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Nutrient Indicator Models
for Determining Biologically Relevant
Levels: A Case Study Based on the Corn
Belt and Northern Great Plain Nutrient
Ecoregion

Abstract The complex interactions between forms of Nitrogen and Phosphorus
require development of regional nutrient threshold models. Our objectives included
the development of a biotic model capable of distinguishing contributions of various
nutrients in streams fish assemblages. A second objective was to establish an
approach for designating defensible nutrient biotic index (NBI) score thresholds and
corresponding nutrient concentrations, above which fish assemblages show altera-
tions. Nutrient and fish assemblage data collected from 1274 reaches between 1996
and 2007 from the Corn Belt and Northern Great Plain Nutrient Ecoregion were
reviewed for outliers, sorted into three drainage class groups, and arranged into 15
ranges or ‘‘bins’’ using the Jenks optimization method to calculate nutrient specific
fish species tolerance scores. These scores where then used to generate Nutrient
Biotic Indexes (NBI) for identifying fish assemblage response mechanisms. We
observed a single break point for unionized ammonia, with an NBIUnionized Ammonia

score shift occurring at a mean concentration of 0.03 mg/L. Three break points were
observed for Nitrogen, Nitrate ? Nitrite, demonstrating significant NBINitrate+Nitrite

score shifts at mean concentrations of 1.09, 3.15 and 6.87 mg/L respectively. The
observed relationship produced a convex curve suggesting an enrichment signature.
Two break points were observed for Total Kjeldahl Nitrogen (TKN) at mean con-
centrations of 0.68 and 1.27 mg/L respectively. One significant break point was
observed for TN at a mean concentration of 3.30 mg/L. One significant break point
was observed for TP at a mean concentration of TP 0.32 mg/L. One significant break
point was observed for Chlorophyll a (periphyton) at a mean concentration of TP
134.14 mg/m2. Two significant break points were observed for Chlorophyll
a (phytoplankton), which occurred at concentrations of 10.98 and 49.13 lg/L,
respectively. Proposed mean protection values are 3.0 lg/L for Unionized
Ammonia, 130 lg/L for Nitrogen, Nitrate ? Nitrite, 40 lg/L for TKN, 70 lg/L for
TP, and 2.33 lg/L for Chlorophyll a (phytoplankton). Criteria established at or
below these benchmarks should protect for both biological integrity of fish assem-
blages, as well as limit nutrient loadings causing dead zones.

C. C. Morris and T. P. Simon, Nutrient Indicator Models for Determining
Biologically Relevant Levels, SpringerBriefs in Environmental Science,
DOI: 10.1007/978-94-007-4129-4_1, � The Author(s) 2012

1



Keywords Nutrient models � Species optima � Nutrient biotic indices � Test
response intervals � Shift response intervals

1 Introduction

There is a growing need to understand the sources and transport of both Nitrogen and
Phosphorus and their complex interactions in efforts to develop effective nutrient
management (Boesch 2002; Rabalias et al. 2002; Howarth and Marino 2006; Scavia
and Donnelly 2007). The transport of nutrients into coastal marine waters is of
particular concern due to eutrophication and hypoxia in coastal estuaries (Howarth
et al. 2002; Mississippi River/Gulf of Mexico Nutrient Task Force 2004). Alexander
et al. (2008) estimates that the Corn Belt (Midwestern United States) is responsible
for about 60% of the Nitrogen and 54% of the Phosphorus load delivered to the
northern Gulf of Mexico. Recent evidence suggests that persistent hypoxia in the
Gulf of Mexico has caused an ecological shift, such that the ecosystem has become
more sensitive to nutrient loads (Turner et al. 2008). In addition, enrichment of
surface waters by Nitrogen and Phosphorus has contributed to the impairment of
about half of the freshwater resources of the United States (Gibson et al. 2000a, b;
Reckhow et al. 2005). Thus, in order to affect Gulf hypoxia and nutrient loading in
freshwater systems, management changes are needed in the Corn Belt.

