rotation period of 40 years in
the white pine-dominated vegetation growth stages in the white pine
ecosystem (Heinselman 1973, 1981a). Stand-leveling wind was simulated
with rotation period brackets of 10002000 years for all forest types
(Canham and Loucks 1984, Whitney 1986, Frelich and Lorimer 1991a).
Theoretical age distributions were negative exponential for stand-killing
fire and combination with waiting period of 50 years for stand-leveling
wind.

The following set of successional guidelines was used to set up the suc-
cessional web, along with its transition probabilities from one vegetation
growth stage to another for each disturbance type.

Successional guidelines for the case study

Spruce—fir birch
Vegetation growth stages (VGS) and successional guidelines:

1. Sapling stands of birch and aspen 0—10 yr after fire in any VGS

2. Pole-mature stands of birch—aspen 11-50 yr after fire in any VGS

3. Mature stands of birch and aspen with conifer understory 51-80
yr after fire in any VGS

4. Multi-aged stands of conifers =81 yr after fire in any VGS, or
=81 yr after wind in VGS 3, 4,5 or 6

5. Sapling—pole stands of conifer 0-50 yr after wind in VGS 3, 4 or
6

6. Pole—mature stands of conifer 51-80 yr after wind in VGS 4
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White pine
Vegetation growth stages and successional guidelines:
1. Sapling stands of birch 0-10 yr after severe fire in any VGS
2. Pole—mature stands of birch 11-50 yr after severe fire in any VGS
3. Mature stands of birch with white pine understory 50-80 yr
after severe fire in any VGS
4. Mature stands of white pine 81-120 yr after severe fire in any
VGS
5. Multi-aged stand of white pine, spruce—fir 121-200 yr after
severe fire in any VGS or after lack of surface fire in VGS 9
Multi-aged spruce and fir =201 yr after fire
Sapling—pole pine for 0-50 yr after wind in VGS 3 or 4
Sapling—pole spruce—fir after 0-50 yr wind in VGS 5
9. Multi-aged white pine after surface fire in VGS 5

Hardwood
Vegetation growth stages and successional guidelines:

1. Sapling stands of birch 0-10 yr after severe fire in any VGS

2. Pole-mature stands of birch 11-50 yr after severe fire in any
VGS

3. Mature stands of birch with maple understory 51-100 yr after
severe fire in any VGS

4. Mature stands of maple 101-150 yr after severe fire in any VGS

5. Multi-aged stands of maple >150 yr after fire in any VGS, or
>120 yr after windthrow in VGS 3, 4 or 5

6. Sapling stands of maple 0—10 yr after windthrow in VGS 3, 4, or
5

7. Pole—mature stands of maple 11-120 yr after windthrow

® N o

Simulation results

There are two ways to look at the results: individual ecosystems and the
whole landscape with ecosystems integrated. The individual ecosystems
with successional birch forests and older multi-aged conifer forests show
a lot of sensitivity to changes in rotation period. For example, the multi-
aged conifer VGS for the spruce—fir-birch ecosystem ranges from 47% to
66% for the short and long estimates of rotation period. Similarly the
multi-aged spruce—fir in the white pine ecosystem varies from 24% to
44% of the landscape (Table 5.1). Thus, because we cannot pinpoint
natural rotation periods more accurately than two-fold brackets, we
cannot predict the proportion of the ecosystem in young birch forest
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Table 5.1. Results of North Shore simulation example by ecosystem type

Range for proportion of
Ecosystem/vegetation growth stage ~ Age (years) stands in each ecosystem (%)

White pine ecosystem

Sapling birch 0-10 3.2-6.3
Pole—mature birch 11-50 11.3-19.8
Mature birch—pine 51-80 9.7-12.2
Mature pine 81-120 9.2-13.1
Sapling—pole pine 0-50 0.6-1.3
Multi-aged pine =121 9.9-10.7
Multi-aged pine—spruce—fir 121-200 11.8-12.4
Multi-aged spruce—fir =201 23.5-44.3
Sapling—pole spruce fir 0-50 1.2-1.4
Spruce—fir=birch ecosystem

Sapling birch 0-10 4.8-9.2
Pole—mature birch 11-50 15.9-26.1
Mature birch—fir—spruce 51-80 10.3-14.9
Multi-aged conifer =81 46.8-66.6
Sapling—pole conifer 0-50 1.6-2.1
Pole—mature conifer 51-80 0.1-0.8
Hardwood ecosystem

Sapling birch 0-10 0.2-0.5
Pole—mature birch 11-50 1.0-1.9
Mature birch—maple 51-100 1.0-1.8
Mature maple 101-150 1.2-2.2
Multi-aged maple =151 83.5-91.2
Sapling maple 0-10 0.5-0.9
Pole—mature maple 11-120 5.0-9.1

versus old multi-aged conifer forest very accurately. In contrast, the pro-
portion of the landscape covered by multi-aged maple in the hardwood
ecosystem varies only slightly as the rotation periods change (Table 5.1).
This insensitivity arises because the recovery to the multi-aged condition
is relatively short compared with the rotation periods for wind, which is
the dominant form of disturbance in the hardwood ecosystem.

Looking at the integrated landscape with all three ecosystem types, we
see that there are young birch stands in all three ecosystems, but that at
later developmental stages these diverge into different forest types. There
are also spruce—fir stands that originate as successional replacements to
birch or to white pine in two different ecosystems. At this point the
North Shore ecosystems are not fully mapped, so we cannot yet weight
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each of the VGSs by the relative area of the ecosystem in which they
occur to get an estimate of percentage of the total landscape they occupy.
The estimates of proportion of the landscape in each vegetation
growth stage could be used as a coarse-filter blueprint for a forest restora-
tion project, or for an ecosystem management project where commercial
forest is to be managed so that the landscape has natural characteristics.
One of the advantages of this method is that a combination of data such
as presettlement land surveys, and modern estimates of number of fires
per million hectares, and risk of tornadoes and severe thunderstorm
winds, combined with models of forest response to disturbance deduced
from the species characteristics, could in theory be used to construct a
blueprint even in regions where no natural forest remnants exist.

Old growth on the landscape

Few issues have commanded more attention from environmentalists and
forest managers in recent years than old-growth forest. No two people
seem to agree on exactly what old growth is. The lower the degree of
human influence and the older the trees in a given stand, however, the
greater the proportion of people who agree that a given stand is old
growth. Also, the more severely humans impact a stand, the longer it
takes to get back to the nebulous old-growth condition. That is, a
plowed field would take centuries to return to old-growth conditions,
whereas a stand that had partial thinnings may only take a few decades
before even an old-growth purist could no longer tell that there was
direct human influence. This last point assumes that one’s philosophy
even allows for recovery to old growth after human conversion to some
other use. I don’t provide a solution to this definition dilemma. Instead, I
present a taxonomy of types within the general category ‘old forest’, and
show how they relate to the landscape and the disturbance regime. The
complex political and management issues surrounding old growth are
probably best understood when one can see the complex web of different
types of old forest and how they relate to one another.

The following definitions are sure also to stir up many ecologists who
may object to Clements’ terms climax and subclimax and my terms
short-lived and long-lived. If one goes to Clements’ papers (e.g.
Clements 1936) a very simple and useful definition of climax is given as
any forest capable of reproducing its own composition in the absence of
severe disturbance, and subclimax as any forest not occupied by climax
species due to recovery from severe disturbance. Examples from among
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those forests I have described in this book and that are also mentioned by
Clements include spruce forest as a climax type, and jack pine as a sub-
climax in response to severe fire in the boreal forest. Some people object
to having old-growth forest composed of short-lived species, such as
balsam fir, with an average age at death of about 40 years in Minnesota.
As long as the fir replaces itself and there has not been a stand-replacing
disturbance for a long time, however, the term old growth may be rele-
vant. This is despite the fact the individual trees are not old from a human
point of view: we tend to call trees older than the maximum human life-
span ‘old’. From a forest function point of view, why should the situation
be classified differently if a fir stand has continuous replacement of trees
with maximum age 40, with 200 year intervals between fires, than a
hemlock stand where the trees die at age 400, and the interval between
fires is 2000 years? It is all a matter of relative time scales.

A taxonomy of old forests

There are different types of old forest, such as primary forest that has
never been logged, secondary old growth that was logged long ago, and
forests of seral species like birch that will never become what most people
call true old growth, but nevertheless are older than average for the
species. It is best to refer to this as the ‘dynamic web of old forest’,
because there is not a linear pathway or relationship among different cat-
egories of old forest.

Old forest definitions
Old forest. An umbrella term including all forests listed below.

Old-growth forest vis-a-vis Frelich. Any forest at or beyond a politically
established threshold stand age, threshold diameter for canopy trees, or
threshold vegetation growth stage. In Minnesota, age 120 years is com-
monly accepted as a threshold age for old growth.

Old-growth forest vis-a-vis Oliver. A forest stand in the last of the four basic
stages of stand development. See Chapter 4 and Oliver (1981).

Primary forest or natural forest. Any forest that has never had significant
human disturbance, usually taken to mean never logged. This may
include young forest after natural disturbance, such as young post-fire
jack pine in the near-boreal forest.

Primary old growth, or natural old growth. A subcategory of old growth that
has had little or no human disturbance, or conversely a sub-category of
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primary forest that is in a certain stage of development beyond an estab-
lished age or developmental threshold. An example would be sugar
maple forest >120 years old that has never been logged.

Secondary old growth. A sub-category of old growth comprising stands that
were previously logged, or had other major human disturbance that pre-
cludes them from being primary old growth. This forest may be managed
for timber production. If managed for timber production, then it also
falls under extended rotation forest. An example would be sugar maple
that was clear cut long ago, and is now >120 years old.

Climax old growth. Forests that meet an old-growth threshold and are
composed of shade-tolerant species capable of reproducing under their
own canopy. Sugar maple, hemlock, and spruce—fir—cedar forests may fall
in this category.

Sub-climax old growth. Forests that meet an old-growth threshold and are
composed of long-lived species that are shade-intolerant. These forests
may succeed to climax old growth in the absence of major disturbance.
Old jack pine forests in the BWCAW, and old oak and white pine forests
are examples.

Sub-climax old forest. Forest composed of relatively short-lived, shade-
intolerant tree species that have reached an age beyond optimum vigor.
This could include paper birch, aspen, balsam poplar, or jack pine types
(in more southerly areas than the BWCAW where their lifespans are rel-
atively short) that is beyond a threshold age adjusted to their lifespan
(perhaps 70 years or so).

Extended rotation forest. Any forest beyond recommended rotation age and
managed for timber production.

The dynamic interactions among old forest types

Primary forest may contain stands of sub-climax old forest, primary old
growth, sub-climax old growth, climax old growth, or old growth vis-a-
vis Frelich or Oliver. Perhaps this explains why many debates about old
growth proceed in confusion and none of the parties involved knows
what the others are talking about. To be clear, one must answer four ques-
tions: (1) Is a stand primary or secondary? (2) Is it composed of sub-
climax or climax species? (3) Is it composed of short-lived or long-lived
species? (4) What is the stand’s age or stage of development? A key to clas-
sification of old forests for the major forest types discussed throughout this
book helps clarify these questions (Figure 5.4). This static classification,
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Figure 5.4. A dichotomous key to old forest types discussed in text. Only the
primary-forest branch of the key is filled out — the branching structure of
secondary-forest part of the key would be similar.

however, does not take into account that many of the sub-climax forest
types could succeed to a climax type (e.g. birch, jack pine or aspen to fir,
spruce and cedar in the colder northern parts of the Lake States, or birch
to sugar maple in the warmer parts). Presumably a given stand would
switch from short-lived to long-lived or from sub-climax to climax clas-
sifications when greater than 50% of the trees or basal area became long-
lived or climax species. There are different degrees of movability from
one branch of the key to another at different levels. For example, primary
forest can become secondary forest after human disturbance, but secon-
dary forest can never go back to primary forest. Succession can almost
always carry a sub-climax type (except on very severe sites) to one of the
climax types in the absence of severe disturbance. Short-lived and long-
lived species can readily replace each other after disturbance or through
succession (Table 5.2).

Another aspect of the old-growth issue is the size of trees. The reader
may have noticed that nowhere in my definitions did I mention tree size.
Contrary to the beliefs of many ecologists, I don’t believe tree size should
be a consideration with regard to old forest or old growth. Old forests
exist with many sizes of trees. Dwarf forests are common on peatlands,
sand dunes and rocky landscapes. Examples include dwarf black spruce
on peatlands in northern Minnesota, dwarf oak on ridge tops in the
Porcupine Mountains and on sand dunes around the Great Lakes, dwarf
pitch pine on mountain tops in Massachusetts, and the ancient white
cedars on rock outcrops in northern Minnesota’s BWCAW. The defini-
tions and concepts I have talked about, based on stage of development
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Table 5.2. Common successional trends in
characteristics of dominant species among old forests

Absence of stand-killing disturbance
Subclimax — climax

Short lived — short lived or long lived
Long lived —short lived or long lived
Even aged - multi-aged

After stand-killing or stand-leveling disturbance
Primary —secondary (human disturbance)
Climax — climax or subclimax

Short lived — short lived or long lived
Long lived —long lived or short lived
Multi-aged — even aged

and age structure, work equally well for these dwarf forests as for fully
statured forests. To exclude such forests from consideration as old growth
because the trees are shorter than humans is just as arbitrary as excluding
forests dominated by tree species that do not live longer than humans.
Those involved with inventory of old forest would do well to recognize
old forest in dwarf, mid-statured, and fully statured categories.

Extended rotation forest (ERF) as a general category could include
stands of any of the other old forest categories. ERF can fulfill some of
the functional roles of primary old growth, climax old growth or old
growth vis-a-vis Frelich or Oliver, while still remaining in the commer-
cial forest base. When a landscape is managed with a proportion in
typical short-rotation forestry, and some in ERE the landscape age distri-
bution — at least at the time the forest reaches a regulated condition —
changes from a uniform distribution to a combination distribution, with
the ERF in the negative exponential right tail of the distribution. Such a
mixed management regime can allow a landscape age distribution that is
closer to a natural age distribution than a uniform age distribution.

When the definition for old growth consists of a simple age threshold,
then it is relatively simple to calculate how much old growth there would
be, as long as one knows which of the theoretical age distributions applies
for a given forest type. The proportion of old growth stands is the integral
of area under the curve beyond the threshold age (Figure 5.1). When old
growth definitions are more complicated the simulation methods used
earlier in this chapter (see ‘Ecosystem type, disturbance regimes and
landscape patterns’) are appropriate for estimating the amount of old
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growth that could exist under a given disturbance regime. For example,
the multi-aged white pine—spruce—fir and multi-aged white pine within
the white pine ecosystem (Table 5.1) could be considered old growth by
Oliver’s definition.

Summary

Chapter 5 has examined how to recognize major types of landscape age
distributions and how to infer rotation periods from these distributions.
The uniform age distribution can only occur in fully managed forests
where the maximum stand age is equal to the rotation period (i.e. all
stands are harvested at a given age, and a constant proportion of all stands
is harvested annually). The negative exponential age distribution results
from natural disturbances that can replace stands of any age so that the
hazard of disturbance is constant with stand age. The rotation period is
equal to the mean stand age. Crown fires in northern closed-canopy
forests such as jack pine fall into this category, although one needs to
recognize that disturbance frequencies change over the centuries, often
resulting in mixed age distributions. The Weibull distribution is best
used to model age distributions in forest types with a constantly increas-
ing hazard of disturbance with stand age. Finally, in some forests the
shape of the age distribution changes from one model to another at a
threshold age. The best example in the Lake States is sugar
maple—hemlock forest — in which wind is the primary disturbance type
— and stands are not susceptible to windthrow when young and are then
subject to random windthrow after age 100—130. This results in a shift
from the uniform age distribution model for young stands to the nega-
tive exponential model for older stands. This results in a true compound
distribution of different models, not simply a shift in rate of disturbance
over time that causes a mixed distribution with difterent slopes for the
same model.

The concept of the vegetation growth stage (VGS) was introduced.
The VGS integrates developmental (or structural) changes and succes-
sional (or compositional) changes in stands over time. A method was
given to estimate the proportion of stands across the landscape that would
fall within each VGS for a given disturbance regime, using the earlier
information on stand age distributions and rotation periods. Rotation
periods vary a lot and it is best to use two-fold or more brackets for rota-
tion periods to estimate a reasonable range of variability for the propor-
tion of the landscape occupied by each VGS. Such simulated estimates
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can be used as a rough blueprint for restoration work in forests or for
comparison of the managed landscape with a natural landscape.

Finally, this chapter considered the complex issues surrounding old
growth or old forest. One needs to consider the degree to which a given
forest has been influenced by people, the successional status of the
species, how long-lived the species are, and the stage of development,
which may roughly correspond to age of stand. In other words, is a stand
primary or secondary, is it in climax or subclimax condition, is it domi-
nated by trees that replace each other on short intervals or trees that live
for centuries, and is it in initiation, stem exclusion, demographic transi-
tion, or multi-aged stages of development? There is no way to clearly
discuss the political issues surrounding old growth without knowing
these factors. In addition, old forests may be dwarf, middle, or fully stat-
ured. Dwarf forests are likely to occur on peatlands, rock outcrops, and
sand dunes; middle-statured forests occur on moderately good soils; and
tully statured forests occur on sheltered sites with deep, high-quality soil.
Forests growing under these three different conditions are likely to have
different ecosystem function and associated species even when domi-
nated by the same tree species. Therefore, forests of different stature
should not be ignored by those involved with old forest or biodiversity
issues.



6 - The disturbance regime and
landscape structure

Knowledge of stand dynamics (Chapter 4) and landscape structure
(Chapter 5) are combined in this chapter to examine in detail the rela-
tionship between disturbance and landscape characteristics. The topics
progress from wind regimes to fire regimes to complex regimes with
wind, fire and herbivory (this latter topic was introduced in Chapter 2).
Detailed case studies of landscape characteristics and their sensitivity to
changes in disturbance regime are considered in each case. Then two
more important issues are introduced that can interact with fire, wind
and herbivory to provide even more complexity to landscape structure:
(1) disturbance size, and (2) interactions among trees themselves, or
neighborhood effects. As we will see here and Chapter 8, trees superim-
pose a patch-forming mechanism of their own onto that created by dis-
turbance dynamics.

Wind regimes and landscape structure

Windstorms have a great effect on structure and development of individ-
ual stands across the landscape in the Great Lakes Region. They pock-
mark the landscape with young stands in initiation and stem-exclusion
phases of development. If wind is the dominant disturbance type in an
ecosystem, the combination distribution of stand ages will result, because
stands are not susceptible to massive blowdown until they reach the late
stem-exclusion or demographic-transition phases, after which they will
be hit at random by stand-leveling windstorms. Winds of less than stand-
leveling force also create gaps in older stands, thereby determining the
timing and size of new cohorts in multi-aged forests. Thus, the wind
regime largely determines the proportion of stands on the landscape in
each of the eight stages of development described for hemlock—hardwood
forests in Chapter 4. One way of illustrating how wind regimes influence
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the landscape is to look at the sensitivity of landscape structure, in terms of
proportions of stands in various developmental stages, to changes in the
windstorm frequency. The STORM simulation (Frelich and Lorimer
1991b) was developed to look at stand structural changes associated with
complex wind regimes, and will be used for the sensitivity analysis.

Simulation structure

The simulation is similar to that described in Chapter 5, although stand
structure is simulated in more detail, and it runs on a 10-year (rather than
1-year) time step. At each time step there is a suite of probabilities for
wind disturbances that remove anywhere from 10% of the canopy area
(defined as exposed crown area from Chapter 3) to =70% of the canopy.
If there 1s a disturbance during a given decade, then a portion of the
canopy is removed, and a new cohort enters the forest. All cohorts are
assumed to have a normal diameter distribution to start with. In the
absence of disturbance the mean diameter and variance increase over
time in accordance with empirical data on mean/variance of tree diame-
ter by age class from the Porcupine Mountains study area in Upper
Michigan (Figure 6.1). The proportion of each cohort in four standard

i e

Figure 6.1.  The never-logged hemlock—hardwood landscape of the Porcupine
Mountains: a rare example of a fairly natural landscape with all stages of
development present. Photo: Lee Frelich.
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size classes (sapling, =10.9 cm dbh; pole, 11.0-25.9 cm dbh; mature,
26.0-45.9 cm dbh; and large, =46 cm dbh) is kept track of over time.
When a disturbance occurs, the portion of the canopy removed is dis-
tributed so that 1.5 times as much canopy area is removed from large trees
as from mature trees, and 1.5 times as much from mature trees as from
pole trees, as indicated by empirical evidence on relative susceptibility of
trees to windfall (Frelich and Lorimer 1991b). For example, a distur-
bance removing 20% of the forest canopy in the entire stand would take
slightly more than 9% of total plot crown area away from the large trees,
about 6% out of mature trees, and about 4% out of pole-sized trees.
These portions of canopy area are transferred to the sapling size class as a
new cohort. Since individual cohorts — especially older ones — often have
trees scattered among pole, mature and large size classes, they lose their
initial normal dbh-distribution shape as time goes by and they sustain dis-
turbances. (See details in Frelich and Lorimer 1991b.)