The amount of nutrients entering a stream is determined both by the supply size,
which is primarily influenced by land-use characteristics, and the delivery efficiency
of hydrologic pathways connecting uplands to drainage networks. The amount of
nutrients delivered to downstream sinks is controlled by both the permanent removal
in sediments and temporary storage capacity of the system. Nitrogen and Phosphorus
enter streams from point and nonpoint sources (e.g., drainage tile, runoff, ground-
water, atmospheric deposition) (Omernik 1976). Large nutrient sources are typically
associated with agricultural activities; however, in some regions atmospheric
deposition from fossil fuel combustion can be substantial (Boyer et al. 2002), as well
as inputs from septic systems, leaking sewers, and wastewater treatment plants
(Brakebill and Preston 2004; Wollheim et al. 2005). Dodds and Welch (2000)
indicated that due to the complex interactions between the various nutrient forms,
Nitrogen and Phosphorus can no longer be accepted as sole limiting factors in either
marine or freshwaters. Nitrate is the predominant form of Nitrogen in many streams,
because it is highly soluble and readily leached from soils. Likewise, Ammonium is
also common, but less prevalent in the water column because it is readily immobi-
lized, adsorbs to negatively charged clay particles and organic matter, and is often
nitrified in small streams. Total Kjeldahl Nitrogen (TKN) is the sum of organic
Nitrogen, Ammonia and Ammonium. Dissolved or particulate organic Nitrogen may
also be present in substantial amounts in some streams (Kaushal and Lewis 2005).

The U.S. Environmental Protection Agency (EPA) (1998a) has recommended a
national strategy for establishing nutrient criteria. Nine states, including Indiana,
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are identified as contributing 75% of the Nitrogen and Phosphorus delivery to the
Gulf of Mexico (Alexander et al. 2008). Natural soil enrichment and different
precipitation patterns require that the typical single criterion consensus approach
for nutrient criteria be established regionally to take into consideration geo-
graphical and climatological variation (Omernik 1977). For each nutrient region,
recommendations for TN and TP, as causal variables, and Chlorophyll a and
turbidity, as early indicator response variables, are recommended (Gibson et al.
2000a, b). Secondary response variables include aquatic biological assemblages.

Since aquatic assemblages are widely distributed and have a favorable public
perception, they have been used extensively as indicators of organic enrichment due
to response patterns in species composition, and differential sensitivity to environ-
mental impact. Eutrophication indicators, such as the saprobien index (Chutter
1972), Hilsenhoff biotic index (Hilsenhoff 1987), and the nutrient biotic index
(Smith et al. 2007), were originally developed to measure organic enrichment using
macroinvertebrate assemblages. The most frequently observed response to
increased nutrient levels in streams is an alteration in species composition and
resultant shifts in relative abundance associated with trophic response. The deter-
mination of sources, causes, magnitude, and extent of impairments require diag-
nostic measures that can assess the complexity of water quality impairments
resulting from non-point sources of nutrients.

The primary objective of this study is to develop biotic models capable of deter-
mining cause and effect between nutrients and fish assemblages. The second objective
is to establish an approach for designating defensible nutrient biotic index (NBI) score
thresholds and corresponding nutrient concentrations, above which fish assemblages
show alterations due to increased nutrient concentrations. By using species occurrence
frequency at varying nutrient concentrations as a weighted average, specific nutrient
optima can be established that will identify specific nutrient shift response variables
(Ter Braak and Juggins 1993; Black et al. 2004). The development of nutrient optima
is based on the observation that most species exhibit a unimodal response curve in
relation to environmental variables (Jongman et al. 1987). The assignment of toler-
ance values to species based on individual nutrient parameters would provide the
ability to diagnose community data against a linear scale of impairment. The estab-
lishment of scoring thresholds to assess impairments would provide quantitative
benchmarks for establishing criteria thresholds and enable adaptive management
strategy employment for State-wide nutrient criteria development.

2 Methods

2.1 Study Area

This study was conducted to develop nutrient thresholds for Indiana. The study
area includes the State of Indiana, which is predominantly cropland with the
remaining land uses comprised of pasture, isolated woodlots, and urban areas.

1 Introduction 3



The Corn Belt and Northern Great Plains, Mostly Glaciated Dairy Region and the
Southeastern Temperate Forested Plains and Hills Nutrient Ecoregions incorporate
all of the State of Indiana (EPA 1998a; Dodds and Oaks 2004). This report ana-
lyzes data from the portions of these Nutrient Ecoregions confined by the political
boundaries of the State of Indiana hence forth referred to as the Indiana State Wide
analysis. This study uses data collected by two designs including a statewide
random, probability based sampling approach and an intensive watershed, non-
random design to assess stream condition. Random sites were weighted according
to stream order so that equal probability of selection across all drainage categories
occurred for statewide condition assessment, while the intensive watershed design
included spatially intensive sampling to determine cause and effect in smaller
hydrologic units (Morris et al. 2006; Simon and Morris 2009).