To look at landscape structure with this simulation I ran the model for
1000 stands and for 1000 years to make sure any initial conditions worked
their way out of the system. All 1000 stands were then classified into one
of the eight developmental phases (Figure 4.8) and the proportion of the
1000 stands in each phase of development was tallied.

Sensitivity of the hemlock—hardwood landscape to differing wind
regimes

Windstorm frequency varies significantly across the part of eastern North
America occupied by hemlock—hardwood forest. There is a four- to five-
fold variation in tornado frequency across the region (Thom 1963). Also,
parts of the hemlock—hardwood forest are susceptible to tropical cyclones
(hurricanes). Major hurricanes hit New England approximately every 50
years, but heavily impact only a fraction of the region each time (Boose ef
al. 1994). Between these hurricanes the severe storm regime is much more
moderate than in the Lake States. To encompass this geographic range of
variability in wind regimes, let us compare landscape structure under the
historic disturbance regime (that in effect during 1840-1969 in Upper
Michigan; Frelich and Lorimer 1991a), with landscape structure under 3 X
and 2X the historic disturbance frequency scenarios, and a New England
hurricane scenario. This latter scenario features heavy windthrow (>70%
canopy removal) every 250 years (the hurricanes) with light windthrow —
similar to the 5X simulation — between the hurricanes. The disturbance
frequencies for these four scenarios are summarized in Figure 6.2.
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Figure 6.2.  Rotation periods as a function of percent canopy removal used for
historic, %X, 2X and hurricane simulations.

The ‘historic disturbance regime’ scenario shows that the old multi-
aged stage of development is the hub of the whole landscape, with 50%
of the landscape in that category (Figure 6.3). Switches in and out of the
old multi-aged stage dominate the dynamics of the system. These include
switches to pole and mature multi-aged stands after partial windthrow
and subsequent recovery to old multi-aged forest. The frequency of
even-aged sapling, pole and mature stands, and steady state stands is low
for this scenario.

It appears that the debate over the natural condition of the
hemlock—hardwood landscape — whether it was a climax forest landscape
covered by steady state stands versus a landscape dominated by even-aged
post-disturbance stands — that went on from the 1940s through the 1980s
was overly polarized. Graham (1941b), Maissurow (1941), Raup (1957,
1981), Henry and Swan (1974), and Heinselman (1981a) emphasized
major disturbances while Hough and Forbes (1943), Leak (1975),
Lorimer (1977), Bormann and Likens (1979), and Lorimer (1980)
emphasized climax forests, although they also recognized that major dis-
turbances occurred. The pendulum swung from one extreme to the
other during this debate and almost missed what was really happening in
the forest: most disturbance that dominates the dynamics is between the
two extremes. Most of the trees die during disturbances that remove
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Figure 6.3. Box-and-arrow diagram of Upper Michigan, hemlock—hardwood
forest landscape dynamics under the historic disturbance regime. The boxes
represent eight stand types as defined in Box 4.1. The percentage of the landscape
occupied by each stand type (also proportional to size of box) and average residence
time for a stand in each type are shown in the boxes. The consolidated arrows with
square corners represent transfers to the sapling stage after stand-leveling wind, solid
single arrows represent advances in stand stature due to growth and development,
and the dotted arrows represent reductions in stature caused by partial windthrow.
After Frelich and Lorimer (1991b).

10-30% of the forest canopy within a given stand, and most young sap-
lings entering the canopy do so in a neighborhood of all young trees, sur-
rounded by neighborhoods of older trees (Frelich and Lorimer 1991a,
Frelich and Graumlich 1994). Very small treefall gaps are very common
but have a modest cumulative impact. Stand-leveling winds can cover
large areas but are very rare, so that their cumulative impact is also
modest. The moderate windstorms causing 10-30% canopy mortality
have the ‘winning’ combination of moderate frequency and moderately
large number of trees affected for each occurrence (Figure 6.4).

The X and 2X historic scenarios show that changes in wind fre-
quency have synergistic effects: (1) doubling windstorm frequency
results in four times the proportion of young post-blowdown stands on
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Figure 6.4. Percentage of all canopy area removed as a function of wind
disturbance severity in hemlock—hardwood forest of Upper Michigan.

= 100

N N D o]
o o o o
T T T T

Stands on landscape (%

o L
Historic  1/2X 2X  Hurricane
Simulated disturbance regime

Even-aged B Multi-aged ll Steady state

Figure 6.5.  Landscape structure for the four simulated disturbance regimes in
hemlock—hardwood forest. After Frelich and Lorimer (1991b).

the landscape and cuts the proportion of old multi-aged stands to one-
quarter of its value in the historic simulation; and (2) cutting the wind-
storm frequency in half causes slight reductions in the proportion of the
landscape in even-aged types and multi-aged types but a huge increase
(more than seven-fold) in the proportion of the landscape occupied by
steady-state stands (Figure 6.5). The ‘hurricane’ scenario provides an
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Table 6.1. Comparison of tree size distribution® and canopy residence time for
Sfour simulated disturbance regimes

Size class
Average canopy
Simulation Sapling Pole Mature Large residence time (yr)
Historic 12.9 17.7 28.2 41.2 175
aX 10.4 15.1 25.7 48.8 213
2X 21.9 27.7 32.6 17.8 111
Hurricane 15.7 19.5 29.0 35.8 161

Note:

¢ Percentage of crown area occupied by sapling (0—10.9 cm dbh), pole (11.0-25.9
cm dbh), mature (26.0-45.9 cm dbh), and large (=46.0 cm dbh) size classes.

Source: After Frelich and Lorimer (1991b).

interesting comparison: there is almost as much even-aged types as in the
2X scenario, and almost as much steady-state forest as in the 3X sce-
nario. Multi-aged types are pinched out, except for multi-aged break-up
stands that are apparently on their way to becoming steady state stands
(Figure 6.5).

A look at the proportion of trees in the four major size classes (sapling,
pole, mature, and large) for all stands pooled across the simulated land-
scapes shows remarkable resistance by the forested landscape (with one
exception) to changes in the disturbance regime. For example, the pro-
portion of trees in the four size classes is almost identical for the historic,
X, and hurricane scenarios (Table 6.1). The one exception is in the size
distribution for the 2X regime, which has half the large trees and signifi-
cantly more sapling and pole-sized trees than the other scenarios.

There is a damped response of average canopy residence time across
the landscape to changes in windstorm frequency. Residence time rises
in the 3X scenario, and falls in the 2X scenario, but in far lower pro-
portions than the change in windstorm frequency (Table 6.1). This
damped response is due to the relative lack of susceptibility of sapling
and pole trees to blowdown. After one blowdown event, it takes several
decades for a new crop of susceptible trees to accumulate (Runkle
1982, Foster 1988a, b, Frelich and Lorimer 1991a). This blowdown-
frequency regulation effect by the forest may explain why there is so
little variability in canopy residence times among temperate zone forests
(Runkle 1982).
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Fire regimes and landscape structure
Fire in the hemlock—hardwood forest

Hemlock—hardwood forests were earlier classified as having fires on rare
occasions (Table 2.2). Fires occur at a given point on the ground only
once every several hundred years (surface fires), or 2000-3000 years
(severe fires). Why then is this subsection on fire included? Why is a rare
disturbance important?

The first answer to these questions is that fires, despite their rarity, play
a major role in maintaining diversity. Several tree species, including paper
birch, red oak, and white pine only enter hemlock—hardwood forests
after fires. All three of these species take advantage of special sites scat-
tered throughout the forest, such as rock outcrops, where they are pro-
tected from invasion and replacement by hemlock and sugar maple. It is
hard to explain how the large and heavy seeds of red oak get dispersed
into burned areas. Every time I encounter a red oak tree in the middle of
huge tracts of sugar maple and hemlock forest, however, there are invari-
ably fire scars on nearby trees. Apparently these small groves of red oak
(Figure 6.6) get established after spot fires that burn a fraction of a

Figure 6.6. Large red oak (left foreground) in a sugar maple forest. Photo:
University of Minnesota Agricultural Experiment Station, Dave Hansen.
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Table 6.2. Rotation periods for fire and dominance or presence of paper birch,
white pine and red oak in the hemlock—hardwood forest

Rotation period for fire (yr)

Species 500 1000 2000
Dominance after severe fire (proportion of stands on landscape)

Paper birch 0.16 0.08 0.04
White pine/red oak 0.30 0.15 0.08
Presence after fire (proportion of stands on landscape)

Paper birch 0.40 0.20 0.10
‘White pine/red oak 0.70 0.35 0.18
Note:

Assumes length of dominance/length of presence are 80/200 years for paper birch,
and 150/350 years for white pine and red oak.

hectare. How the acorns of red oak get into all these spots is a mystery,
although it is reasonable to hypothesize at this point that they are brought
in by birds. Bluejays, in particular, are known to carry acorns long dis-
tances (Bossema 1979, Darley-Hill and Johnson 1981). It is not known if
Bluejays behave like frugivorous birds in forests, which are attracted to
gaps in the forest and disperse plant seeds there (Hoppes 1988), or
whether they are always depositing acorns throughout the forest and only
those deposited in fire-caused gaps experience successful establishment.
The latter is certainly a reasonable hypothesis, since red oak seedlings are
much more likely to succeed on the forest floor if sugar maple seedlings
are removed by fire.

Presettlement surveys indicate that within mesic hemlock—hardwood
landscapes in the Lake States, stands with heavy dominance by paper
birch, red oak and white pine ranged from 1-2% of the landscape in
Upper Michigan to 8—10% in central Wisconsin (Bourdo 1956). Analysis
of forest remnants that have not been logged is consistent with these esti-
mates, with about 3% of stands dominated by these species (Frelich and
Lorimer 1991a). If there was a 2000-year rotation period for fires that
allowed these species to enter hemlock—hardwood forest then paper
birch dominance, which lasts about 80 years, would occupy about 4% of
the landscape. The oldest paper birch known in Upper Michigan are
about 200 years old so that about 10% of all stands (200/2000) would
have at least a few paper birch present (Table 6.2). Similar calculations for
white pine (assuming the species can dominate a stand for 150 years and
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live a maximum of 350 years) indicate that it would be dominant on
about 8% of the landscape and present on 18%. Red oak may happen to
be the species that invades after fire and it also has potential to dominate
8% and be present on 18% of the landscape with a 2000-year rotation
period for severe fire (Table 6.2). The aforementioned spot fires could
also allow presence of small numbers of paper birch, white pine and red
oak in stands scattered throughout the landscape.

The second answer to the question of why rare disturbances are
important is that they exhibit how the forest responds to disturbance
types that are rare during one era, but may become common in a differ-
ent era. We have just seen that early to mid-successional forests of paper
birch, white pine and red oak occupied a small portion of the original
hemlock—hardwood landscape in presettlement times. For example, the
type of disturbance that allowed these species to enter the forest (burning
in windfall slash) was made into the dominant disturbance type for
several decades by settlers who unintentionally mimicked the natural
wind—fire interaction by substituting logging for wind and setting the
fires themselves in a widespread fashion. They converted much of the
hemlock—hardwood landscape to birch and oak. We are still living with
the forest legacy of those land clearing decades from 1840 to 1920.

Fire in the near-boreal jack pine forest

Under the natural disturbance regime these forests in northern
Minnesota were equally likely to burn regardless of stand age. As we see
below, this fact alone determined the structure of the landscape in terms
of species composition. First, however, I will try to convince the skeptical
reader that young stands really are as likely to burn as older stands. Do not
mistake the statement ‘equal probability of burning for all stand ages’ for
equal intensity of burning or equivalent fire behavior. If one goes out to a
10-year-old jack pine stand on a hot day after a prolonged period of
drought and throws a lighted match in the stand, it will go up in flames.
So will a 100-year-old or 200-year-old stand. They have equal probabil-
ity of starting on fire but they will not burn the same way. Flame lengths
in the older stands will surely be much longer, indicating a higher fire-
line intensity. The 3—4 m flame lengths in the 10-year-old stand,
however, are quite sufficient to kill the young jack pines with their thin
bark. Many also forget that fires create huge amounts of fuel as well as
consume fuel — hence the counter-intuitive constant hazard function and
the myth that young forest stands are less likely to burn. A jack pine stand
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Figure 6.7. Burned twice in a short time: a large area of overlap where two stand-
replacing fires occurred within 7—13 year periods within Heinselman’s (1973)
BWCAW study area.

that burned 10 years ago would have hundreds of dead and dried snags
per hectare as remnants of the pre-fire stand and rather dry foliage with a
high bulk density close to the ground — thus its likelihood to burn. These
observations have also been substantiated by several field studies showing
the negative exponential age distribution at four boreal or near-boreal
forest sites (Van Wagner 1978, Johnson 1992), and by observations that
large intense fires — those that do most of the burning across the land-
scape — do not stop for patches of young forest. The large zone of overlap
of the 1864 and 1875 fires as reconstructed by Heinselman (1973) in
northern Minnesota is a prime example (Figure 6.7).

The random timing of fires was a double-edged sword for jack pine.
Most of the time fires occurred when stands were at such an age that jack
pine can replace itself via massive post-fire seeding. However, some fires
occurred before jack pines were old enough to bear seeds (as Figure 6.7
shows) and some fires occurred after too long, when only a few old jack
pine remained in the stand (Frelich and Reich 1995a). How long does it
take late-successional species to replace jack pine, and how many stands
go that long without fire? Observation of jack pine stands in 1934, 1961,
and 1991, showed that young stands (<40 years old) in 1934 were still
dominated by jack pine as of 1991. Mature stands — those averaging 70
years old in 1934 — were almost all still dominated by jack pine in 1961,
but only 70% were dominated by jack pine in 1991. Stands that were old
(101-150 years) in 1934 were about 70% jack-pine dominated in 1961,
but none was still dominated by jack pine as of 1991 (Figure 6.8). These



Fire regimes - 161

120
110 |-

100 [~ e *
90 |- = R
80 [ R f
70 1 ',"'.‘ S~o
60 |- ‘.
50 -
40 |-

1 ha Blocks (%)

30 |-

20 Age in 1934

Young Mature Old
10 s i Y

0 I
1930 1940 1950 1960 1970 1980 1990 2000
Year

Figure 6.8.  Empirical observations of loss of jack pine dominance from 1934 to
1991, depending on initial stand age. Percentages of 1-hectare blocks of forest that
retained dominance by jack pine are shown, determined by analysis of sequential
aerial photos. From Frelich and Reich (1995a).

data show that jack pine dominance ends somewhere in the age range of
120 to 180 years among stands.

The historic disturbance regime in the jack pine forest was one of fre-
quent severe crown fires with a rotation period of 50-70 years (Van
Wagner 1978, Heinselman 1973). Most of the stands on the landscape
would be dominated by jack pine with little succession as long as fires
continued to occur at intervals appropriate for jack pine reproduction
(see Chapter 4 ‘Time lines of disturbance and stand development’).
There have been major changes in fire frequency in Minnesota’s near-
boreal forest during the twentieth century. During that century the rota-
tion period for fire was 500-1000 years (Heinselman 1973). The cause of
this shift in rotation period can be attributed to fire exclusion, by chang-
ing the forest around the Boundary Water Canoe Area Wilderness
(BWCAW) into less flammable forest types and other non-flammable
land uses. Climatic change leading to less severe burning weather and
direct fire suppression also played a role in reducing fire frequency. The
results were: (1) more old forest on the landscape; (2) more contiguous
distribution of late-successional species, resulting in spread of spruce
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budworm, an insect pest that lives on fir and spruce; and (3) loss of jack
pine seed source due to senescence of jack pine trees before the seeds
were released by fire. This last effect could change the system indefinitely
because seed sources are different now than they were for the previous
three centuries. Thus, fires will have a different impact on future succes-
sion than they had in the past.

The formerly predominant model of successional direction — parallel
succession with jack pine replacing itself — is now changing rapidly under
the present fire frequency. Many stands are now entering a successional
stage that was rarely seen in the BWCAW prior to 1910. Under the his-
toric rotation period the chance that a given point on the ground would
survive 100, 150 and 200 years without stand-killing fires, was 13.5%,
5.0% and 1.8%, respectively. Currently, stands >100, >150 and >200
years old occupy about 62%, 14% and 5% of the landscape, respectively.
Nearly half of the forest (about 48%) is in the 100-150 year-old category.
In absence of fire this old jack pine forest will make its way to ages such
that jack pine cannot replace itself within a few decades. Once jack pine
seed source is lost in a given locality, reinstatement of burning may lead
to aspen forests, and continued lack of fire will lead to the old growth
mixture of balsam fir, black spruce, white cedar and paper birch. Both of
these options lead to vegetation types that were of minor importance in
the presettlement near-boreal forest and exclude the previously domi-
nant mosaic of even-aged jack pine forests.

Complex disturbance regimes and landscape structure

A case study of white pine forest dynamics illustrates the types of effects
that complex disturbance regimes can have on forest structure.
Minnesota white pine forests have a complex interaction of wind, fire
and herbivory by white-tailed deer and a complex successional web that
governs white pine’s abundance on the landscape. A frame-based model
was used to find out how best to create and maintain white pine stands
(Tester ef al. 1997, Figure 6.9). A set of rules was devised to determine
under what conditions white pine seedlings will become established,
how fast they will grow, whether they will successfully mature and
replace jack pine or aspen, and whether they will be able to keep late-
successional spruce or maple at bay:

* Jack pine or aspen stands are created by crown fire or logging.
e The model will switch from the jack pine frame or aspen frame to
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Figure 6.9.  Structure of the frame-based model from Tester ef al. (1997). Long-
dashed arrows, short-dashed arrows, and solid arrows represent transfers due to
succession, crown fire or clear cutting, and surface fires, respectively.

white pine if a cohort of white pine successfully makes it to the canopy
by reaching 18 m in height. They must also reach 9.0 m in height to
survive a surface fire.

* The model will remain in the white pine frame as long as new cohorts
of white pine continue to replace old ones as they die, there is no
crown fire or clear cut, and succession to maple or spruce is prevented
by surface fire.

* New cohorts of white pine can enter the forest in the understory of
jack pine and aspen stands. They can also enter mature white pine
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stands after surface fire. Establishment of a new cohort of white pine
seedlings can be suppressed if understory maple or spruce are present.
* Old cohorts of white pine can be removed by crown fire, old age,
windstorm and logging.
» Height growth of trees is a species-specific function of soil quality,
drought and shading by taller trees. Seedling growth is also affected by
level of deer browsing.

The basic story here is that young cohorts of pine must get established in
the understory and grow large enough to survive the next surface fire.
This gauntlet that young pines must run may be short if there are no deer,
no droughts, good soil quality and little competition from maple or
spruce. The time it takes for new white pine to become established will
be long if there are many deer, frequent droughts, poor soil, or taller
maples and spruce in the forest understory. The longer it takes for young
white pine to grow to a size large enough to survive the next surface fire,
the greater the chance that a fire will occur and wipe them out, or that
maple or spruce will overtop them and stop their growth. A longer time
for young white pine to reach a size where they can survive surface fires
also means a greater chance that windstorms will remove the older pines,
leaving the stand without a seed source for future white pine establish-
ment (Figure 6.10).

Simulations with tree growth rates and disturbance frequencies cali-
brated for poor soil (jack pine ecosystem), medium soils (mixed conifer
and hardwood ecosystem), and good soils (hardwood ecosystem) were
run for a landscape of 1000 stands each ecosystem. Sensitivity analyses for
a factorial combination of deer and fire frequencies were also run (Figure
6.11).

There are three principal results: (1) optimal fire management (sup-
pressing or preventing crown fires and using prescribed surface fire at
certain times) and keeping deer density low are necessary to maintain
white pine in a stand for a long time; (2) medium soils are by far the best
for maintaining white pine; and (3) windstorms are by far the most
common cause for loss of white pine in a given stand (Tester et al. 1997).