For the current study, we used Indiana Department of Environmental Man-
agement (IDEM) stream sampling results from 1996 to 2007 at 1274 sites
(Fig. 1). These streams represent the full range of drainage area sizes and are
classified as representative sites (Stoddard et al. 2006), rather than reference
sites. They represent a wide variety of natural and anthropogenic conditions. The
use of data from the two sampling designs ensures inclusion of a response
relationship, capable of capturing both ends of the effect gradient. In this
application, a reference site design would limit the utility of the approach since
deviation from that established condition would be measured and not necessarily
able to pinpoint community shifts occurring at varying resolutions and com-
plexities. Nutrient summary statistics for the Indiana State Wide analysis
calculated from spring, summer, and fall ambient water quality monitoring data
are included in Table 1. These data were used to calculate the EPA 25th and
75th percentile values based on water quality information for multiple lines
of evidence. The calculation of these statistics includes only the random
probability data; therefore, the characterization of the nutrient gradients based on
these statistics has a high degree of confidence.

2.2 Field Collection

2.2.1 Fish Collection

Daytime, single-pass fish assemblage inventories were conducted using a
Smith-Root model 15-D backpack electrofisher, a Smith-Root 2.5 GPP shore/
boat electrofisher or a Smith-Root Type VI Boat Electrofishing system from
2000 to 2007 (IDEM 1992). The backpack system was used on small streams
with wetted widths \ 3.3 m, the 2.5 GPP gear was used on wadeable streams
having a wetted width [ 3.4 m, and either the 2.5 GPP or the Type VI boat
electroshocking systems were used for all other non-wadeable collections.
Backpack electrofishing unit settings produced 850 W of power with 300 V
output and 2 A, the 2.5 GPP system had 500 V, 3 A, and 2,500 W and the Type
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IV 500 V, 3–5 A, and 3,500 W. Sampling time was dependent on habitat
complexity, but representative samples were collected within 300–5,000 s.
For headwater and wadeable streams, upstream sample distance was 50 m unless
stream width exceeded 3.4 m, in which case sample distance was 15 times the
wetted width, maximum 500 m. Sampling distances of 11–15 stream widths

Fig. 1 Map of the State of Indiana showing 1,274 sites sampled for fish assemblages, nutrients
and general chemistry from 1996 to 2007
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are generally adequate to sample a single habitat cycle (Leopold et al. 1964).
Boat electrofishing sites were sampled for 500 m along both banks. Fish iden-
tified in the field were vouchered for later taxonomic verification, while all other
specimens were preserved in 10% formalin for laboratory identification using
standard taxonomic references (Becker 1983; Etnier and Starnes 1993) and
verified by a regional taxonomic expert.

2.2.2 Water Chemistry

Grab water chemistry samples were collected 1–3 times per year at each site in
1,000 mL certified contaminant free sample bottles from the visual centroid of
flow. Sampling devices were cleaned and then rinsed with de-ionized water after
each use and placed in clean storage for transport between sites. Once water
samples were taken and preservatives were added (2 ml sulfuric acid for nutrients),
the exteriors of all sample bottles were rinsed with de-ionized water and placed in
ice filled coolers for transport to the laboratory. Duplicate water samples, Matrix
Spike (MS)/Matrix Spike Duplicates (MSDs) and field blanks were collected at a
rate of 1 for every 20 samples or 1 sample per week when less than 20 sam-
ples were taken. Standard field parameter measurements were taken with either a
YSITM multi-parameter water-chemistry analysis unit or a HydrolabTM data sonde.
Field water quality parameters included pH, temperature (oC), specific conduc-
tance (lS), turbidity (NTU), and dissolved oxygen (ppm). All analytical methods
followed those outlined in Indiana Department of Environmental Management,
Office of Water Quality, Assessment Branch’s Quality Assurance Project Plan
(IDEM 2004).

2.2.3 Chlorophyll and Algal Biomass Sampling

Phytoplankton was collected using a plastic 3 L sample bottle. If stream flow was
less than 1.5 ft/s, a single grab sample was taken from the center of the established
transect (linear transect perpendicular to the shore having a width equal to the
stream width). If stream flow was greater than 1.5 ft/s, a vertical composite sample
was collected from various depths along the transect (Shelton 1994). All samples
were stored out of direct sunlight to prevent degradation of photosynthetic pig-
ments until on-site processing could be done. Chlorophyll a (phytoplankton) was
filtered from a 100–250 mL aliquot of the original 3 L sample through a 47 mm
glass fiber filter. Expressed filters were folded into quarters, wrapped in aluminum
foil, placed in small petri dishes and stored on dry ice for transport back to the
laboratory (Moulton et al. 2002).