Why are medium soils best for white pine? The species actually grows
faster and attains larger size on good soils. A comparison of the situation
for each soil type reveals the answer. On poor soils, deer browsing in
combination with nutrient-limited growth of white pine seedlings and a
high frequency of surface fires means that white pine seedlings are usually
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Figure 6.10. Sensitivity of forest composition to deer browsing. On the left, deer
browsing prevents white pine saplings from reaching the size necessary to survive a
surface fire. Many years after the fire, a windstorm removes canopy pines, leaving
only maples. On the right, deer do not browse white pine saplings, so that they
grow large enough to survive a surface fire, and they can move into the canopy
after wind removes the oldest cohort of pine, insuring that white pine will be
maintained as a component of the forest for another century or two.
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Figure 6.11. Deer and fire sensitivity analysis from the frame-based model of
Tester et al. (1997). A, poor soil ecosystem (the BWCAW), with fire and wind
disturbance types. B, medium-quality soil ecosystem (Itasca State Park, Minnesota),
with fire and wind. C, good-quality soil ecosystem (Minnesota North Shore of
Lake Superior), with fire and wind. D, good-soil ecosystem with a 20% chance of
clearcutting each decade in addition to fire and wind. The fire-frequency category
‘special fire” indicates that wildfires are suppressed and prescribed burns are applied
at optimal times to favor white pine regeneration. Wind frequency was held
constant for all four scenarios to facilitate comparison of fire and deer impacts on
white pine.

not able to attain a size large enough to survive before the next fire
occurs. Only a low proportion of stands experience the right combina-
tion of events to allow white pine establishment and it is not likely to
persist there for more than one generation. On good soils, deer browsing
and overtopping by shade-tolerant maples prevents pine seedlings from
surviving until they are able to enter the canopy. Those that do enter the
canopy have a high probability of being removed by wind, and there is
usually no younger pine cohort underneath to replace them after the
storm. Finally, let’s consider medium-quality soils. Here white pine seed-
lings grow relatively fast compared with maple seedlings and surface fires
are not quite as frequent as on poor soils. In the absence of high levels of
deer browsing, seedlings are likely to be large enough to survive the next
surface fire, while the maples are not. If windstorms remove an old
cohort there is likely to be a younger white pine cohort in the stand.
Neither fire nor windstorms can exterminate white pine very often, and
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white pine dominates longer and prospers in a much greater proportion
of stands than on either good or poor soil (Figure 6.11).

White pine’s chances for dominance on good soils can be enhanced
markedly by occasional clear cutting of sugar maple stands followed by
slash burning. The resulting aspen stands give white pine repeated
chances to enter a forest type from which they normally would be
excluded. Of course, this assumed an abundant seed source for white
pine in the vicinity and deer control or protection of individual seedlings
from browsing.

Disturbance size: when does it make a difference?
General concepts

I have already said that disturbance is a spatial process. Likewise, succes-
sion is a spatial process in addition to a temporal and directional one.
There has been much debate about whether a given species is present
from the start of stand initiation — what I call ‘in place succession’— versus
‘invasion succession’ or ‘wave-form succession’ where late-successional
species are not present at stand initiation. This latter definition of succes-
sion corresponds to that commonly used by most ecologists. If late-
successional species are present from the start, then apparent succession
occurs because difference among species in dominance by biomass or
basal area can be due to differential growth rates. There is no definitive
rule to distinguish between major fluctuation among species (see
Chapter 4) versus in-place succession.

In reality, each disturbance creates many stands along a gradient of dis-
tance from refugial seed sources, or places where a species survives distur-
bance. In some stands late-successional and/or shade-tolerant species will
be present immediately, while others may be far removed from the pres-
ence of certain species. After disturbance, species begin to spread from
their refuge causing what Frelich and Reich (1995a) have termed wave-
form succession. A gradient of stands will be invaded at different stand
ages and stages of development by the same species merely because of the
spatial layout of stands (Figure 6.12). Therefore, generalizations as to
whether succession is due to invasion or differential growth are irrele-
vant. One just needs to characterize the wave-form succession to predict
how and at what time it will affect a given stand. Wave-form succession
usually occurs for any species that does not survive by some mechanism
within the perimeters of a disturbed area.

Species can be ranked based on how dependent they are on refuges
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Figure 6.12.  Hypothetical case of wave-form succession emanating from a
shoreline refuge, as is typical in the boreal forest.

and resulting wave-form succession. Those with low recovery time to
disturbance interval ratios (R:DI) will be most restricted to refuges and
the immediate vicinity. Recovery time in turn depends on the rate of
movement and distance between refuges. Rate of movement depends on
ability to grow in the post-disturbance forest, age at which seeds are pro-
duced, and effective seed dispersal distance. R:DI=1.0 means that
species can always dominate the landscape, at least for a period of time
between disturbances, regardless of refuge location. R:DI much less than
1.0 indicates a species that is almost totally restricted to its refuges from
disturbance.

Application of the concepts

At first thought it seems that each species should be able to be classified as
a ‘wave-form succession’ species or an ‘in-place succession’ species. This
is not the case, however. A look at the literature from the major forest
types in the Lake States shows that the type of succession that takes place
after disturbance varies from one disturbance type to another, and also
from one landscape to another. There is an interesting relationship of the
mechanism by which species survive disturbance and whether they will
be able to have in-place or wave-form recovery (Table 6.3). The tree
species in the Lake States can be classified into five categories: serotinous,
sprouters, long-distance dispersers, fire resistant, and fire sensitive. These
correspond to surviving disturbance in the form of canopy-stored seeds,
as underground rootstocks, no survival on the disturbed site, survival as
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Table 6.3. Mechanism of survival and recovery after certain types of disturbance
for key tree species in the Lake States

Disturbance type

Stand-leveling

Survival strategy Crown fire  Surface fire ~ wind Treefall gap
In-place recovery by  Jack pine Jack pine
serotiny (canopy- Black spruce  Black spruce
stored seed)
In-place recovery by Red oak Red oak Red oak Red oak
sprouting (or nearly ~ White oak White oak Red maple Red maple
instant long-distance  Aspen Pin oak Basswood Basswood
seed dispersal) Paper birch
In-place recovery by White pine
mature tree survival Red oak
White oak
Sugar maple
Hemlock
Pin oak
In-place recovery by Hemlock Hemlock
seedling survival Sugar maple Sugar maple
Black spruce  Black spruce
White cedar ~ White cedar
Balsam fir Balsam fir
Wave-form recovery ~ Sugar maple  Yellow birch ~ Yellow birch ~ Yellow birch
by short-to-medium  Hemlock Green ash Green ash Green ash
seed dispersal Balsam fir Basswood Basswood Basswood
White cedar Red maple  Red maple Red maple

Yellow birch
Green ash
Basswood
Red maple

mature adults, and as seedlings (this latter one after disturbance other than
fire), respectively. We do not seem to have any tree species with soil-
stored seed banks, although there are several such herbaceous plants,
including Geranium bicknellii, Corydalis sempervirens, and Adlumia_fungosa.
Those species surviving as canopy-stored seeds are most efficiently per-

petuated by severe fires, those surviving as mature adults — usually thick-
barked species — are ideally perpetuated by surface fire, and those species
surviving in the form of seedlings are most efficiently perpetuated by
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windstorms that release the seedlings from suppression. Sprouters in
general can get along after any type of disturbance, provided they were
already present, with the exception of landscapes covered by thin rocky
soils, where they may be exterminated by severe fire. Long-distance dis-
persers have no need to survive disturbance, although these species are
also sprouters (Table 6.3). We can draw a general principle from the pat-
terns in Table 6.3 that finally answers the question asked at the beginning
of this section (Disturbance size: when does it make a difference?):

Each species has ‘in-place succession’ after a certain disturbance type, pre-
sumably the one to which it has evolutionary or chance adaptation, and
each species must get along by ‘wave-form succession’ after other types of
disturbance. When there is a species-disturbance combination that works
on the wave-form model, then disturbance size matters. Otherwise, dis-
turbance size does not matter because the species survives at numerous
points within the disturbance perimeter.

When in-place succession occurs by a given species, the effective distur-
bance size is not that of the disturbance perimeter, but rather the average
distance from a surviving propagule or individual. For example, the mean
distance from a random point within the perimeter of the large 1988
Yellowstone fires to a surviving tree is much smaller than the mean dis-
tance to the disturbance perimeter (Turner ef al. 1997).

Some case studies of disturbance size and successional response

Does stand-leveling blowdown size make a difference in post-disturbance
successional sequence? Analysis of canopy blowdowns in the hemlock—
hardwood forest of the Porcupine Mountains shows virtually no change
in composition after the disturbance for a range of sizes from 1 ha to 1000
ha (Frelich and Lorimer 1991a, Romme ef al. 1998). Advanced regener-
ation that survives windthrow reflects the composition of the overstory
(Frelich and Reich 1995b) and forms a new stand with the same compo-
sition after windthrow. The effective disturbance size here is zero,
because within the disturbance perimeter after heavy windthrow one is
never more than a few meters from a surviving seedling. Conversely, a
100-ha blowdown that burned during the 1930s in the Porcupine
Mountains is covered today with paper birch and aspen forest. Sugar
maple is just beginning a wave-form invasion of the understory now that
the forest is 70 years old (Frelich unpublished data). The 100-ha blow-
down-burn combination has a much larger effective disturbance size for
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sugar maple than a 1000-ha blowdown where maple seedlings are every-
where within the disturbance perimeter.

Does size of severe fires make a difterence in the near-boreal forest? Yes
and no. For jack pine and the associated black spruce the answer is usually
no. Observed post-fire composition of the dominant species is the same —
jack pine and black spruce — after an exceptionally wide range of fire
sizes: 1000 ha in 1976; 21000 ha in 1910; 91000 ha in 1875; and 180000
ha in 1864 (Heinselman 1973, 1981a,b, Ohmann and Grigal 1981,
Frelich and Reich 1995b; Romme et al. 1998). For most of the area
within these fire perimeters, effective disturbance size was zero, since
millions of serotinous seeds rained down on nearly every hectare of the
forest floor after each fire. There is one exception, however: part of the
1864 fire was reburned by the 1875 fire (Figure 6.7). This overlap area of’
several thousand hectares works on the wave-form model for all species,
including jack pine, which was eliminated from the area of burn overlap
(Heinselman 1973). For other near-boreal species, including balsam fir,
red pine, white pine and white cedar, the answer as to whether fire size
matters is — to make things complicated — once again yes and no. In
theory, size of severe fires matters a lot for all these species, which do not
sprout or have canopy-stored serotinous seeds (Romme ef al. 1998). All
are exterminated from areas severely burned, resulting in wave-form suc-
cession after fire. However, in the particular case of the landscape of
interest — the Saganaga Batholith within the Boundary Waters Canoe
Area Wilderness — there are so many refuges from fires, especially lake-
shores, that 90% of the area 1s within 100 m of water. The average fire
size is 4000 ha and significant fires are more on the order of 20000 ha to
160000 ha (Heinselman 1973). Thus, fires are huge compared with the
interlake distance, and the effective disturbance size for these species is
controlled by the placement of lakes, which controls the placement of
surviving individuals more than the location of fire perimeters.
Succession is wave-form in nature with most of the surviving trees in a
belt about 15 m wide along rocky lakeshores (Frelich and Reich 1995a,
and Figure 6.13).

To summarize, we may refer to severe disturbances as ‘stand-replacing’;
however, there is often a legacy of surviving individuals within. Thus, the
term stand-replacing applies more to the demise of the former canopy of
mature trees than to the species in many cases. Whether there is wave-
form succession or in-place succession varies according to complex inter-
actions among disturbance types and tree species.
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Figure 6.13. A case study in wave-form succession: Explosion Island in Seagull
Lake, BWCAW,, Minnesota. Solid squares show the locations of large red and white
pines that survived a fire 8 years prior to mapping the island. Note that surviving
pines are all within 15 m of the lake. Triangles represent paper birch and pin cherry
in the island’s interior that came in by seed after the fire. Contour interval 1 meter,
starting from the waterline. After Frelich and Reich (1995b).

Conifer-hardwood (or evergreen—deciduous) mosaics
Causes of mosaics

Diverse and striking vegetation patterns — mosaics of contrasting species
with patches at the neighborhood and stand scales — occur in temperate
forests (Table 6.4). We already know that such mosaics can be caused by a
complex interaction among disturbances, succession, and physiographic
site factors (He and Mladenoft 1999, Figure 6.14). However, there is one
more factor shown in Table 6.4 that contributes to the patchy nature of
conifer—hardwood mosaics: neighborhood effects. It is not possible to
have a complete understanding of forest patch structure without taking
this widespread and important force into account. Previous discussions in
this book have examined how species biotic properties interact with dis-
turbance to alter successional trajectories, but have not addressed the
topic of biotic properties as a cause of patch formation. Biotic properties
by which individual trees alter their immediate surroundings are known
as neighborhood effects (Frelich ef al. 1993, Frelich and Reich 1995a,b,
1998, 1999, Ponge et al. 1998). The formal definition of neighborhood
effects in forests is:
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Table 6.4. Causes of conifer—hardwood mosaics and some examples of
each

Cause of patch differentiation References

Different soil or ecosystem types support conifers within a hardwood forest

Pine or hemlock on a pocket of sandy soil Pastor et al. 1984
Black spruce stand on a sphagnum bog Curtis 1959
White cedar stand on an alkaline wetland Curtis 1959

Climate where high-elevation cool spots support conifers within a hardwood forest

Red spruce on hilltops in New England Leak 1975

Climate where high-elevation warm spots support hardwoods within a conifer forest
Sugar maple in northern Great Lakes Figure 6.14

Summer cool lake-effect climate supporting conifers within hardwood forest
White cedar on bluffs near Great Lakes Curtis 1959
White spruce in northern Great Lakes Curtis 1959

Disturbance patches where successional species are deciduous within a conifer or mixed forest
Aspen after two fires burn jack pine forest within 10 years Heinselman 1973
on poor soil
Aspen after a single fire in boreal forest on good soil Bergeron et al. 1998
Aspen—birch after windthrow—fire combination in Frelich and Reich 1999
hemlock—hardwood forest

Disturbance patches where successional species are conifers within a hardwood forest

Pine and hemlock within sugar maple forest after Frelich and Lorimer
surface fire 1991a

Pattern of invasion

Hemlock invades wet-mesic areas within mesic sugar Frelich et al. 1993
maple forests

Hemlock patches persist in their Holocene pattern of Davis et al. 1998

invasion, even though original cause for pattern may
no longer exist

Positive neighborhood effects when two species or species groups growing together both
possess these effects

Hemlock and sugar maple or beech mosaic Frelich ef al. 1993,
Pacala et al. 1996
‘White cedar—paper birch mosaic on the Minnesota Cornett et al. 1997

North Shore
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Figure 6.14. A conifer-hardwood mosaic caused by Lake effect climate and
topography: the Minnesota north shore of Lake Superior. Aspen and spruce forest
(on relatively cool lowlands near Lake Superior, foreground), and sugar maple forest
(on relatively warm ridge away from lake in background). Photo: University of
Minnesota Agricultural Experiment Station, Dave Hansen.

Any process mediated by canopy trees that affects the replacement prob-
ability by the same or other species at the time of canopy mortality.
Neighborhood effects are defined in relation to dominant tree species or
groups of species. Positive neighborhood effects (analogous to feedback
effects) are processes that promote self-replacement; negative effects are
processes that deter self-replacement (unless no other species are avail-
able); and neutral effects are processes that neither favor nor disfavor self-
replacement.

It is apparent that conifers and hardwoods have contrasting neighbor-
hood effects and other life-history and stand characteristics that often
times favor their own reproduction and reduce the other’s success under-
neath their own canopies (Table 6.5). According to the definition both
groups have positive neighborhood effects.

Two types of neighborhood effects have been identified (Frelich and
Reich 1995a). The first type are overstory—understory effects, which can
be positive or negative and operate by influencing the species composi-
tion of seedlings and saplings underneath canopy trees, which in turn
may translate into influence on the species of the tree(s) that replace a
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Table 6.5. Mechanisms that have been proposed for overstory—understory
neighborhood effects that may allow differential success of conifer and hardwood

seedlings in some circumstances

Type of neighborhood effect

References

Nutrient availability
Nitrogen mineralization in duff and upper soil

horizons (low under conifers, high under hardwoods)

Type of nitrogen compounds available (NO, in
hardwoods, NH, in conifer stands)

Differential availability of calcium and other bases
(low in conifers and high in hardwoods)

Light characteristics
Density and duration of shade (higher in conifer
stands)

Duff and coarse woody debris characteristics
Coarse woody debris seedbed availability (high in

conifer stands, low in hardwood stands)

Duff physical characteristics (thick in conifers,
coarse with many layers in hardwoods)

Mladenoff 1987, Pastor et al.
1984, 1987, Boettcher and
Kalisz 1990, Ferrari 1999

Kronzucker et al. 1997,
Stark and Hart 1997

Finzi et al. 1998

Canham et al. 1994

Cornett et al. 1997, 2000,
Simard et al. 1998

Ahlgren and Ahlgren 1981,
Cornett et al. 1997, 2000,

Simard et al. 1998

Different biota of forest floor in conifer and hardwood stands

Mycorrhizal differences Alvarez et al. 1979

canopy tree when it dies. These include such effects as shading, changing
the physical and nutrient make-up of the litter layer, stump sprouting and
seed rain (Frelich and Reich 1999). Disturbance-activated neighborhood
effects — the second type — operate mainly in forests perpetuated by
intense fire where seedlings are mostly killed at the same time as the
canopy trees. Serotinous seed rain from dead jack pine and sprouting
from underground rootstocks of aspen are examples.

In practice, several of the causes of mosaic formation shown in Table
6.4 usually operate on the same landscape, and it may be difficult to sep-
arate the contribution of each to the patch-structure of the landscape.
Cases are not always so clear as for black spruce on sphagnum-filled bogs
embedded within a sugar maple forest. Clearly, the environment of the
bog, in terms of low N and Ca availability and wetness of the soil, is
beyond the tolerable limits for sugar maple. For fuzzier cases of species
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mosaics, one hypothesis is that species sort themselves out into patches
over long periods of time, based on minor environmental differences.
However, these studies always suffer from circularity because it is not
possible to show whether the environment was initially different, or the
species created environmental differences over time. Experimental estab-
lishment of communities on a uniform environment could address the
hypothesis, but is impractical in forests. An alternative hypothesis is that
in large relatively flat regions like much of the world’s temperate forest,
neighborhood effects may be a major force causing patch formation and
the other environmental factors work to enhance neighborhood-effect
differences. For example, the positive neighborhood effects of sugar
maple may be reduced or eliminated on sandy soils, allowing hemlock to
dominate those locations. Simulations (Frelich et al. 1998b) show that
very small differences in the strength of positive neighborhood effects —
possibly too small to measure adequately in the field — may lead to
switches in dominance from one species to another over a few millennia.
In any event, it is necessary to understand the potential of neighborhood
effects to create patches before trying to determine the relative contribu-
tion of various causes of patch-formation.

Measuring neighborhood effects in the field

The overstory—understory type of neighborhood effects can be measured
by examining the relationship between overstory composition and
understory seedling or sapling composition in neighborhoods with a
wide range of overstory composition. The main method used to date
consists of nested sub-plots where understory trees are tallied for a small
radius nested within a larger radius (or neighborhood) of overstory trees
that are judged to influence the understory. The neighborhood radius
should be scaled to each forest: about 2—3 times the average crown radius,
or large enough to include an average of 1012 overstory trees, and the
nested radius should be at least one crown radius shorter than the neigh-
borhood radius (Lorimer 1983b, Frelich et al. 1993, Frelich and Reich
1995a). After the composition of enough neighborhoods has been meas-
ured, the strength of the understory—overstory relationship can be ana-
lyzed by regression. Frelich and Reich (1995a) related understory sapling
density to overstory basal area proportion for dominant species in three
contrasting forest types: hemlock, with positive effects indicated by a
slope significantly higher than 0; white pine, with neutral effects indi-
cated by a slope not significantly difterent from 0; and jack pine, with
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Figure 6.15.  Overstory—understory relationships from neighborhoods 9 m or
10 m in radius. The three lines illustrate positive neighborhood effects (hemlock,
n=48, from Sylvania Wilderness Area, Michigan), neutral (white pine, n =34,
from Hegman Lake, BWCAW, Minnesota), and negative (jack pine, n = 36, from
Seagull Lake, BWCAW, Minnesota). After Frelich and Reich (1995b).

negative effects in this case indicated by 0 seedlings regardless of the
amount of jack pine in the neighborhood (Figure 6.15). The same tech-
niques can be used to detect disturbance-activated neighborhood effects
but one must obtain the overstory composition prior to stand-replacing
disturbance, and the sapling composition after stand-replacing distur-
bance in each neighborhood.

Characterizing patches caused by neighborhood effects

Landscapes dominated by trees with positive neighborhood effects have
very interesting patch dynamics that in some cases can be independent of
disturbances. The MOSAIC simulation was developed to show what
types of patch structure could occur when neighborhood effects are the
only processes in action within a closed-canopy forest (Frelich et al. 1993,
Frelich ef al. 1998b). MOSAIC uses a vector that represents the probabil-
ity that each species in the forest will replace a dying tree at the center of
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a neighborhood. This vector has the dimensions nX 1 (n=number of
species), and sums to 1.0 (i.e. there is a 100% chance that a tree of some
species will replace a dying tree):

SRV = (NRM)(NV) (6.1)
where:

SRV is the species replacement vector (n X 1)

NRM is the neighborhood relationship matrix (n X n), which expresses
the probability that each species will be replaced by itself if the neighbor-
hood is entirely occupied by that species

NV is the neighborhood vector, (1 X 1), that contains the proportion of

trees of each species in the surrounding neighborhood

A numerical example will help make clear how this vector is calcu-
lated. Suppose that NRM in a forest with two species is as follows:

Matrix 1
Existing canopy tree
Replacement trees Species 1 Species 2
Species 1 0.9 0.1
Species 2 0.1 0.9

And further suppose the neighborhood composition (NV) is:

Matrix 2
Neighborhood composition
Species 1 0.70
Species 2 0.30

Then SRV is (0.9)(0.7) + (0.1)(0.3) for species 1, and (0.1)(0.7)+
(0.9)(0.3) for species 2:

Matrix 3

Probability of replacement by

Species 1 0.66
Species 2 0.34
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In the MOSAIC simulation this process is repeated throughout the forest
for the neighborhood surrounding each tree at the time it dies, using
realistic tree density, mortality rates, and a specified neighborhood radius.
Note that the diagonal of the NRM matrix shows the probability that a
tree will replace itself if the neighborhood is entirely occupied by con-
specifics (in this case 90%). This is referred to as neighborhood strength.
At neighborhood strength of 0.5 the two species would replace each
other at random, and at 1.0 no other species would have any chance if the
neighborhood was entirely occupied by conspecifics.

When a variety of these simulations was run in a sensitivity analysis,
starting with a random mixture of two species, it was shown that neigh-
borhood strength is directly tied to degree of patch formation. The
species share much less perimeter and have much more interior patch
area as neighborhood strengths increase from 0.5 to 1.0 (Figure 6.16).
The characteristics of patches also respond to changes in neighborhood
radius (directly related to the number of influential neighbors): small radii
result in very compact patches, while allowing a larger number of nearby
individuals to influence the chance of replacement results in larger
patches with diffuse edges that have many small satellite patches near
their edge (Figure 6.17).

Sylvania Case study

Discovering the combination of causes for patches in a conifer—hardwood
mosaic is complicated and a lot like detective work. Many different forms
of analysis and lines of evidence are needed and these will be different in
every case. Now, however, we have all the tools necessary to analyze the
Sylvania landscape: characteristics of fires and windstorms (Chapter 2);
methods for reconstructing stand history (Chapter 3); knowledge of suc-
cession in hemlock—hardwood forests (Chapter 4); and knowledge of
causes of patch structure and neighborhood effects (earlier this chapter).
Therefore, perhaps this whole process is best illustrated by going through
a case study.

Sylvania Wilderness Area (see Chapter 2 ‘The principle never-logged
forest remnants’, for description) has a striking mosaic of conifers (mostly
hemlock, but also some black spruce in lowlands) and hardwoods, mostly
sugar maple, yellow birch and basswood (Figure 6.18, Frelich et al. 1993).
Preliminary investigation revealed that at least two causes of patch forma-
tion were taking place. Surface fires are common along some lakeshores
which have a convex slope as they approach the water’s edge. These steep
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A

Figure 6.16.  Simulated effects of neighborhood strength on patch structure.
Neighborhood eftect strengths are 0.5, 0.8, 0.9, 0.95, 0.975, and 1.0 in parts A—F,
respectively. After Frelich et al. (1998b).
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Figure 6.17.  Simulated effects of neighborhood size on patch structure.
Neighborhood radii of 2.0 m, 5.0 m, 10 m, 15 m, and 20 m, in parts A-E,
respectively. After Frelich et al. (1998b).



Figure 6.18.  Three mechanisms of patch formation in hemlock—sugar maple
forests in Sylvania Wilderness Area, Upper Michigan. Hemlock and other conifers
appear dark, while sugar maple and other hardwoods appear light in these leaf~off
infra-red aerial photographs. Upper photo, patch structure in the middle is formed
by a combination of pattern of invasion and neighborhood effects, and hemlock
patches in the lower middle are due to the presence of a nearby bog. Lower photo,
the strip of hemlock forest along the lake edge was formed after a fire during the
1930s.
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slopes receive wind from the lake and are very well drained, leading to a
high chance of fires. The fires are naturally extinguished as they work
their way into the more humid forest interior. The fire along one lake
was indicated by abundant charcoal and fire scars on surviving mature
trees, and was characterized by a mixed stand of young hemlock with
some paper birch (Frelich unpublished data). This young fire-caused
stand has enough hemlock in it that it shows up as a conspicuous dark
band along the water’s edge on Figure 6.18, lower photo. A second lake-
side band of conifers exists because of the wet soil, in areas where the
approach to the lake is concave in shape (Figure 6.18, upper photo).

A third area with hemlock and sugar maple patches of many sizes, in
the middle of Figure 6.18, upper photo, was initially a mystery. Soil anal-
yses found no consistent differences in parent material or nutrient status
in the two patch types (Frelich ef al. 1993). Reconstruction of stand dis-
turbance history for a 5-ha plot stretching across the boundary of two of
the major patches showed that the hemlock and sugar maple patches
were both old multi-aged stands, with the same disturbance cohorts
present in each stand, and no indication of differences in disturbance
severity in either stand for the last 200 years (Frelich and Graumlich
1994). Analysis of overstory—understory relationships, however, revealed
very strong positive neighborhood eftects for both dominant species.
Output from the MOSAIC simulation with 1.0 neighborhood strength
and 10 m neighborhood radius exhibits the same spatial characteristics as
the actual forest (cf. Figure 6.18, upper photo and Figure 6.16F). Simply
getting a result from a simulation that looks like the real landscape does
not prove cause and effect. In this case, however, direct proof'is not pos-
sible. One would have to observe the actual success of seedlings at the
time the patches formed to get at the cause. Therefore, we arrived at the
most likely cause of patch formation by a process of elimination. All
known potential causes of patch formation other than neighborhood
effects were systematically eliminated. At the same time we demonstrated
that strong neighborhood effects exist in the field and we used the
MOSAIC simulation to show that neighborhood effects are a feasible
cause of patch formation.

Looking at a longer temporal scale, however, there is still a problem
with this chain of reasoning. The patches could have been caused by some
other factor long ago and simply be maintained or strengthened by neigh-
borhood effects at this point in time. Fortunately, there are many small
hollows in Sylvania that have a well-preserved sedimentary sequence con-
taining fossil pollen and sometime macrofossils (Davis et al. 1994, 1998).
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These hollows reveal that the current mosaic of hemlock and sugar
maple-dominated stands was established shortly after hemlock invaded
Sylvania 3100 ybp (Davis et al. 1994). At the time hemlock invaded, the
forest was already a hardwood—conifer mosaic, but with different species.
White pine patches alternated with patches dominated by oak (possibly
red oak) with some sugar and red maple. Hemlock apparently found
better conditions for regeneration in the pine stands and preferentially
invaded those patches (Figure 6.19). Once hemlock was present the fre-
quency of fire dropped, not only in the hemlock patches, but on the
entire landscape. In the absence of fire, sugar maple was able to replace the
red maple and oak, and white pine began to gradually disappear from one
mixed hemlock—white pine stand after another — a process which still
continues today. At this point we don’t know why the original pine—oak
mosaic existed. But the landscape 3000 years later obviously has some
memory of those patches. We can summarize this case study by saying
that we know that there are patches of hemlock caused by fire and by areas
of wet-mesic soil, and by a combination of pattern of invasion and neigh-
borhood effects (Figure 6.19).

Summary

Disturbance regimes are one of the major forces that structure the mosaic
of forest communities across the landscape. Therefore landscape charac-
teristics are sensitive to changes in disturbance regimes. Disturbance
regimes dominated by wind are generally dominated by late-successional
species and wind creates a very complex web of stands in many stages of
development. For example, the hemlock—hardwood forests of the Lake
States have eight different structural stages with complex, individualistic
routes of development for each stand. The proportion of landscape in
young even-aged stands and steady-state stands is very sensitive to wind-
storm frequency. The size distribution of trees across the landscape is less
sensitive to changes in windstorm frequency.

Fire is different from wind in that it more easily regulates the distribu-
tion of species across the landscape. Fire is important for maintaining
diversity of tree species even in landscapes where fire is rare. For example,
red oak and white pine depend on the occurrence of rare fires to main-
tain a presence within hemlock—maple-dominated forests. In regions
with frequent fire, such as the near-boreal forest of northern Minnesota,
fire also regulates species composition but in a different way. Fires occur
at random with respect to stand age, so that some stands burn twice in a



Summary - 185

N\
i.w\\\\\l‘,ﬂm //
a7

W

Figure 6.19. Idealized development of the hemlock—hardwood patch structure on
the Sylvania landscape over time. A, a mosaic of white pine and oak forest with
some sugar maple existed about 5000 years before present. B, about 3000 years
before present hemlock began to invade the pine patches, shutting off the flow of
fire across the landscape and allowing sugar maple to begin replacing oak in the
hardwood patches. C, at the time of European settlement hemlock had replaced
nearly all of the white pine, and sugar maple had replaced nearly all of the oak.

short time and others are skipped for two or more rotation periods. As a
consequence, most stands burn between the ages of 20 and 120 years,
leading to continued dominance by jack pine. Other stands do not burn
for more than 150 years, allowing succession from jack pine to black
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spruce, balsam fir, white cedar and paper birch on small patches across the
landscape. Other stands burn when less than 20 years old, leading to
replacement of jack pine by aspen. Thus, fire regulates a landscape mosaic
of jack pine, spruce—fir—cedar—birch, and aspen stands.

Complex disturbance regimes with wind, fire and herbivory occur-
ring all at once regulate forest composition through a set of complex
interactions among disturbance types. For example, white pine in north-
ern Minnesota must get large enough to survive the next surface fire,
otherwise continued recruitment of white pine into the canopy cannot
be insured. Deer browsing may retard the growth of seedlings so that they
never get large enough to survive the next fire. If a windstorm then
removes old white pines from the canopy the species will be extirpated
from the stand and only reinvasion from an adjacent stand can restore it.
If this scenario is common, then few stands across the landscape will have
white pine.

Succession is a spatial process. Each species may have ‘in-place succes-
sion’ or ‘wave-form succession’ after a disturbance type, depending on
whether individuals or propagules are present after the disturbance or
whether the species must reinvade after disturbance. When there is a
species—disturbance combination that works on the wave-form model,
then disturbance size matters. Otherwise, disturbance size does not
matter because the species survives at numerous points within the distur-
bance perimeter. Species that cannot sprout after fire, have no serotinous
seeds, soil-stored seedbank, or surviving seedlings or adults within a
given disturbance will all create wave-form succession as they respond to
disturbance. Blowdown size does not control composition in
hemlock—hardwood forests because seedlings survive the blowdowns.
Fire size does not control composition in near-boreal jack pine because
the species survives within the fire perimeter as serotinous seeds.
Effective disturbance size is zero in these two cases.

Neighborhood effects between tree species also interact with distur-
bance to structure the landscape patch mosaic. For example, hemlock
and sugar maple form patches 2—20 ha in size by excluding each other’s
regeneration from beneath their canopies. Disturbances such as fire and
changes in soil type can magnity neighborhood patch-forming processes.



7 - Disturbance in fragmented
landscapes

Many formerly forested landscapes around the world are now frag-
mented. In this chapter I show how fragmentation alters the disturbance
processes discussed in previous chapters. The emphasis is on ‘external
forest fragmentation’, which applies to situations where most of the land-
scape has been converted to non-forest. Small islands of forest called
‘woodlots’ exist in a sea of agricultural fields or suburban developments
(Figure 7.1). Fragmentation may also exist when the ‘fragment’ is not
completely surrounded by human landscape elements. Disturbance pro-
cesses operate differently in these fragmented environments. Curtis

Figure 7.1.  Landscape dominated by agriculture with small fragmented woodlots
in southern Minnesota. Photo: University of Minnesota Agricultural Experiment
Station, Dave Hansen.
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(1956) was among the first to recognize that a species depending on
mature forests for existence could be lost after a major disturbance on a
fragmented landscape, because there would be no source of propagules
from the surrounding lands. Fragments can be steadily lost as they are dis-
turbed over time, almost as if they are being ‘mined’ by disturbance until
none is left. This loss is not solely due to the immediate disturbance
effect, but also because fragmentation limits the recovery of native species
via complex mechanisms. Fragmentation by itself can change the fre-
quency of fires without human fire suppression due to a fragmentation-
dilution effect on disturbance frequency.

Forest fragmentation and herbivory
Development of alternative communities caused by herbivory

Several authors have recently suggested that stability of plant—herbivore
equilibria depends on both plant and herbivore density so that two alter-
native stable states can exist for a single herbivore density (Noy Meir
1975, May 1977, Dublin et al. 1990, Schmitz and Sinclair 1997). This
phenomenon occurs in fragmented maple—oak forests inhabited by
white-tailed deer in the ‘Big Woods’ of southern Minnesota (Augustine
et al. 1998). Alternate forest types with and without lush forest-floor
plant communities have developed. In some stands the understory is so
lush that even the highest deer density in this region cannot control the
plants. However, in other stands, where the lushness of the understory is
below a certain threshold, a moderate deer density can drive the under-
story biomass to nearly zero. A study of the dominant understory plant
wood nettle (Laportea canadensis) was carried out in these forests (Figure
7.2). The models of Noy-Meir (1975) and May (1977) predict a non-
linear response of vegetation to increasing browsing pressure, and this
non-linear response probably explains the separation of forests into two
types, rather than a continuum. The basic model for changes in plant
abundance (Noy Meir 1975) is described by
dr

5 =G —dH (7.1)

where:

V is plant abundance

G(V)y=r V(1 —=V/K) is the logistic growth function where r is the
intrinsic rate of increase, and K is the carrying capacity
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Figure 7.2.  The wood nettle (Laportea canadensis) forms a dense understory in
many Minnesota sugar maple-dominated forests. Photo: University of Minnesota
Agricultural Experiment Station, Dave Hansen.

(V) is the herbivore functional response

H is a constant herbivore density

The predictions depend on the herbivore’s functional response to plant
availability. This functional response of wood nettle to deer herbivory
was found to be type II in the Minnesota forest (Augustine ef al. 1998), a
monotonically descending concave form:

(V)Y=cV/ (1+cHV) (7.2)

A curve of this form dictates that per plant impact of browsing continues
to increase as plants get less abundant, indicating that deer encounter no
difficulty in finding the plants as they become rare. Two points of interest
occur along this curve: one at which both herbivores and high plant
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Figure 7.3.  Type II consumption function and predicted equilibria under
conditions of constant herbivore density. A high plant-density equilibrium (K)
where herbivores limit plant density is possible. This function may also have an
unstable equilibrium (B,) such that initial plant densities below this level lead to
plant extirpation (i.e. consumption is greater than plant growth). After Augustine et
al. (1998).

density can co-exist, and another at an unstable equilibrium such that
initial plant density below that level leads to extirpation (Figure 7.3). Note
that in fragmented forests deer get most of their food from nearby farm
crops and return to the forest for cover where they continue incidental
browsing of tree seedlings (during winter) and grazing of herbaceous
understory plants (during the summer). Herbivore density is controlled by
forces outside the forest and can continue to be high even while forest
plants are being extirpated. Hence the term H, a constant herbivore
density, in the equation above works for the fragmented forest situation.
One can verify experimentally whether this scheme describes the
actual process of deer—plant interactions in the forest. If so, one would
expect the following deer exclosure experimental results over time:

1. In stands with low deer density and high plant density, deer should
not be regulating plant abundance or reproductive success. Therefore,
there should be no significant difference in plant abundance inside
and outside exclosures.

2. In stands with high deer density and low plant density, deer are
assumed to regulate plant density. Therefore, plants should be much
more successful inside exclosures than outside.
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3. In stands with high deer density and high plant density, deer are
assumed not to be regulating plant density. Therefore, there should be
limited differences between plant success inside and outside of the
exclosure.

4. In stands where deer and plant density are both low, deer are assumed
not to be regulating plants, and there should be no difference in plant
success inside and outside the exclosures.

The actual deer exclosure data for wood nettle in southern Minnesota
oak—maple forests was consistent with these experiments, although the
fourth experiment could not be done because conditions of low deer and
low plant abundance could not be found (Augustine et al. 1998). Using a
discrete version of equation 7.1 above, with fitted parameters from the
field data, and a range of deer densities that occur in the region, a series of
simulations was done. The results show that in those stands where deer
density is low, wood nettle abundance is likely to increase over time
regardless of the initial plant abundance. For moderate-to-high deer den-
sities, however, a breakpoint occurs between 0.1 and 0.6 wood nettle
stems per m? (Figure 7.4). Above those densities, wood nettle popula-
tions are predicted to rise to carrying capacity, while below those den-
sities wood nettle will eventually be driven to extinction.

If these dynamics are common in fragmented forests, then there are
four lessons we can learn: (1) herbivore impacts on plant species (and tree
seedlings) will be most severe when plants are rare; (2) management of
the herbivore population can create a condition where target plant
species and herbivores are both abundant; (3) small changes in herbivore
or plant populations in cases where they are both abundant can cause a
sudden crash in the plant population; and (4) in areas where deer are
abundant, restoration efforts may require either establishment of massive
numbers of plants (note the scale on Figure 7.4, 1 plant/m? is 10000 per
hectare), or fencing out the deer until plant density recovers to a level
above the estimated threshold.

The habitat-island effect and deer: hemlock in Upper Michigan

The presettlement landscape with hemlock spreading over thousands of
km? has been changed so that there are now small islands of hemlock
within a sea of second growth aspen and paper birch forest. However,
because the area has cold winters and the snowpack is quite deep, deer
use the remaining isolated hemlock stands for protection from wind and
to take advantage of the lower snow depth under evergreens, where the
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Figure 7.4.  Simulated changes of wood nettle populations over time, given
different deer densities and initial densities of wood nettle. Deer density is assumed
to remain constant over time. From Augustine ef al. (1998).

canopy intercepts much of the snow. Thus, the concentration of deer in
these hemlock stands in winter is very high. Combine this with the facts
that hemlock seedlings are the only green browse available during the
winter, that deer prefer hemlock as food over other tree species in any
case, and that hemlock is not capable of resprouting after browsing, and
this situation leads to destruction of the seedling layer on the forest floor.
A forest type which would normally be stable for centuries or millennia
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is becoming unstable because deer are preventing reproduction of
hemlock for the long term. There has been no significant establishment
of hemlock seedlings since the 1920s in the area and at this point sugar
maple is replacing hemlock (Frelich and Lorimer 1985).

Loss of old-growth remnants to wind: risk analysis

Many governmental units in the Lake States attempt to maintain a system
of ‘natural areas’ that represent the various natural communities of the
region. This is true for old-growth forest remnants, many of which are
small and isolated. As time goes on, these remnants are slowly damaged
by deer as explained above, and they are also lost to stand-leveling wind-
throw.

A spatial simulation was developed, using realistic forest blowdown
sizes (Figure 2.2), a variety of forest remnant sizes, and a variety of rota-
tion periods that encompass the variability of severe windstorm fre-
quency across the Lake States (Frelich ef al. 1998a). The simulation
illuminates the interaction between forest fragment size and chance of
being hit by disturbance. The smaller a forest remnant is the less likely
that it will be hit by high winds. If a small forest remnant is hit, however,
the canopy is likely to be totally destroyed. Large remnants are very likely
to be hit by high winds, but are less likely to have the canopy totally
leveled. Even when one of the largest downbursts (about 6000 ha) hits a
5000 ha forest remnant, the likelihood that the alignment of the storm
will exactly match the alignment of the forest remnant is remote.
However, more than one storm could impact the area.

The simulation results show that the depletion of small forest remnants
(1 ha) by high winds over time is essentially the same as the proportion of
the landscape disturbed over time in a continuously forested landscape
(Figure 7.5). For example, with a rotation period for stand-leveling
winds of 1000 years, about 10% of small remnants would be lost each
century. One-hectare forest remnants are essentially the same as a point
when compared with the whole landscape. Remnants this small are not
likely to recover after disturbance if they are surrounded by agricultural
fields, because a number of alien species are likely to invade immediately
after disturbance. On the other hand, remnants over 5000 ha in size are
virtually immune to loss from high winds (Figure 7.5). There is almost
no chance that all or most of such a remnant will be leveled over a
century. The prospect for recovery of those portions that do blow down
is good, because there will always be some remaining intact forest adja-
cent to the disturbed area (Peterson and Carson 1996).
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Figure 7.5.  Probability of losing primary forest remnants to windthrow, depending
on rotation period and size of forest-fragment size. Percentage of blocks
experiencing more than 80% blowdown over one century (assuming the historical
size distribution of blowdowns from Figure 2.2) is shown.

The disturbance-dilution effect of fragmentation

Fragmentation dilutes the occurrence of any disturbance type that
requires intact forest for its spread. In other words this effect would apply
to fire but not wind, which blows whether there is surrounding forest or
not. The magnitude of the dilution effect depends on the relative size of
disturbances and forest fragments. A simplified example should serve to
illustrate the effect. Imagine a large (1000000 ha) intact forest landscape
where all fires are oval in shape and 10000 ha in size, the rotation period
is 100 years, and the hazard function is uniform with respect to stand age
and location. On average, one of the 10000 ha fires (covering the
required 1% of the landscape) will occur each year. Further imagine a
1000 ha tract of forest in the middle of this forest (Figure 7.6). There is a
1% chance every year that fire will burn part or all of the 1000 ha tract.
However, there is only a 0.1% (or 1/1000) chance that the fire will actu-
ally start within the 1000 ha tract. Now imagine that the 1000 ha tract is
a remnant surrounded by farmland. It will only burn now if a fire starts
within the 1000 ha. Assuming the chance of ignition is still equal on an
area basis (this may be the case if fires are caused by lightning), then a fire
will ignite within the 1000 ha tract only once every 1000 years. The rota-
tion period would then be 1000 years or more, since not all fires starting
within the tract would burn the entire area (Figure 7.6).

This dilution effect of fragmentation is presumably why islands in lakes
burn less often than mainlands. There is a trade-off in the case of islands
whereby they may be more likely to be struck by lightning than mainland
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Landscape 1: entirely forested
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Figure 7.6.  Hypothetical example of the disturbance-dilution effect of
fragmentation. Shaded areas indicate forest.

areas, because trees on them are the local high point. However, if the
island is very small, the disturbance-dilution effect of fragmentation may
quite easily override the countervailing eftect of increased chance of
lightning strikes and result in the decreased probability of burning noted
by Heinselman (1973) for small islands in the Boundary Waters Canoe
Area Wilderness (BWCAW). As a result of lower frequency of burning,
the islands also had a different species composition than those areas that
burn more often (Figure 7.7).

One-sided fragmentation can also result in substantial reductions of
fire frequency, especially when fires are very large. This scenario has hap-
pened in the BWCAW, where inspection of Heinselman’s area burn
maps (Heinselman 1996) reveals that almost all major fires within the
wilderness area during the presettlement era from 1600 to 1900 have
their long axes arranged in a south-to-north, or southwest-to-northeast
direction. Because the wilderness area is long and thin in an east-to-west
direction these fires used to burn clear through the wilderness and into
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Figure 7.7.  Red and white pine on an island in the Boundary Waters Canoe Area
Wilderness, a region where most mainland sites historically burned too frequently
to allow these species to dominate. Photo: University of Minnesota Agricultural
Experiment Station, Don Breneman.

Canada (Figure 7.8). Now that the area to the south of the wilderness has
been converted to less lammable forest types (aspen instead of conifers)
and other land uses, such as highways, towns and resorts, these fires that
start outside the wilderness and later burn into it no longer occur.
Because typical significant fires were 30—60 km in length (Figure 7.8),
the one-sided fragmentation effect could extend that far into the near-
boreal forest. It is the opinion of some that this is the most important
contributor to the lengthening of fire rotation periods in the wilderness
from 100 years to 1000 years over the last century. This situation may be
partially reversed if the forest outside the wilderness succeeds back to
conifers, which now depends on the frequency of logging.

Summary

Small fragments of forest can lose their native species over time due to
disturbance of some sort followed by invasion of non-native species.
Disturbance size makes more of a difference for fragmented forests than
for large contiguous forested landscapes because of the relatively high
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Ontario, Canada

Minnesota, USA

Boundary Waters Study Area

Figure 7.8.  Map of the Boundary Waters Canoe Area Wilderness, showing major
burned areas during the 1800s (after Heinselman 1973). Note that large fires often
started to the south of the wilderness area and burned as much as 40-60 km into it.

availability of propagules of other species from outside the stand after dis-
turbance. Forest fragments are also likely to suffer browsing of the native
plant species by deer, although other small mammals such as rabbits and
rodents can also contribute to loss of plants. Thus, stand-leveling winds
in small fragments can mean loss of stability that hemlock—hardwood
forest would usually have after windthrow, and a switch of species domi-
nance that would not occur in an unfragmented landscape. Large frag-
ments of forest (>5000 ha) are not likely to blow down all at once
because the orientation of storms is not likely to match the orientation of
the fragment. Thus, recovery of native forest after blowdown is more
likely in large fragments due to the continued existence of seed sources
adjacent to the blowdown.

On landscapes where disturbances are very large, such as the near-
boreal forest of northern Minnesota, fragmentation can occur at huge
scales. The 400000 ha BWCAW is fragmented along one side. Because
most fires that formerly burned significant areas within the BWCAW
came from that side, fire frequency within the BWCAW has been
reduced by the disturbance-dilution effect of fragmentation.

High deer populations can be supported by agricultural crops sur-
rounding forests and hunting policies of various resource managers.
These deer can prevent regeneration of native forest species to the point
of creating a barren forest. It is possible to have a fairly high deer popula-
tion and a lush forest environment at the same time within a forest frag-
ment, but a high density of plants is required, so that annual growth of
plants is more than annual grazing by deer. Restoration efforts that do
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not take this into account are doomed to failure. To restore native species
such as wood nettle in an environment of high deer populations one
must either saturate the deer’s consumption by planting at least 10000
wood nettles per ha, or fence out the deer until the plants attain that

density.



8 - Forest stability over time and
space

This concluding chapter is a synthesis of everything said earlier in the
book. Here I examine stability of age structure and species composition
over time and the different types of dynamics that forests may exhibit as a
result of their level of stability. Some of the most important linkages
among neighborhood, stand and landscape spatial scales will be made
here. The real reason we are interested in the material from all of the pre-
vious chapters is to generalize about stability of forests. Under what con-
ditions will they change or stay the same? We need to answer those
questions now because we are purposely changing the disturbance
regime in forests from one dominated by natural disturbance to one
dominated by harvesting. Global climate change will also change the dis-
turbance regime, even in forests reserved from logging, in ways that are
difficult to understand.

Sometimes investigators have found that their study site was just big
enough for a certain disturbance process to operate in stable fashion,
according to the study results (e.g. Lorimer 1980, Lorimer and Frelich
1984, Frelich and Lorimer 1991a; Frelich and Graumlich 1994, Frelich
and Reich 1995b). This is because there is a continuum of disturbance
processes at overlapping temporal and spatial scales and researchers
mostly detect the ones operating at the scale of their study area. Some
studies examine a large-scale process in a small study area and conclude
that forests are unstable. No one is really right or wrong in this stability
debate because like the direction of succession in the near-boreal forest
(see Chapter 4), it all depends on how one looks at the situation.

One must never forget that there is always a bigger, more rare, or more
severe disturbance type than the ones under study, even if these consist of
glaciations that peak every 100000 years, or comets that simultaneously
wipe out all forest ecosystems on earth every 65000000 years. Therefore,
it is necessary to define the relevant scales at which forest stability could
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exist. Temperate and cold-temperate forests of the world only exist in
their current configuration during interglacials. Because tree species take
up about 50% of available time during an interglacial just to migrate into a
reasonable approximation of their potential range (although finer-scale
adjustments continue due to smaller climate fluctuations), the maximum
periods of time available for these forests to develop is on the order of 5000
years. Paleoecological analyses indicate that, at least in this interglacial,
periods where the climate is stable enough to perpetuate one forest type
with all of its dominant species in place (having completed the rapid phase
of their migration), could last 1000-5000 years (Davis 1981, Webb 1987).
Therefore, stability at that time scale and all smaller scales can occur. This
could include various equilibria at landscape (~1000—1 000000 ha), stand
(~1-10 ha), and neighborhood (~0.01-0.1 ha) scales.

Because stability in age structure and composition behave differently,
they are taken up separately in the following sections and then integrated
back together at the end of the chapter. For example, one stand of jack
pine within the near-boreal forest could achieve an equilibrium compo-
sition for centuries, even though age structure would never reach an
equilibrium due to repeated burning. Stability in biomass has been dealt
with extensively elsewhere (Bormann and Likens 1979, Shugart 1984)
and is not covered here.

Stability of age structure
The quasi-equilibrium concept

Stability of age structure at any spatial scale — the minimum dynamic area
— can be assessed via the quasi-equilibrium concept (Shugart 1984). The
simplest definition of a quasi-equilibrium is that the age-class distri-
bution of a study area of interest remains stable over time. Such a
quasi-equilibrium has two subjectively defined requirements: (1) distur-
bance-caused patches must be small relative to the total area, and (2) dis-
turbances must occur at a relatively constant rate over time. If both of
these conditions are met, then the distribution of stand ages across the
landscape or the distribution of tree ages within a stand, as the case may
be, will meet the earlier discussed criteria for stable age distributions: a
flat or monotonically descending shape without major peaks or gaps.
The smoothness of the age distribution is the important feature. If the
age distribution is plotted as 10-year age classes, the residuals from a
smooth-line fit through the curve for each decade should be small. If
regression of histogram bars against a fitted curve is used, remember that
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these are not independent sample points that one would have in a true
relationship between two variables. The normal criteria for 7 to judge
the fit do not apply. Also note that fitting the negative exponential via a
semi-log procedure makes the fit appear better than it is. Peaks in the age
distribution that represent 20-25% of the landscape can appear very
minor on a semi-log scale. Therefore, the age-class distribution should be
plotted on an arithmetic scale, and one must simply come up with some
subjective criterion for the largest residual allowed that still is considered
to represent quasi-equilibrium conditions. One criterion already used is
that no single disturbance should occupy more than 20% of the total area
over a 250-year period (Frelich and Lorimer 1991b). If the observations
of stand age or tree age are independent, then the Kolmogorov—Smirnov
test statistic can be used to see if the observed age distribution deviates
significantly from some theoretical age distribution (Frelich and Lorimer
1991a). This test does not, however, alleviate the need to develop a sub-
jective criterion for what constitutes an equilibrium.

One must also be careful to distinguish cases in which fluctuations in
size of age classes over time are due to changing disturbance frequency
versus large disturbances. Examination of the landscape spatial patterns
are necessary to accomplish this. For example, the age distribution for 46
pooled plots in the Porcupine Mountains shows decades with low and
high disturbance rates (Figure 8.1). At first, it was hypothesized that dis-
turbance frequency had changed in response to the ending of the Little
Ice Age in the late 1800s, accounting for the peak in disturbance at that
point. However, further investigation showed that high-disturbance
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Figure 8.1.  Disturbance frequency from 1940 to 1969 from 46 plots in the
Porcupine Mountains, Upper Michigan. After Frelich and Lorimer (1991a).
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decades were due to the chance occurrence of a large downburst within
the study area in some decades. Downbursts that level about 1000 ha of
forest have a frequency of approximately once every 50 years for a land-
scape the size of the Porcupine Mountains (14500 ha). Landscapes 10X
and 100X the size of the Porcupine Mountains would have two and 20
such blowdown(s) every decade, respectively. Thus, these observed fluc-
tuations are caused by the relationships among size of disturbance, size of
landscape, and frequency of occurrence.

Age distributions are not always available, and other ways of assessing
the stability of the landscape may be necessary. Often, one has knowledge
of the overall characteristics of disturbance. Shugart (1984) suggests that a
landscape area be =50X the average patch size as a reasonable threshold
for the above-mentioned size criteria. One may also use several thresh-
olds, such as 5X for low stability of the landscape, 25X for medium
stability, and 50X for high stability. However, all of these criteria will not
work well unless the size-distribution of disturbance patches is normally
distributed. For many natural disturbances, especially fire at the landscape
level, the few largest disturbances account for a majority of disturbed
area. Therefore, Johnson (1992) suggested an alternative criterion that
the study area be 2X the maximum disturbance size. However, this too
has a problem, since there is really no maximum disturbance size
(remember there is always a bigger, rarer disturbance that could happen).
One solution is to take the ‘significant disturbance size’ for some time
period, modeled after the mariners’ ‘significant wave height’ during a
certain storm (defined as the average height of the largest one-third of all
waves). This statistic tells ship captains what they must really look out for
while sailing. To adapt this to disturbance, one may divide disturbances
into significant and insignificant ones on the basis of area disturbed. A
variety of criteria could be developed, such as ‘the average size of those
disturbances that account for 90% of all area burned’. In the boreal forest,
this would probably take only the top 3—5% of all fires. Since these big
fires account for most of the patch area, one would still have to take 50X
this size for a quasi-equilibrium landscape, since other disturbances were
deemed insignificant and are not included in the estimate of mean sig-
nificant disturbance size.

On complex landscapes comprising several ecosystem types with
different disturbance regimes, natural fragmentation can sometimes lead
to more stability for a given ecosystem type, when there are many occur-
rences over a widespread area. In this case, all or most occurrences are not
likely to be destroyed by disturbance all at once, even if they are small
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Table 8.1. Proposed criteria for age-structure stability

Level of stability for landscape age structure

Number of

landscape units Low Medium High
1 5X 25X 50X
5 1X 5X 10X
10 0.5X 2X 5X
25 or more 0.2X 1X 2X
Note:

The value in each cell shows how many multiples of significant disturbance size
each landscape unit must be for the level of stability indicated in column headings.

compared with the disturbance size. In effect, their fragmentation makes
them independent with respect to large disturbances. This is another way
of viewing the quasi-equilibrium concept: any configuration that leads
to a stable distribution of stand ages is acceptable (Table 8.1). However,
whether it is an ecosystem with one large patch so big that disturbances
can never disrupt the whole at once or whether there are many indepen-
dent occurrences, one must always watch for fluctuations in number of
disturbances over time. Periods of high disturbance frequency can lead to
synchronization of the landscape even when disturbances are small or
forest patches are independent.

Stability of age structure and spatial scale

A synthesis of studies reveals that quasi-equilibrium type stability, when it
occurs at all, can occur for short periods for neighborhoods (a few
decades), intermediate periods for stands (several decades to a few centu-
ries), and long periods for landscapes (centuries to a millennium). Only
in forests dominated by late-successional forests does stability of age
structure extend through all three scales.

Some very small parcels of forest can be surprisingly stable. Stands 0.5
ha in size in the hemlock—hardwood forest of Upper Michigan some-
times attain the theoretical ‘steady state’ conditions as indicated by the
size structure (Lorimer and Frelich 1984). A 0.5-ha steady-state stand
could easily meet the patch-size requirement for a quasi-equilibrium if
most disturbances are single tree gaps. The mean unbiased canopy-gap
size from Runkle (1982) is about 44 m?, or 1/114 of 0.5 ha. Also, trees
only 5-10 m apart may have independent decades of recruitment, and
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hence are typically part of different patches (Frelich and Graumlich
1994). Thus, 0.5 ha is large enough to have >50 patches the size of sig-
nificant disturbances. The STORM simulation indicates that about 3.6%
of all stands are in this steady-state condition at any given point in time
and these stands stay in that condition for 72 years, on average, under the
natural disturbance regime (Frelich and Lorimer 1991b). Stands that are
maintained in a multi-aged condition, with criteria for stability slightly
relaxed, are the most common on the landscape (Hough and Forbes
1943, Leak 1975, Lorimer 1980, Frelich and Lorimer 1991a).

At the other end of the landscape spatial scale, the 14500 ha primary
forest remnant in the Porcupine Mountains in Upper Michigan may exist
in a state of quasi-equilibrium with heavy disturbances caused by thun-
derstorm downbursts that have a rotation period of about 2000 years, and
blowdown as much as 1800 ha, or 12% of the landscape at a time. Such
blowdowns, however, only occur once every several decades somewhere
within the Porcupine Mountains. Disturbances large enough to disrupt
the quasi-equilibrium of the entire Porcupine Mountains do occur, with
an estimated rotation period of 4000 to 8000 years (Frelich and Lorimer
1991a).

The average rate of gap formation in the hemlock—hardwood forests
also 1is consistent with the hypothesis of great stability across scales from
stands to the landscape. Rates of disturbance estimated for a 5-ha study
area in Sylvania Wilderness of 5.4% forest canopy area per decade and the
corresponding canopy residence time of 186 years are similar to estimates
for much larger areas (Frelich and Graumlich 1994). Three large remnants
of hemlock—hardwood forest totaling 23000 ha analyzed by Frelich and
Lorimer (1991a) via two different methods produced average canopy res-
idence time estimates of 175 and 155 years. Runkle (1982) analyzed
widespread study areas in Ohio, Pennsylvania and New York that have a
forest type similar to the Lake States hemlock—hardwood forest and found
annual canopy-gap birth rates at 0.60 % of total land area, corresponding
to a canopy residence time of 167 years. Thus, there is considerable evi-
dence that canopy residence times range from 150 to 200 years in natural
hemlock—hardwood forests. The similarity in canopy turnover and resi-
dence time in study areas from 5 ha to more than 1000 times that size indi-
cates great stability in disturbance rate over a large range of spatial scales.

The previous discussion has shown that periods of stable age structures
always have limits. Wilson and Agnew (1992) suggest that the punctuated
equilibrium concept could be extended to spatial and temporal processes
in ecology. If so, then forest landscapes exist in a state of ‘punctuated
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Figure 8.2. Frequency of punctuation events that disrupt quasi-equilibrium age
structure for a variety of forest sizes in Upper Michigan’s hemlock—hardwood forest.
Based on the author’s synthesis of data in Frelich and Lorimer (1991a,b), Frelich et
al. (1993), and Frelich and Graumlich (1994).

quasi-equilibrium’, whereby disturbances with small spatial extent rela-
tive to a landscape of given size may maintain a quasi-equilibrium during
the intervals between larger disturbances with a longer rotation period
that punctuate the more stable periods. Such a system may be hierarchi-
cally nested as described earlier, with a complete set of equilibria punctu-
ated at progressively longer intervals at larger scales (Figure 8.2). This is
possible in forest landscapes in which high-severity disturbances occur
rarely, so that several tree generations pass between disturbances and small
gaps or other small-scale disturbances have a major impact on forest
dynamics. Large landscapes may have a high probability of attaining
quasi-equilibrium status in the northern hemlock—hardwood region, and
the duration of such status is probably long. In contrast, on forest land-
scapes where large, high-severity disturbances occur at intervals that are
about equal to tree longevity, disturbances continually disrupt the pro-
cesses that would otherwise occur at all smaller spatial scales. Small areas,
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such as a stand, have a low probability of attaining quasi-equilibrium
status, and the duration of such status is short when it does occur.

Stability of species composition
A hierarchy of forest change

Species composition change occurs at many different levels. Most ecolo-
gists agree that, to fully understand a process, one must bracket that
process by looking at least one level higher and lower than the scale or
magnitude of the process of interest. Throughout the book I have done
this by putting stand dynamics in the middle of a three-part hierarchy of
spatial scales: neighborhood, stand and landscape. Now, to understand
magnitudes of compositional change, we need analogous brackets. The
following four-level hierarchy starts with large magnitudes of composi-
tional change and progresses to those of lower magnitude (Figure 8.3). It

Forest

Sucessional system
Jack pine-spruce-fir-birch-cedar

l |
Stand type 1 Stand type 2

Jack pine Spruce-fir-birch-cedar
Neighborhood types Neighborhood types
— Pine-feathermoss —— Black spruce
— Pine-bracken fern —— Balsam fir
—— White cedar

— Paper birch

Figure 8.3.  An example of the hierarchical levels of forest vegetation. Large
differences in composition exist between forest and non-forest (not shown) and
among successional systems, and relatively small differences exist among stand types
and neighborhood types within a stand.
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is best to view this whole hierarchy as occurring on a constant physio-
graphic setting (with the same soil parent materials) and ask as you read:
What changes would be necessary to convert among types or systems at
each level? It is easy to predict differences in disturbance frequency and
vegetation dynamics on different parent materials, or under different cli-
mates. It is not so easy to predict how changes will occur on uniform
parent materials.

Forest versus non-forest

Changes of this very large magnitude often correspond to major climate
changes. A climate that becomes too dry, too cold, or a fire frequency
that is too high can convert forest to non-forest. A variety of biologically
caused switches may operate that enhance separation of forest and non-
forest communities (Wilson and Agnew 1992, Zackrisson et al. 1997,
Ponge et al. 1998).

Different forest successional systems (i.e. ecosystems) within a forested landscape
Moderately large climate changes that stay within the general envelope
for existence of forest can cause switches in successional systems. For
example, it is easy to view the near-boreal aspen—fir successional system
as a colder version of the birch, white pine, hemlock—hardwood succes-
sional system. Such shifts among successional systems have been observed
in the paleoecological record of Sylvania Wilderness Area, where an oak
and pine system gave way to the modern birch, white pine,
hemlock—hardwood system (Davis ef al. 1998). Adjacent bodies of sandy
and loamy parent material under the same climate could also very well
result in an oak—pine successional system versus a hemlock—hardwood
system, respectively.

Different stand types within a successional system

Here we clearly get into the realm of disturbances, since different stand
types such as birch stands within a hemlock-forested landscape are
created by disturbance. As we will see below, stand composition responds
to disturbance severity, which is often correlated with disturbance type.
The processes of succession and stand development also contribute to
differentiation of stand types after major disturbance. A third major
process here is neighborhood effects, which, as demonstrated in Chapter
6, can cause formation of patches that go beyond the neighborhood
scale. The proportion of stands in different states within a successional
system is driven by changes in disturbance frequency, which in the case of
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fire and wind, are probably driven by changes in climate that are too
small to cause an entirely new successional system or by human changes
in the disturbance regime (e.g. Clark 1988, Clark ef al. 1989, Clark and
Royall 1995, Clark ef al. 1996, Frelich 1995, Bergeron et al. 1998).

Note the difference between the sense of different stand types as used
here (stands of varying composition due to differences in disturbance
history) and the other commonly used sense, of adjacent stands on bodies
of soil with different characteristics (i.e. pine on sandy soil next to maple
on loamy soil), which, at least for the purposes of this book, would result
in different successional systems or ecosystems.

Different neighborhood types within a stand

Neighborhood effects that operate at very small scales and gap dynamics
(treefall and spot fire) are responsible for changes in neighborhood com-
position from one part of a stand to another. Examples include gaps in
the hemlock—hardwood forest filled by yellow birch, clumps of basswood
that originate from sprouts, and small groves of paper birch or red oak
after spot fires. Gap size can be an important feature that determines
which species enters a given gap (Runkle 1981, Peterson and Pickett
1995). Neighborhood differences may also result from different species
composition in the shrub and herbaceous layers, in cases where the tree
canopy composition remains the same.

The hierarchy and stand and landscape dynamics

The upper two levels of the hierarchy are mainly controlled by climate
change of different magnitudes, or by different parent materials.
Although these sorts of differences are worthy of the brief discussion
above to help put things in context, they are generally beyond the scope
of the book. If we assume a constant climate for a few thousand years, as
was explained earlier in the chapter, then the successional system for a
given physiographic setting will stay constant. That leaves compositional
change in the bottom two levels of the hierarchy as the topic of interest.
Composition at these two levels is influenced by disturbances and neigh-
borhood effects, with the cause of neighborhood differences being the
same as the cause of stand differences, but merely operating at a smaller
scale. Now let’s put these observations together in a logical fashion:

1. Stands in different successional stages make up a successional system.

2. Collections of adjacent stands make up a landscape.

3. Differences among stands and neighborhoods are caused by the type
and severity of disturbances, and type of neighborhood effects.
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Therefore, there must be some sort of explanatory relationship between neighbor-
hood effects, disturbance severity, and stand and landscape dynamics. The
remainder of this chapter examines the cross-scale linkages among neigh-
borhood effects, stand-level change and landscape dynamics. In so doing,
it draws from everything previously described in the book, and ties it
together. This sequence consists of chapter sections that show: (1) how
stands respond to disturbances of different severity; (2) how neighbor-
hood effects fit into the picture; and (3) that (1) and (2) result in four
logical categories of landscape dynamics.

Stand response to disturbance severity

Disturbance severity revisited: cumulative disturbance severity

Earlier, disturbance severity was described as the degree of mortality, of
overstory and advanced regeneration, caused by a disturbance. To
develop a conceptual model of stand response to disturbance over time,
however, we need to make disturbance severity a dynamic concept, to
account for the cumulative effects of repeated disturbance over time.

Cumulative disturbance severity is closely related to disturbance fre-
quency: if two disturbances come at time intervals so close that the
system does not recover between the disturbances, then the severities of
the two disturbances may be totally or partially additive. The case study
of hemlock—hardwood forest whereby stand-leveling winds are followed
by fires within a few years, converting the forest to birch, is an example.
Two disturbances of moderate severity, or several of low severity, occur-
ring within a few years may sometimes have the same effect as one
moderate or high-severity disturbance. For example, case studies of
windstorm and cutting effects in the northern hardwoods show that
several low-severity disturbances within 1-2 decades can create stands
with similar size structure and composition as stands that had complete
canopy removal at one time (Eyre and Zillgitt 1953, Frelich and
Lorimer 1991a), although two moderate-severity disturbances, such as
total canopy blowdown, obviously cannot occur twice within a short
time.

The important factor that determines the degree to which successive
episodes of disturbance are additive is whether the forest has sufficient
time for recovery between disturbances. If the forest recovers to the pre-
disturbance state after one disturbance, then a second disturbance of
similar severity will not have any more impact than the first. Thus, any
disturbance that results in a reduction in the number of mature trees and
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advanced reproduction to a level lower than that after the previous distur-
bance, will have an additive effect to the previous disturbance. We can
define the term cumulative disturbance severity as:

The running total of mortality among mature trees and advanced regen-
eration over time, such that any positive difference between mortality
caused by a new disturbance and recovery since the last disturbance, is
added to the running total.

This cumulative form of the disturbance severity retains the same
problem with the earlier discrete form of the definition: that it is difficult
to reconcile mature trees and advanced regeneration into one scale. This
makes it tough to devise an accurate quantitative number for disturbance
severity, and therefore we will adhere to the three categories of distur-
bance used throughout the book: light cumulative disturbance means
that the cumulative effects of recent disturbances has only removed small
parts of the understory or overstory; moderate cumulative disturbance
severity means that one or more recent disturbances have removed most
of the understory or overstory; and high-severity cumulative disturbance
means that one or more recent disturbances have removed most the
understory and overstory.

Conceptual models of stand response

If a stand experiences a series of disturbances that gradually change in
severity, stand composition must necessarily change at some point. It is
impossible for any one species to be able to replace itself abundantly after
disturbances spanning the range of severities discussed in this book
(intense crown fires to single treefall gaps). Successional systems exist
wherein a shade-intolerant, early-successional species group reproduces
after severe disturbances, and a more shade-tolerant late-successional
species group reproduces after low-severity disturbance (Heinselman
1973, Grigal and Ohmann 1975, Frelich and Lorimer 1991a, Frelich and
Reich 1995, Frelich and Reich 1998). What, then, is the nature of the
relationship between stand composition (dominance by early- versus
late-successional species) and disturbance severity? Three possible models
have been proposed (Frelich and Reich 1998, Figure 8.4):

Model 1 — Continuous response. Change in disturbance severity leads to
a proportional change in species composition. Increasing or decreasing
the severity of successive disturbances slowly over time will lead to oppo-
site pathways up and down the same slope.

Model 2 — Discontinuous response. Changing severity of disturbances
will lead to very little change until a threshold is reached, causing a
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Figure 8.4. Three possible models for response of the forest — in this case
composition of stands within the near-boreal successional system — to changing
disturbance severity. After Frelich and Reich (1998).

sudden jump in composition if severity is increased or decreased a tiny
amount at the threshold, which is the same going both directions.

Model 3 — Cusp response. Co-existence of two forest types with different
composition is possible with moderate-severity cumulative disturbance,
depending on the history of each stand. A large jump in composition can
occur at the edge of the cusp going either direction, although the cusp is
at a different point along the severity axis depending on direction. This
model buffers the species composition against a considerable range of dis-
turbance severities.



212 - TForest stability over time and space

Keep in mind that the models show equilibrial attractors, analogous to
most regression-defined relationships in community or ecosystem
ecology, and do not specify the route(s) or length of time by which a
given stand will arrive at a given point. There may be lags after distur-
bance, or a change in disturbance regime, before a given stand
approaches the line/equilibrial attractor. It is possible to construct some
general rules for these time-lag effects:

* When a stand has been experiencing a low cumulative disturbance
severity and this suddenly switches to high severity, little time lag is
likely, since severe disturbances remove disturbance-sensitive species
and set the stage for immediate invasion of species adapted to high-
severity disturbance. For model 1, the stand slides down the surface,
and for the others, the stand goes over the threshold or cusp (Figure
8.5).

* When a stand has been experiencing a high cumulative disturbance
severity and the regime suddenly changes to low-severity disturbances,
the stand will be in a position beneath the line because disturbances less
severe than those that allow establishment of a stand will not kill the
trees. Successional processes will direct such a stand upward to the line
(Figure 8.5). For example, a birch forest in which fires no longer occur
would still be at the lowest level of the y-axis initially, but it could be
replaced by a shade-tolerant species, either very slowly as the birch
gradually die, or more rapidly, if a windstorm removes the birch and
releases the understory, a process known as disturbance-mediated
accelerated succession (Abrams and Scott 1989, Abrams and Nowacki
1992).

* Given the first two points, the response over time when there are
major changes back-and-forth in cumulative severity, will exhibit hys-
teresis for all three models (Figure 8.5).

There is an interesting relationship between cumulative disturbance
severity and the models of stand response with thresholds. For the cusp
model, the two disturbance-severity thresholds can be viewed as lines
with different slopes on a plot of cumulative amount of disturbance (y-
axis) versus time (x-axis). Disturbance may occur at a high enough rate to
maintain early-successional species (i.e. disturbance rate is higher than
the lower, less steeply sloped line on Figure 8.6), or it may occur at a low
enough rate to maintain late-successional species (i.e. rate is lower than
the upper, more steeply sloped line on Figure 8.6A). Any time the trajec-
tory of a stand catches up with one of these two lines, the cumulative dis-
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Figure 8.5.  Movements stands make in relation to the equilibrial attractor as
disturbance regime severity changes over time. Dotted arrows represent sudden
changes in composition in one jump, and solid arrows represent gradual changes in
composition. A, model for stands with the cusp response. B, model for stands with
the continuous response. Note hysteresis in response (i.e. increasing disturbance
severity does not lead to the same route as decreasing disturbance severity in either
case). After Frelich and Reich (1999).

turbance severity is beyond one of the cusp thresholds (see hypothetical
examples of individual stand trajectories on Figure 8.6B). If the trajec-
tory of a stand remains between the two lines, in the co-existence zone,
then the stand composition will stay the same, whether currently early-
or late-successional. For model 2, there is one line of intermediate slope
on this same graph that would represent the threshold.

How to determine which model fits

With the basic conceptual models and their properties in place, and
knowledge of the cumulative impacts of disturbance, one can proceed to
collect evidence of which model directs stand movements among the
states in a given successional system. A series of experiments where
forests in various successional states are subjected to disturbances of
different severities and then the response is observed would suffice.
Immediately after the disturbances, the proportion of canopy trees, sap-
lings, seedlings and seeds in the seedbank could be counted and com-
pared with the pre-disturbance counts, thus quantifying the disturbance
severity. After observing the recovery of the forest for each treatment, an
assessment could be made as to the successional trajectory, and the
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Figure 8.6.  Cumulative disturbance over time and stand composition, or
successional state, for the cusp model. A, general scheme with regions of high,
moderate and low rates of disturbance. The different slopes of the two lines
represent different rates of disturbance, which in turn represent threshold for

minimum rate of disturbance necessary to maintain early successional species (lower

line), or maximum rate of disturbance consistent with maintenance of late-

successional species (upper line). B, trajectories of individual stands, illustrating the

conditions under which stands will or will not convert to the alternate
compositional state. The solid trajectory is a case where rate of disturbance is

insufficient to maintain early successional species, leading to conversion to late-
successional species at point 1. The dotted line trajectory illustrates the case where
three disturbances in a short time are sufficient to cause conversion from late- to

early-successional species at point 2. The same three disturbances distributed over a
longer time, species conversion would not occur (point 3). After Frelich and Reich

(1999).
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mature post-disturbance stand composition could be plotted along an
axis from low to high dominance by late-successional species versus
observed disturbance severity. It would then be easy to see which of the
three proposed models fits the data. Because trees are relatively long-
lived, it would be necessary to follow post-disturbance composition for a
few decades before we could be sure of the response. Unfortunately,
studies with long-term observation that also carefully recorded the dis-
turbance effects on the populations of trees and their propagules, and that
also included a wide range of disturbance types and severities, are cur-
rently non-existent. Therefore, we will use retrospective studies of stand
history, where the disturbances have been well documented, to examine
stand response to low-, moderate-, and high-severity disturbance.

A synthesis of stand case studies from the Lake States documents
that the cusp response (model 3) fits the relationship between hemlock—
hardwood forests and aspen—paper birch forests (Frelich and Reich
1999). When the case studies are summarized in graphical form, the
structure of the cusp is clearly visible (Figure 8.7). All of the 18 stands
that experienced high-severity disturbances were heavily dominated by
paper birch and aspen after disturbance, regardless of whether they were
aspen—paper birch (7 cases) or hemlock—hardwood (11 cases) prior to dis-
turbance. Case studies of response to moderate-severity disturbances
showed that all stands remained very similar in composition after the dis-
turbance as before, again regardless of the prior condition. Hemlock-
hardwood stands and aspen—paper birch stands stayed similar in
composition after two different types of disturbance: canopy clear
cutting/heavy windthrow (hemlock-hardwood, 12 cases; aspen—paper
birch, 7 cases), and surface fire (hemlock—hardwood, 10 cases;
aspen—paper birch, 3 cases). Low-severity disturbances allowed
hemlock—hardwood forest to stay in that condition (30 cases). Low-
severity disturbance that continues over several decades also allows pro-
gressive conversion of aspen forest—paper birch to hemlock—hardwood
(Heinselman 1954, not shown in Figure 8.7, but see Figure 8.5). The
cusp relationship was also shown to occur between the jack pine stand
type and the cedar—fir—spruce and birch near-boreal forest of northern
Minnesota (Frelich and Reich 1998).

The two cases just cited contrast with white pine—birch forests in
Minnesota, where there is a proportional relationship between distur-
bance severity and post-disturbance composition, with birch being pro-
gressively favored by disturbances of increasing severity (Heinselman
1973), so that model 1 is more appropriate.
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Figure 8.7.  Case studies illustrating the cusp response in the field: stand response to
disturbance in the aspen—birch—hemlock—hardwood successional system. The left
and right y-axes represent canopy species composition (percent basal area or density)
and are complementary to each other. Composition is shown in ordered categories
after disturbance (3—30 years and 2050 years post-disturbance for stands dominated
by aspen—birch and hemlock—hardwood, respectively). Stands that were dominated
by hemlock—hardwood before and after disturbance are indicated by triangles; those
dominated by aspen—birch before and after disturbance are indicated by plus signs;
and those dominated by hemlock—hardwood before disturbance and aspen—birch
after disturbance are indicated by closed circles. After Frelich and Reich (1999); see
that reference for sources of data.

The field of disturbance ecology is not advanced enough to allow a
timely measurement of true severity other than the general categories of
low, medium and high severity. Thus, relatively strong evidence of coex-
istence is necessary to show which model is appropriate, especially to
prove the existence of the cusp in model 3 (Figure 8.4). For example, let
us hypothesize that jack pine forests and cedar—spruce—fir—birch forests
can both perpetuate themselves after moderately severe disturbance, with
little or no intrusion of species from the opposite group. In that case,
model 1 can be rejected. The co-existence of the two forest types after
each receives a disturbance of precisely the same severity (within the
moderate-severity range) would be evidence for the cusp response. If one
were to observe a jack pine forest perpetuated after a surface fire and a
cedar—spruce—fir-birch forest perpetuated after clear-cut logging (both
disturbances defined as moderate above), it would be difficult to tell
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whether there was a small difference in the severity of the two distur-
bances, such that surface fire was just to the left of the discontinuity in
model 2, and the logging just to the right of the discontinuity (Figure
8.4). Because we cannot insure that two different stands received distur-
bances of exactly the same severity, we need to show that substantial
overlap in disturbance severity within the middle portion of the range
perpetuates the alternate stand types. Therefore, perpetuation of two
alternate forest types by two different disturbance types, both within the
moderate-severity range, may be sufficiently strong evidence to distin-
guish the cusp response from the discontinuous type of response (Frelich
and Reich 1998).

Neighborhood effects: linking the three response models

The three models of response to changing disturbance severity can be
linked into a single three-dimensional surface that describes the response
of species composition (basically successional state) as a function of distur-
bance severity, and a second control variable that determines which of the
three basic shapes of response occurs. As it turns out, that second control
variable is the type of neighborhood effects exerted by the dominant
species in a forest stand. Stands with neutral-negative neighborhood
effects (such as white pine in the examples just discussed, which discou-
rage selt-replacement or have a random chance of self-replacement) follow
the continuous response, while those with positive neighborhood effects
(likely to replace themselves, such as the hemlock—hardwood versus birch
example in Figure 8.7) follow the cusp response (Frelich et al. 1993,
Frelich and Reich 1995a,b, 1999). The resulting cusp-catastrophe model,
shown in general form in Figure 8.8, is one of a series of topological
models in mathematics known as catastrophe theory, which attempts to
explain the dynamics of systems in the physical and social sciences that
have both stable and unstable behaviors (Thom 1975, Zeeman 1976).
Jones (1977) and Holling (1981) were among the first to use the model to
describe long-term successional dynamics of forests, and applying it to
systems where insect infestations periodically kill the canopy in boreal
forests and where fire regulates the balance between forest and grassland.
The mathematical details of the model are given in a recent synthesis of the
subject by Ludwig ef al. (1997). The response surface (Figure 8.8) shows
the four features that signify the cusp-catastrophe model (Poston and
Stewart 1978): (1) bimodality (above and below the cusp); (2) divergence
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Figure 8.8.  General form of the cusp-catastrophe model, showing how changing
disturbance severity affects the composition of stands dominated by species with
negative, neutral and positive neighborhood effects. After Frelich and Reich (1999).

in the neighborhood effect control variable; (3) hysteresis, or delayed
response to changes in disturbance-regime severity in forests with positive
neighborhood effects; and (4) sudden transitions caused by a small change
in disturbance-regime severity at the edge of the cusp. These four proper-
ties manifest themselves topologically as the cusp.

Catastrophe theory is useful because it allows us to build a single
descriptive, conceptual model for one or many forest ecosystem(s) that
feature(s) continuous and discontinuous change. The theory is used to
illustrate the neighborhood effect hypothesis of forest dynamics (Frelich
and Reich 1995a, 1999):

Forests with strong positive neighborhood eftects should be stable with
rare jumps in composition, while those with strong negative neighbor-
hood effects should change continuously and unidirectionally, and those
with neutral neighborhood effects appear unstable and ‘wander’ over
time.

The major properties of this hypothesis of forest dynamics and the cusp-
catastrophe model are consistent with those listed above under the three
models of response (Frelich and Reich 1999):
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1. Forest stands with positive neighborhood effects (along the front of
the response surface; Figure 8.8) show considerable resistance to
change in composition over a wide range of disturbance severities.
When change does come, however, it is dramatic.

2. Forest stands dominated by species with neutral or negative neighbor-
hood effects exhibit gradual, continuous change with changing dis-
turbance severity. In a complementary fashion, all changes in
cumulative disturbance severity cause a change in composition. The
change may come all at once, if a forest that had been experiencing
only low-severity disturbance suddenly is hit by a high-severity one,
or in smaller steps.

3. The two control variables will sometimes change dramatically and/or
abruptly, especially disturbance severity. Under these conditions, the
response surface becomes an ‘equilibrial attractor’ (Poston and Stewart
1978). There may be a time lag in the response of the vegetation to a
change in cumulative disturbance severity, the disturbance regime
may not remain constant long enough for the vegetation to respond
fully, and/or unique disturbance events may occur which are dramati-
cally different in severity from those in the ‘normal’ regime. The posi-
tion of a given stand may be oft (above or below) the surface for
variable periods of time, as described above for the three models of
response.

4. Forest change has hysteresis for all forest types, again consistent with
the discussion of response to the three models above.

5. It is impossible to predict the movements of any one stand across the
response surface. We know that stands spend their time on or near the
response surface, but not whether each one will stay in a certain place
or where it will go next. If the disturbance regime remains stable,
however, it may be possible to predict the proportion of stands on or
near various parts of the surface.

Application of the cusp-catastrophe model

All that is necessary to apply the model in a semi-quantitative fashion for a
given successional system is a knowledge of neighborhood effects and
what types of disturbance would cause low-, moderate- and high-severity
disturbance in the different stand types. This information has already been
discussed in previous chapters for four case studies that [ present here: (1)
the paper birch, white pine, hemlock—hardwood successional system; (2)
the near-boreal jack pine—aspen, spruce—fir—birch—cedar successional
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Table 8.2. Neighborhood effects and response to disturbance at the stand scale

Neighborhood effect type and direction®

Stand type Disturbance-activated  Overstory—understory

Near-boreal successional system

Jack pine/black spruce + -
Aspen + -
Spruce—fir-birch 0 0
White cedar - +
Birch—pine—hemlock—hardwood successional system

Paper birch + -
White pine 0 0
Hemlock—sugar maple - +
Spruce—fir=birch successional system

Paper birch + -
Spruce—fir - +
Aspen—oak—sugar maple successional system

Aspen + -
Red oak 0 0
Sugar maple - +/0
Note:

¢ Disturbance-activated neighborhood effects are a response to stand-killing fire,
while overstory—understory effects are a response to canopy damage from
windstorms. + indicates strong tendency for self-replacement, 0 indicates neutral
chance of self-replacement, and — indicates a lack of self-replacement.

system; (3) the spruce—fir, birch successional system; and (4) the
aspen—oak—sugar maple successional system of the ‘Big Woods’. All of
these successional systems have stand types with positive over-
story—understory, positive disturbance-activated, neutral, and negative
neighborhood effects (Table 8.2). Tying together information on previ-
ous response to disturbance from throughout the book, we also know the
following general principles of forest response to cumulative disturbance
effects:

I. Late-successional stands

* Disturbances that remove either the understory layer or the overstory
layer will allow stand composition to remain the same.

* Disturbances that remove both the understory and overstory layers will
allow replacement by early-successional species.
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II. Early-successional stands

* Disturbances that remove the understory only will allow stand compo-
sition to remain the same.

* Disturbances that remove the overstory only may allow the stand to
stay the same (for sprouters or serotinous seeders) or cause disturbance-
mediated accelerated succession if an understory of shade-tolerant
species is present.

* Disturbances that remove the understory and overstory will usually
allow stand composition to remain the same.

III. Mid-successional stands

* Disturbances that remove the understory only will usually allow the
formation of a mixed stand of the current species plus invaders after the
disturbance.

* Disturbances that remove the overstory only will usually allow forma-
tion of a mixed stand of the current species plus late-successional
invaders.

* Disturbances that remove the understory and overstory will allow
replacement by early-successional species.

Disturbances that remove overstory, understory, or both are summarized
in Table 8.3.

Near-boreal successional system

The dominant successional state under the historic natural disturbance
regime is the jack pine and aspen forest type (Figure 8.9, state 1) that is
perpetuated by moderate to high cumulative disturbance severity over
time (Heinselman 1973, 1981a,b, Frelich and Reich 1995a,b). These
forests have strong positive disturbance-activated neighborhood effects,
in the form of serotinous seed rain and sprouting. In those stands missed
by severe crown fire for more than a century, cumulative disturbance
severity falls to a level that will no longer maintain early-successional
species, and the stand becomes a jack pine and aspen stand with negative
neighborhood effects, as the disturbance-activated effects fail to get
switched on (Figure 8.9, state 2). Eventually, spruce, fir, cedar and paper
birch attain places in the canopy under a low-severity regime of treefall
gaps and neutral neighborhood effects (Figure 8.9, state 3). The stand
may at first be beneath the response surface (an equilibrial attractor) and
make its way up to state 3 gradually as succession proceeds. The stand
will remain in state 3 as long as random replacement among the species
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Table 8.3. Disturbances and disturbance combinations that cause understory
and /or overstory removal in Lake States forests

Disturbances that take out both forest layers: the high-severity disturbance line up
Crown fire
Clear-cut and slash fire combination
Clear-cut and heavy scarification combination
Prolonged heavy deer browsing and stand-leveling wind combination
Surface fire followed within a year by stand-leveling wind
Stand-leveling wind followed by slash fire

Disturbances that take out the understory only (moderate severity)
Herbivory by deer, moose, rabbits
Exotic species invasion (European earthworms)
Surface fire
Scarification

Disturbances that take out the overstory only (moderate severity)
Clear-cutting without ground disturbance (especially winter)
Stand-leveling wind
Insect infestation (e.g. budworm in mono-specific fir)

Tree disease (in mono-specific stands)
Independent crown fire (very rare)

Near-boreal successional system
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aspen
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Q/;é High Low

,_
Q
2
Dominance by late-
successional species
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severity

Figure 8.9. The cusp-catastrophe model applied to the near-boreal forest
successional system. After Frelich and Reich (1999).
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Figure 8.10.  An alternative way of looking at stable states in the near-boreal forest:
the three stable state model. The early-successional species are more finely divided
into aspen (very early succession) and jack pine (early succession).

continues (Frelich and Reich 1995a). However, some have hypothesized
that white cedar may eventually develop positive neighborhood effects
and be the dominant of late-successional state 4 (Grigal and Ohmann
1975, Frelich and Reich 1995a,b, Figure 8.9). Crown fire, or any other
disturbance combination listed in Table 8.3 as high severity, will send
stands at states 2, 3, or 4 back to state 1, either down the slope or over the
cusp. Disturbances listed as moderate severity (Table 8.3) should in
theory maintain either state 1 or state 4.

The occurrence of two fires within a decade that eliminated jack
pine from a stand and replaced it with aspen poses a logical challenge to
this model. There are two ways to look at this. One is that jack pine
and aspen are both ‘early successional species’, as the y-axis is labeled in
Figure 8.9, and, therefore, the composition is 100% early successional
whether either of these species dominates. The other way to look at the
situation is to call aspen an earlier successional species than jack pine as
it can withstand a higher cumulative disturbance severity than jack pine.
If the stand burns twice in 10 years and the jack pine have no seed at
the time of the second burn, then they have not recovered from the first
fire. Thus, the two fires are additive in severity, so that the cumulative
disturbance severity immediately after the second is 200%. To accom-
modate this, a model with three stable states would be necessary (Figure

8.10).
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Figure 8.11.  The cusp-catastrophe model applied to the hemlock—hardwood
successional system. After Frelich and Reich (1999).

Birch, white pine, hemlock—hardwood successional system

The dominant state in this system under the historic natural disturbance
regime is the low to moderate severity, positive neighborhood effects
hemlock—sugar maple mixture (Figure 8.11, state 1). When a severe dis-
turbance combination occurs (Table 8.3), the hemlock—hardwood is
replaced by early-successional birch (Figure 8.11, state 2). If the distur-
bance regime does not change to one dominated by severe fires, then a
stand will have two routes back to state 1. The first route is to pass
through successional states 2, 3 and 4 — birch with negative neighbor-
hood effects, birch with white pine, and white pine-hardwood, respec-
tively — on its way back to state 1 (Figure 8.11). Surface fires or
stand-leveling winds can push the white pine-dominated forests up and
down the slope, so that they vary continuously from white pine mixed
mostly with birch to white pine mixed mostly with hemlock and sugar
maple. Once the fuel-fire feedback eftect of hemlock and sugar maple
gets established, however, the stands are strongly drawn back to state 1,
since fire becomes very unlikely. The second route for a birch stand back
to state 1 is directly up to it from beneath the response surface.
Sometimes white pine seed sources are not available and that successional
stage is skipped. If seed of hemlock and sugar maple is nearby, they can
invade directly. If no fires occur for several decades and cumulative dis-
turbance severity slips to a low level to the right of the cusp, birch may
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retain dominance with the potential to sprout if another fire occurs.
Thus, the stand could retain positive disturbance-activated neighborhood
effects even while it is being invaded by hemlock and sugar maple, so that
it can stay on the positive neighborhood effect side through the whole
successional sequence. Under such conditions, the stand would gradually
approach state 1 from beneath, although it could also make a jump
upwards if stand-leveling winds remove the birch canopy.

Spruce—fir=birch successional system

This system does not have any stand types with neutral or negative neigh-
borhood effects, so that stands alternate between states 1 and 2 — above
and below the cusp — and all succession takes place by replacement of
birch and aspen by spruce and fir while the birch and aspen still retain the
potential for positive disturbance-activated neighborhood eftects (Figure
8.12). The contrast between this system, the near-boreal system, and the
birch, white pine, hemlock—hardwood system is interesting. In this
system the rotation period for severe fire is such that aspen and spruce—fir
are always more or less equally represented on the landscape and there is
no dominant state as there is in the other systems. The late-successional
species, spruce and fir, do not change the fuel so that it is less flammable
over time like late-succesional species in other systems (e.g. sugar maple
and hemlock). Thus, there is no particular reason for stands to accumulate

Spruce-fir-birch successional system
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Figure 8.12.  The cusp-catastrophe model applied to the near-boreal spruce-
fir-birch successional system.
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in the late-sucessional state. Instability in composition over time in this
system is caused by lack of feedback between vegetation and disturbance
severity, and by frequent renewal of the successional sequence by fire.
Instability of white pine forests in the the birch, white pine,
hemlock—hardwood successional system, on the other hand, is due to
white pine’s lack of positive neighborhood effects and sensitivity to
changes in disturbance severity from one disturbance episode to the next.

Aspen—maple—oak (Big Woods) successional system

This system features alternate states of aspen forest stabilized by high
cumulative disturbance severity and sugar maple—oak forest stabilized by
low cumulative disturbance severity (Figure 8.13, states 1 and 4, respec-
tively). The Big Woods are on the prairie—forest border, where surface
fires are much more common than in hemlock—hardwood forests of
Upper Michigan. The cumulative impact of these surface fires over a
period of of 1-2 centuries regulates the movement of stands among the
four states over time. If fire occurs only once or less per century then stands
succeed to state 4 with sugar maple and some oak. More frequent fires —
perhaps 2—3 per century — allow larger proportions of oak to mix with the
maple (state 3). Very frequent fires remove sugar maple altogether and

Big Woods aspen-maple-oak
successional system
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Figure 8.13. The cusp-catastrophe model applied to the ‘Big Woods’
aspen—maple—oak successional system.
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create aspen or aspen—oak mixtures (states 1 and 2, respectively). The
reason for including this system is to illustrate what happens when a
species such as sugar maple loses its usual positive overstory—understory
neighborhood effects. Surface fires are severe enough to kill seedlings and
saplings of sugar maple, but not adults, leading to erratic self-replacement
of sugar maple and co-existence with oaks that also have neutral neighbor-
hood effects (Figure 8.13, state 3).

A classification of forest landscape dynamics

A cross-classification of disturbance and neighborhood eftect interactions
from the cusp-catastrophe models shows that there are four different
types of forest landscape (Figure 8.14). Each of these has a characteristic
set of dynamics. The landscape is still a collection of stands, and the cate-
gory of landscape dynamics depends on which state within the succes-
sional system most stands reside at during a given period in time. For
example, for the birch, white pine, hemlock—hardwood successional
system under natural disturbance regime (Figure 8.11), all states in the
successional system are represented at all times (assuming the landscape is
large enough to support a quasi-equilibrium), but most stands reside in
the hemlock and sugar maple dominated state 1.

Categories of landscape dynamics
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Figure 8.14.  Categories of landscape dynamics (where predominant stand type
resides), as indicated by cross-classification of disturbance-regime severity and
neighborhood effects. After Frelich and Reich (1999).
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Table 8.4. Characteristics of the four categories of dynamics

Category A landscapes
(+ neighborhood effects and low disturbance severity)

* Adjacent stands of differing composition in areas with uniform soils are caused by
species interactions

Low—moderate-severity disturbance creates patches of different ages at
neighborhood, stand and landscape scales

Stability of age structure is low at the neighborhood scale, moderate at the stand
scale and may be high at the landscape scale

Compositional stability is high at neighborhood, stand and landscape spatial scales
High-severity disturbance is rare and destabilizes composition at neighborhood,
stand and landscape scales

Successional episodes are initiated by rare high-severity disturbances

The landscape consists of a matrix of late-successional species, all-aged
neighborhoods and stands with a few stand-size inclusions of even-aged early-
successional species

Category B landscapes
(+ neighborhood effects and high-severity disturbance)

Patches of differing composition on uniform soils are caused by species
interactions

Low—moderate-severity disturbance plays a minor role in the overall dynamics
High-severity disturbance is common and stabilizes composition at
neighborhood, stand and landscape scales

Stable age structure is rare at neighborhood and stand scales, but may occur on
large landscapes

Successional episodes are initiated by lack of crown fire

Landscape is a matrix of large complex-shaped stands of even-aged early-
successional species, with a few small stand-sized inclusions of uneven-aged, late-
successional species

Category C landscapes
(0 or — neighborhood effects and low-severity disturbance regime)

Patches of differing composition and differing age are caused by treefall gaps and
other small disturbances

Compositional stability is low at the neighborhood scale, but moderate-to-high
at stand and landscape scales

Stability of age structure is low at the neighborhood scale, but may be moderate-
to-high at the stand and landscape scales

Severe disturbance is rare and destabilizes composition at neighborhood, stand,
and landscape scales

Successional episodes at the stand scale are initiated by moderate to high-severity
disturbance

Landscape matrix is a fine-grained (neighborhood-scale) mosaic of mostly late-
successional species, with stand-scale inclusions of even-aged early-successional
species
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Table 8.4 (cont.)

Category D landscapes

(0 or — neighborhood effects and moderate to high-severity disturbance)

* Patches of different composition caused by any disturbance

» Disturbances of any severity perpetuate instability of species composition

* Compositional stability is low at neighborhood and stand scales, but varies at the
landscape scale

¢ Stability of age structure is low at neighborhood and stand scales, but may be
high at landscape scales

* Successional episodes are initiated by disturbances of any severity

* Landscape matrix consists of large complex even-aged stands of mixed early and
mid-successional species with stand-scale inclusions of old forest

Properties of the landscape dynamic categories

There are logical consequences of the different combinations of neigh-
borhood effects and cumulative disturbance severities and some interest-
ing contrasts among the four categories (Table 8.4). The major contrast is
between those landscapes where most stands are dominated by species
with strong positive neighborhood effects and those dominated by
species with neutral to negative neighborhood effects. The most
common natural disturbances in forests with positive neighborhood
effects kill individual trees or the canopy of an entire stand without
initiating succession. Composition remains stable after these distur-
bances, which create patches in different stages of development. Patches
of differing species composition may be formed by processes other than
disturbance, such as neighborhood effects and wave-form succession
(Heinselman 1973, Frelich et al. 1993, Pacala et al. 1996). As long as the
disturbance regime does not change, these landscapes covered by forests
with positive neighborhood effects also tend to have stable species com-
position over time at neighborhood, stand and landscape scales.

Within the positive neighborhood-effect side of the response surface,
the type of neighborhood effect provides the division between category
A landscapes (dominated by stands with positive overstory—understory
effects), and category B landscapes (dominated by stands with positive
disturbance-activated effects). Severe disturbance causes a major change
in composition (‘compositional catastrophe’of Frelich and Reich 1999)
and initiates an episode of succession in category A forests, while merely
perpetuating the current species composition in category B forests. Thus,
forested landscapes in category A will have a few stands dominated by
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bance by chance

10 km

Figure 8.15.  Contrasting patch characteristics of the category A and B landscapes.

early-successional species embedded in a stable matrix of shade-tolerant
species (Bormann and Likens 1979), while category B forested land-
scapes will have a matrix of young early-successional stands with a few
embedded stands (or individual trees) of late-successional remnants that
were by chance missed by disturbance (Heinselman 1973, Table 8.4,

Figure 8.15).
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Category C and D forest landscapes — in which most stands are domi-
nated by trees with neutral to negative neighborhood effects — exhibit
ongoing instability at some spatial scale, which depends on disturbance
type. If disturbances are small and severity is low (e.g. treefall gaps), then
individual neighborhoods will change composition frequently (every
1-2 tree lifetimes), while stands have a shifting-patch mosaic of different
species that could be stable (Category C). Large moderately severe to
severe disturbances on category D landscapes cause instability at neigh-
borhood and stand scales, but there could be some stability at the land-
scape scale if the landscape meets criteria for a quasi-equilibrium (Table
8.4). On category C and D landscapes, patches of different ages and
different species composition can be geographically coincidental rather
than independent, as they were on forest landscapes with category A and
B dynamics.

Remember that some landscapes, for example those forested by the
spruce—fir—birch successional system, may not have a dominant succes-
sional state and therefore do not fit into one of the four categories.
Instead, they have a hybrid system of dynamics or they may have alternat-
ing dynamics where the landscape shifts from one category to another
over time.

Relationship of the landscape dynamic categories to previous forest

concepts

Category A and C forest landscapes have been previously described as the
‘shifting mosaic steady state’ by Bormann and Likens (1979) and others.
The original concept was developed to look at the theoretical steady state
at the stand scale, in so-called all-aged stands of northern hardwoods that
have a mosaic of gaps in different stages of recovery. These gaps could all
be similar in composition (Bormann and Likens 1979), or also have some
different species, depending on gap size (Fox 1977, Runkle 1981,
Poulson and Platt 1996). Shifting mosaic steady state was also used as a
multiple-scale concept for stands and landscapes (Shugart 1984). The
refinement made with the new classification here is that those shifting
mosaics with neutral neighborhood effects are separated into a shifting
mosaic of ages and composition simultaneously, while those with positive
neighborhood effects shift only in age structure.

Category B forest landscapes have been previously called non-climax
systems (Loucks 1970). Several researchers discovered that canopy-killing
disturbances can cause great changes in biomass and nutrient status of an
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ecosystem, but the species composition of the subsequent canopy
remains similar to that before the disturbance (Dix and Swan 1971,
Heinselman 1973, Johnson and Fryer 1989). In other words, there was a
kind of stability in frequent disturbance. The existence of these forests
was used by catastrophists as evidence for their side of the debate over
climax versus non-climax forest that occurred during the 1970s and
1980s. Category A forests were the self-replacing climax systems domi-
nated by shade-tolerant species of Clements (1936), Hough and Forbes
(1943), and Lorimer (1977). The extension made here is that category A
and B landscapes both have all successional states present, but that
Category A landscapes are dominated by late-successional stands and cat-
egory B landscapes are dominated by early-successional stands, and that
feedbacks between the vegetation and disturbance could potentially
maintain early and late-successional stands as alternate stable states.
Category D forests fit the classic ‘individualistic succession’ model or
‘no stable endpoint’ model, where continuous successional change due to
frequent disturbance, climate change, or chance events such as local
extinction and immigration prevents attainment of a stable equilibrium
(Heinselman 1981b, Davis 1986, Foster and King 1986, Hubbell and
Foster 1986). The extension made here is that these forests are intrinsi-
cally unstable at all spatial scales, and are yet another alternative within
one successional system that includes stable forests, both climax and non-
climax. Their existence does not rule out the possibility of stable forests.
Until now, there have been no simple ways of reconciling all the appar-
ent empirical and conceptual discrepancies among forest researchers with
regard to response to disturbance. When one realizes that response to dis-
turbance may be linear or non-linear, and that this corresponds to the
type of neighborhood effects, then it is logical that the cusp-catastrophe
conceptual model can simultaneously encompass and incorporate these
seemingly disparate patterns that previous research has put forth.

Occurrence of the landscape dynamic categories

A survey of the literature on forest dynamics reveals that many forest
landscapes around the world fit (at least by my judgement) into the four
categories of dynamics or alternating dynamics (Table 8.5). Some forest
landscapes have also undergone one-time shifts from one dynamic cate-
gory to another. If changes in disturbance frequency cause the predomi-
nant successional state in a successional system to switch, then the
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Table 8.5. Some temperate-zone forest types of the world and their dynamic

categories

Location

Forest type

Reference(s)

Category A forest landscapes
Upper Michigan, USA

Eastern North America
Massachusetts, USA
Pennsylvania, USA
Southeast Alaska, USA

Central Japan

Japan
Monsoon Asia

Category B forest landscapes

Saskatchewan, Canada

Minnesota, USA

Quebec, Canada

Yellowstone National Park,
USA

Southern Alberta, Canada

Category C forest landscapes
Minnesota, USA
Northeastern USA

New Zealand
Northeastern USA

Category D forest landscapes
Pennsylvania, USA

New England, USA
Minnesota, USA
Northeastern USA

Eastern North America

Northern Japan
New Zealand

Alternating landscapes
Finland

Minnesota, USA

Hemlock—hardwood

Hemlock—hardwood

Hemlock—hardwood

Hemlock—hardwood

Western hemlock/Sitka
spruce

Japanese beech

Fagus crenata

Deciduous/beech

Boreal (jack pine)
Near-boreal (jack pine)
Near-boreal (red pine)
Lodgepole pine

Lodgepole pine

Spruce—fir-birch—cedar

Red and white spruce/
paper birch

Nothofagus/ Weinmannia

Red and white spruce/
paper birch

White pine

White pine

White and red pine
Red maple

Red oak

Spruce—fir
Libocedrus bidwillii

Norway spruce—alder—
birch aspen

Frelich and Lorimer 1991a,
Davis ef al. 1998

Runkle 1982, 1998

Foster and Zebryk 1993

Peterson and Pickett 1995

Deal et al. 1991

Ohkubo et al. 1988
Yamamoto 1989
Nakashizuka and Iida 1995

Dix and Swan 1971

Heinselman 1973

Bergeron and Dubuc 1989

Romme 1982, Turner et al.
1997

Johnson and Fryer 1989

Frelich and Reich 1995b
Pastor et al. 1987

Lusk and Smith 1998
Pastor et al. 1987

Hough and Forbes 1943

Foster 1988a,b

Frelich and Reich 1995a

Lorimer 1984

Lorimer 1983a, Abrams
1992

Ishizuka et al. 1998

Veblen and Stewart 1982

Kuusela 1992

Spruce—fir-birch (A=B) Heinselman 1981b
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category of landscape dynamics will also change. As previously men-
tioned, these changes could be driven by small-magnitude climatic
change or by human interventions that change the natural disturbance
regime. For example, the transition in the disturbance regime in most of
the Lake States’ hemlock—hardwood forest from wind-dominated to a
regime dominated by logging followed by slash fire, accompanied a tran-
sition from a category A landscape where most stands were dominated by
hemlock and sugar maple to a category B landscape where most stands
were early-successional birch and aspen. This transition occurred
between 1880 and 1920 in most of the northern Lake States region and
adjacent Canada (Brisson ef al. 1994) and is now partially reversing itself
as the low- and moderate-severity disturbances of modern forestry —
group selection cutting and clear cutting, respectively — have replaced the
logging—slash fire combination.

Other transitions in landscape dynamics have been documented in the
literature. A transition from a jack pine dominated landscape with cate-
gory B dynamics to a spruce—fir-birch—cedar mixture with category C
dynamics has followed fire exclusion in the near-boreal successional
system (Frelich and Reich 1995a). The same transition (and vice versa) —
caused by natural climate changes over the last few thousand years — has
occurred in northern Minnesota and southern Quebec (Swain 1978,
Bergeron et al.1998). The transitional sequence D—B-A, or D—-A, has
occurred when white-pine and birch dominated landscapes were logged,
burned, and converted to birch—aspen forests, followed by fire suppres-
sion and succession to maple, or by direct fire suppression and succession
to maple (Hough and Forbes 1943, Whitney 1987, Tester et al. 1997).

Categories of landscape dynamics and ecosystem type

In general, the more nutrient poor and coarser parent materials there are
in an ecosystem, the easier it is to maintain early-successional stands and
the harder it is to maintain late-successional stands. Thus, the cusp
portion of the cusp-catastrophe conceptual model will fall farther
towards the low end of the disturbance-severity gradient. For example,
let us compare sugar maple versus aspen on two ecosystems: one with
rich, loamy soil and one with poor, sandy soil. It has often been observed
that sometimes aspen can be maintained by clear cutting, whereas on
other sites clear cutting causes disturbance-mediated accelerated succes-
sion to sugar maple stands (Figure 8.16). The explanation for this lies in
the fact that the drier the soil, the narrower the range of disturbance
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Figure 8.16. Changing ecosystem type may alter severity of disturbance for a given
stand type, and the cusp may occur in a different location along the x-axis. In this
example, a clear-cut in a stand on loamy soil may not be severe enough to convert
the stand from late- to early-successional species, whereas the opposite may be true
on sandy soil.

severities the maple can withstand without being converted to aspen.
Conversely, the drier the soil, the wider the range of disturbance sever-
ities — especially toward the low end of the gradient — that can sustain
aspen.

The general effect of moving from one ecosystem type to another for
the conceptual model is that the cusp may appear at a different location
along the disturbance-severity gradient. If one moves from a mesic to a
dry-mesic soil type, not only will the level of aggressiveness of the late-
successional species go down, but severe disturbance will become more
likely. The forest will dry out enough to burn more often, and windfall
slash will also be more likely to burn. These vegetation—soil-disturbance
teedbacks are likely to cause a nutrient poor, dry ecosystem type to
support more early-successional stands than late-successional ones, and
the landscape dynamic category is more likely to be B than A.

Disturbance, neighborhood effects, herbivory and
alternate stable states

It is common for ecologists to examine forests on adjacent bodies of soils
that are different in texture, nutrient and water supply, and to project that
disturbance and competition dynamics among the tree species there will
lead to different successional trajectories. However, equally interesting is
how and why alternate stable states develop on areas with relatively
uniform soils and climate. Several concepts from the book can be united
here to link alternate states caused by neighborhood effects and herbivory
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Figure 8.17. A hierarchy of alternate stable states with large, medium, and small
compositional differences. Upper, early- versus late-successional species mediated
by the interactions of disturbance severity and positive neighborhood effects.
Middle, hemlock versus sugar maple, within the late-successional species group,
mediated by hardwood versus conifer-type neighborhood effects. Lower, sugar
maple with lush and sparse understories mediated by deer grazing.

by deer (from Chapters 6 and 7, respectively), with the alternate states
caused by disturbance from this chapter. There is enough information for
the birch—white pine, hemlock—hardwood successional system to
examine the relationship among all three types of alternate states.
Differences in disturbance regime severity create two alternate forest types
that are very different from each other: an early-successional species group
dominated by aspen and birch versus a late-successional species group
dominated by sugar maple and hemlock. These two species groups are
caused by a high- to moderate-severity disturbance regime versus a low-
to moderate-severity disturbance regime, respectively (Figures 8.11, 8.17,
8.18). If we then take just the late-successional species group, separation
into hemlock and sugar maple dominated stands is caused by conifer
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versus hardwood neighborhood eftects (Table 6.5, Figures 6.18, 8.17,
8.19). These two alternate states are moderately different in species com-
position. Finally, if we examine just the sugar maple stand type, there are
two alternative sub-stand types with lush and sparse understories, medi-
ated in this case by deer grazing (Figures 7.4, 8.17, 8.20). The magnitude
of species composition differences among these sugar maple types is rela-
tively small.

Thus, the three types of alternate states presented in this book form a
hierarchy of alternate states. States in the higher levels of the hierarchy
can be split into alternate states with smaller magnitudes of compositional
difference between them. For the birch—white pine, hemlock—hardwood
successional system there are three such levels, each with a different
factor that causes the split between alternate states: disturbance severity,
neighborhood interactions between tree species, and interactions with
mammalian herbivores. Another way to put it is that the biotic interac-
tions with several different disturbance types creates multiple niches that
are spatially separated. These niches can support different assemblages of
species. Wilson and Agnew (1992) also show that these alternate states,
caused by what they call ‘switches’, which seem to be pretty much syn-
onymous with my neighborhood effect concept, also mediate many
large-magnitude differences among adjacent vegetation types (forest
versus non-forest) around the world. Also, these switches sharpen the
transition between adjacent vegetation types that occur along gradual
environmental gradients. Hence, alternate stable states can be created on
a uniform environment or on an environmental gradient.

The self-organizing development of hierarchical structures that cause
and maintain many alternate states should be an important research topic
for two reasons. First, it represents a type of natural community key, as
opposed to the artificial keys derived by those involved with classification
of plant communities. One seldom encounters a community classifica-
tion key that separates communities based on processes that formed
them, such as grazed and ungrazed forests, or hemlock and sugar maple
forests caused by neighborhood interactions as opposed to those caused
by differences in disturbance history or underlying soil type. The hierar-
chy linked with community formation processes gives more powerful
insight into structure than the currently used artificial community keys.
Second, this type of hierarchy is an emergent property of our forest with
disturbances, herbivores, and neighborhood interactions. When one also
considers that all sorts of other as yet unknown alternate states probably
also exist in our study area, one can see that these emergent structures
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Figure 8.18.  Alternate states with a large compositional difference:
hemlock—hardwood forest (upper) versus paper birch (lower). Photos: Lee Frelich
(upper); University of Minnesota Agricultural Experiment Station, Don Breneman
(lower).



Figure 8.19.  Alternate states with a medium compositional difference: hemlock
forest (upper) versus sugar maple forest (lower). Photos: Lee Frelich.
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Figure 8.20.  Alternate states with a small compositional difference: sugar maple
with a lush understory of wood nettle (Taylor’s Woods, Hennepin County parks,
Minnesota, upper) versus sugar maple forest with a sparse understory (Wood-Rill
Scientific and Natural Area, Minnesota, lower). Photos: University of Minnesota
Agricultural Experiment Station, Dave Hansen.
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could significantly influence the formation and maintenance of diversity
of life above that caused by variation in macroclimate and physiography.
Future research should address the extent and influence of hierarchical
systems of alternate states in community structure.

Conclusions

The cusp-catastrophe conceptual models appear to do a good job of
qualitatively characterizing general patterns of forest development in
response to disturbance for many temperate forests around the world.
Assuming one is willing tentatively to accept the validity of the models,
several lessons or implications follow:

1. The linear response to disturbance assumption. Many forest managers,
and the models they use to project the future forest, assume a linear
and stationary response of forest stands to disturbance. Some examples
of these assumptions are that clear cutting will always lead to domi-
nance by pioneer species; that future stands will regenerate to the same
species as young stands on today’s landscape; that pre-disturbance
stand age dictates the post-disturbance response; and that post-harvest
stand regeneration will always be a function of the pre-harvest species
composition, unless planting is undertaken (e.g. Vanclay 1992, Jaakko
Poyry Consulting 1992, Peterson and Carson 1996, Ek et al. 1997). If
forest managers are not aware of the likely correct model for response
to disturbances of differing severities and of how disturbances vary in
severity, surprises in stand response to manipulation may result.
Sometimes they will expect a change in composition and get little or
none, and other times large, unexpected changes will occur.

2. Severity of harvesting versus natural disturbances. Forest managers
often assume that fires can be mimicked by logging. However, har-
vesting may be lower in severity than crown fires. Changing the sever-
ity of the disturbance regime may change forest composition, even if
rotation periods and sizes of disturbances are purposely made the same
as the natural disturbance regime. Several recent studies have shown
that harvesting does not always mimic natural disturbance, precisely
because of differences in severity of the disturbance (Ahlgren 1970,
Noble et al. 1977, Abrams and Dickman 1982, Carleton and
MacLellan 1994).

3. Punctuated stability exists at the stand scale. This is likely in forest
stands dominated by species with strong positive neighborhood
effects. In the words of Frelich and Reich (1995b): ‘Stability never
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lasts forever. The more stable a system is, the more severe a distur-
bance must be to overcome the stability and the less frequent such a
disturbance will be. However, such a disturbance will eventually
occur, changing the species composition and initiating an episode of
succession.” Forests dominated by species with neutral or negative
neighborhood effects, on the other hand, lack stability at some spatial
scale. They undergo continuous change in response to disturbance,
rather than periods of stability punctuated by sudden change.

4. Two types of instability exist at the stand scale. Stands on forest land-
scapes with category D dynamics are constantly changing because
there is no buffering by the forest of the response to disturbances of
differing severity, and severity is likely to change from one disturbance
episode to the next. Stands on alternating landscapes are unstable
because there is no feedback between the forest composition and the
chance of severe disturbance.

5. Neighborhood effects link forest succession and stability across spatial
scales from the individual tree to the landscape. Positive feedback
loops for a species can lead to patchiness in forests and other vegeta-
tion types (Wilson and Agnew 1992). Neighborhood effects also help
to determine the type of response to disturbance and influence the
degree of stability the forest can possess.

6. Alternate stable states can exist that affect species composition at many
levels: early- versus late-successional stand types; separation of differ-
ent monospecific stand types within the early- or late-successional
species groups; and separation of stand sub-types based on grazing and
probably many other factors that may operate in the forest. These
alternate stable states are more likely to occur when the dominant tree
species have positive neighborhood effects, which often seem to be
responsible for mediating alternate states. Hierarchies of alternate
states show that many different natural communities can exist on rela-
tively homogeneous sites.

7. Finally, many false debates over which models are the dominant ones
have occupied the study of forest dynamics and disturbance regimes
for several decades. These include continuous versus abrupt change,
climax versus non-climax, stability versus instability, and succession
versus differential growth rates. [ hope to have shown in this book that
these debates are caused by the lack of a complete picture possessed by
investigators at various points along the way. Limited breadth of study
sites with respect to different patterns of succession, short time hori-
zons for studies, small size of study areas, and lack of spatial context
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have all contributed to the fuzzy picture we have had of forest dynam-
ics. The experience of many researchers and forest managers may be
limited to one part of the proposed cusp-catastrophe model. At this
point it appears that characterizing when, why and how often forests
are stable or unstable will make the best sense of the many disparate
observations of forest response to disturbance that have emerged over
the last century.
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Appendix 1

Common tree species of the Great Lakes Region

Scientific name

Common name(s)

Abies balsamea
Acer rubrum

Acer saccharinum
Acer saccharum
Betula papyrifera
Betula alleghaniensis
Carya cordiformis
Carya ovata

Fagus grandifolia
Fraxinus americana
Fraxinus nigra
Fraxinus pennsylvanica
Larix laricina
Ostrya virginiana
Picea glauca

Picea mariana

Pinus banksiana
Pinus resinosa

Pinus strobus
Populus balsamifera
Populus deltoides
Populus grandidentata
Populus tremuloides
Quercus alba
Quercus bicolor
Quercus ellipsoidalis
Quercus macrocarpa
Quercus rubra
Quercus velutina
Thuja occidentalis

Balsam fir

Red maple

Silver maple

Sugar maple

Paper birch

Yellow birch

Yellowbud hickory
Shagbark hickory

Beech

‘White ash

Black ash

Green ash

Tamarack or larch

Ironwood

White spruce

Black spruce

Jack pine

Red pine

White pine or eastern white pine
Balsam poplar

Cottonwood

Big tooth aspen

Quaking aspen or aspen
‘White oak

Swamp white oak

Northern pin oak or pin oak
Bur oak

Northern red oak or red oak
Black oak

Northern white cedar or white cedar
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Common tree species of the Great Lakes Region (cont.)
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Scientific name

Common name(s)

Tilia americana
Tsuga canadensis
Ulmus americana
Ulmus rubra

Basswood
Hemlock (eastern)
American elm

Slippery elm







Index

Page numbers in italics refer to photographs.

age distribution, landscape 124135,
154-155
combination 125, 128—-129
negative exponential 125, 127-128
quasi-equilibrium 200-203
and rotation periods 126—130
stable 125, 126-129
truncated 129
unstable 126
uniform 125, 126—127
Weibull 125, 128
see also equilibrium age structure
age distribution, stand
see disturbance chronology, stand
alternate states
and disturbance 210-219, 222-223, 224,
225, 226, 235, 236
and diversity 237, 241
and herbivory 189-191, 236
hierarchy 235241
and neighborhood effects 217-219, 235,
236
aspen 4, 5, 6, 7, 33, 34, 101, 123, 168, 169,
220, 222-223, 225, 226, 233

basswood, American 12, 169

beech, American 14, 33

Big Woods forest, Minnesota 9, 13—14,
188-191, 226227

birch, paper 3, 4, 13, 33, 62, 101, 123, 158,
169, 224, 225,233, 238

birch, yellow 12, 53, 169

Boundary Waters Canoe Area Wilderness,
Minnesota (BWCAW) 5, 6, 8,
12—-13, 14, 108-121, 159161, 171,
197

budworm, spruce 29, 114, 117-118, 122

canopy accession 52, 71, 82, 86, 88
canopy tree(s) 49, 53, 56, 174
canopy turnover rate 50, 81, 86-88, 204
catastrophe
compositional 229
cusp 211, 222, 223, 224, 225, 226,
236
functional 84
theory 217-219
cedar, northern white 34, 110, 114, 116,
122-123, 169
climax forest 110, 114, 143—147, 153,
231-232, 242
cusp catastrophe conceptual model
Big Woods forests 226227
general description 217-219
hemlock—hardwood forest 224225
hypothesis of forest dynamics 218-219
and landscape dynamics 227-231
near-boreal forest 221-223
spruce—fir birch forests 225-226

deer, white-tailed 27-29, 164—-167,
188-191, 191-193
disturbance chronology, stand 52—84
area based 64-68
cohort size 82
compilation 6671
and crown expansion 75-79
and incomplete increment cores 71-74
independence of trees 83—84
number of trees to sample 81-82
probability of gap origin 58-59
time window 74-80, 89
tree-population based 64, 65-68
tree sampling strategies 64—71
see also structural chronology
disturbance dilution effect of fragmentation
194-197



264 - Index

disturbance history, stand 44-52
air photos 45, 48,
compositional evidence 45, 48—49
fossil evidence 45, 46—47
historical records 45, 47
physical evidence 45, 4748
structural evidence 45, 49-50
tree age data 45, 50-52
disturbance intensity 16-17, 41-43
disturbance interactions 29-37
disturbance and neighborhood effects
217-221
disturbance regimes
classification 38—41
complex regimes 162-167
definition 15
fire regimes 38—40, 157-162
and landscape age structure 201
and landscape physiography 40—41, 42
wind regimes 150-156
disturbance severity 16—17, 222
categories 16—17
cumulative 210
cusp catastrophe 211, 216, 217-219,
222-223, 224, 225, 226
definition 16-17
models of stand response 210-213
and neighborhood effects 219-221,
222
disturbance size 167—172, 199
downburst 19-21

ecosystem
and cusp catastrophe 234-235
successional system 206—208
types 135, 140-143, 206208
equilibrium age structure
criteria for 200202
landscapes 201206, 231
and scale 203-205
stands 203-206
exposed crown area (ECA) 65, 69-74
distribution 49-50
extended rotation forest 145, 147

fir, balsam 4, 7, 13, 33, 34, 35, 110, 115,
123,168
fire 24-27, 169
crown 16, 25, 34, 162-163, 169
exclusion 2627

hemlock—hardwood forests 103, 157—159,

215,224

intensity versus severity 16
interaction with other disturbances 36—37
near-boreal forests 108—110, 159-162,
195-196, 197, 221-223, 225-226
regimes 38—41, 157-162
succession 34, 162—167, 222
suppression 26—27
surface 17, 25, 34, 157-159, 163, 165,
169
fluctuation in stand composition 95, 167
fragmentation 187198
disturbance dilution effect 194—197
and herbivory 188-191, 191-193
one-sided 195-197
frame-based models 162-167

Great Lakes Region 2-10, 204
climate 7-10
European settlement 2—7
forest types 3, 4, 6-10
forests remnants 6, 11-14

hardwood forest
see Big Woods forest, hemlock—hardwood
forest
hemlock, eastern 3, 4, 11-12, 33, 34, 53,
101, 157
alternate states 238, 239
herbivory 191-193
neighborhood effects 173, 175, 179,
182-184
recovery after disturbance 169, 224-225
hemlock—hardwood forest 9, 11-12, 75-79,
106, 121-122, 123
age structure 203-205
area 3
and disturbance severity 215-216
fire 103, 157-159, 215, 224
fragmentation 191-193, 193-194
stand development 103, 105-108
wind 152-156, 170
herbivory
deer 27-29, 164-167, 188-191, 191-193
moose 27, 28
interactions with other disturbances 37
and succession 35, 164—167, 191-193,
222
hierarchy
alternate states 236
forest change/composition 206—209

Japan 14, 24, 233



Lake States
see Great Lakes Region
Lake Superior North Shore 140-143
landscape 2, 124, 135, 206
landscape dynamics
categories 227-231
and previous concepts 231-232
temperate forests 232-234
and ecosystem types 135, 140-143
and fire 157-162
and wind 152-156

maple, red 12, 13, 101, 123, 169
maple, sugar 4, 9, 12, 14, 31, 33, 34, 123,
157
alternate states 238, 239, 240
diameter distributions 94
diameter versus age 72
neighborhood effects 173, 175, 179,
182-184
radial increment patterns 53, 58
recovery after disturbance 169
Massachusetts, USA 146, 233
moose 27, 28
mortality of trees
fire 29-30
wind 30-32
mosaics 110-115, 172184, 228-231
conifer—hardwood forests 157—159,
159-160, 173
mechanisms of formation/maintenance
173,175
neighborhood effects 173-175,
177-179
Sylvania, Michigan 179-185, 182
MOSAIC simulation 177-179, 180-181,
183

near-boreal forest 8, 9, 10, 12-13, 109
area 3
and disturbance severity 211, 216-217,
221, 222-223
stand development 108-110
fire 108—110, 159-162, 195-196, 197,
221-223, 225-226
succession 110-117, 123, 160—-162
neighborhood 2, 181, 206
neighborhood effects 173—179
definition 174
disturbance-activated 174175
and disturbance severity 217-221
measurement 176—177

Index - 265

mechanisms in conifer and hardwood
forests 175
and neighborhood size 181
overstory-understory 174-175
strength 177-179, 180
nettle, wood (Laportea canadensis) 188191,
189,198
New England, USA 10, 23, 47, 60, 152,
233
New Zealand 14, 233

oak, northern red 13, 33, 34, 101, 123, 157,
158, 169
old-growth forest 3—7, 9, 11-14, 143-148,
149
loss due to wind 193—-194
definitions 144—145

patch formation
see Mosaics
Pennsylvania, USA 55, 204, 233
pine, jack 3, 4, 8, 32, 33, 34, 108-110, 109,
158-161, 169
pine, red 3, 4, 9, 33, 34, 35, 53, 101, 169,
196
pine, white 3, 4, 12, 33, 34, 53, 99-105,
100, 119-120, 122—-123, 158, 169,
196
Porcupine Mountains Wilderness State Park,
Michigan 5, 6, 11, 12, 14, 94, 106,
133-135, 151, 170, 201
primary forest
see old-growth forest

Quebec, Canada 118, 130, 233, 234
quasi-equilibrium
see equilibrium age structure

radial increment patterns 52—64, 88—89
ambiguous 60-62, 63—-64
early growth rate analyses 5660, 63
flat 60-61, 63
irregular 62-63, 64
parabolic 60-61, 63
release from suppression 53-56, 63
residence times of canopy trees 86—88,
156
rotation period 17, 104
calculation 126-129, 130-132
definition 17
optimum for tree species 32—34
variation 129-130, 132-135, 152-155



266

Index

scale (neighborhood, stand, and landscape) 2,
206
shifting mosaic steady state 231
significant disturbance size 202
spruce, black
lowland forests 10, 121-123
upland forests 8, 33, 34, 61, 62, 109, 169,
221-223
spruce, white 7
stability 15, 16
age structure 200-206
criteria 200203
punctuated 16, 199-200, 204
and scale 203-206
species composition 206-227
stand 2, 124, 206
stand development 90-94, 136
basic stages 90-92
birch—spruce—fir forest 118-119
continuous nature 93-94
and diameter distributions 94
hardwood—hemlock forest 103, 105—-108,
152-156
near-boreal forest 108—110
peatland black spruce forest 121-123
white pine forest 99-105, 119120
STORM simulation 151-156
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