Periphyton samples were collected from a single substrate type according to
the following substrate priority: (1) riffles in shallow streams with coarse-grained
substrates (epilithic habitat); (2) woody debris in streams with fine-grained
substrates (epidendric habitat); and (3) sandy depositional areas along stream
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margins (epipsammic habitat). If the primary substrate was not present, the
progression continued through the priority list; however, once the substrate
priority was established that same substrate was collected for each subsequent
sampling event.

Epilithic samples consisted of 5 randomly chosen rocks with visible algae
growth. The method of epilithic sampling from 2001 to 2003 was the ‘‘top-rock
scrape’’, which consisted of scraping the algae from the rock surface and deter-
mining the area with a template (Moulton et al. 2002). From 2004 to present,
epilithic substrate was sampled from a predetermined surface area using a
calibrated syringe sampling device (Moulton et al. 2002). Periphyton samples were
rinsed with tap water into a 500 mL sample bottle and filled to a standard volume,
usually 400 mL with tap water (Moulton et al. 2002).

Epidendric samples were collected from five submerged woody substrates from
areas within or as close to the transect as possible. Woody substrates measured
approximately 7 to 10 cm long and 2 to 4 cm in diameter and had visible algae
growth. A hard bristle tooth brush was used to scrub the entire surface of all five
woody substrates followed by rinsing with tap water into a plastic tub. The sample
from the plastic tub was rinsed into a 500 mL bottle adding additional tap water to
ensure the bottle was filled to a standard volume. The length and diameter of each
cleaned woody substrate was measured and total sampling area calculated
(Moulton et al. 2002).

Epipsammic samples were collected from five locations at each site having a
depositional zone consisting of sand or silt substrates. Samples were collected by
pressing the top half of a 47 mm petri dish into the substrate and then sliding a
spatula beneath it to remove a 88.31 mm3 standardized slice. Sediment was
composited by rinsing the petri dish contents into a 500 mL sample bottle with tap
water to a standard 400 mL volume (Moulton et al. 2002).

Filtration procedures for the analysis of Chlorophyll a (periphyton) used the
same technique independent of priority substrate type. Approximately a 3 mL
aliquot of the priority substrate slurry was filtered by aspiration through a 47 mm
glass fiber filter. The filter was then folded into quarters, wrapped in aluminum
foil, placed in a small petri dish, and stored on dry ice for delivery to the laboratory
(Moulton et al. 2002).

Concentrations of Chlorophyll a were measured using a Turner Designs
TD-700 fluorometer outfitted for Chlorophyll a analysis following USEPA method
445 with two exceptions (Arar and Collins 1997). Filters were ground in Nalgene
centrifuge tubes rather than glass to counter tube breakage and samples were
centrifuged at a slower rate generating approximately 320 to 569 g for 15 min as
opposed to 675 g as prescribed by EPA. This modified method has been shown to
produce comparable results. Lowe et al. (2008), compared the two methods testing
90 Chlorophyll a (periphyton) replicates and 89 Chlorophyll a (phytoplankton)
replicates. They used a Wilcoxon Rank Sum test to evaluate whether the median
differences between paired samples was zero. No Statistical differences were
detected for either Chlorophyll a (periphyton) (p = 0.977) or Chlorophyll a
(phytoplankton) (p = 0.715).
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3 Data Analysis

3.1 Data Censoring

Sampling events occurring from 1996 to 2007 resulted in 1294 sites being
available for analysis. Because water chemistry and algal biomass sampling
occurred independent of fish collections, and at multiple times throughout the
year, it was necessary to use a data censoring tool that would capture only those
chemistry and algal biomass sampling events occurring within a 90 day window,
prior to fish collections (Smith et al. 2007). If more than one chemistry or algal
biomass event occurred within this window, the event occurring nearest to the
date including or prior to fish collections was used. After the appropriate nutrient
data were assigned to each reach, nutrient concentrations were evaluated for
replication of observations along the nutrient concentration gradient. Lack of
replication in the high nutrient concentration gradient could potentially drive
relationships that are not supported by the body of data. To prevent this situation
we evaluated each nutrient range of concentrations to flag for removal of
extremely high values sharing minimal, if any, replication. Nutrient concentra-
tions for these reaches were generally greater than two times the standard
deviation.

3.2 Drainage Classification

Smith et al. (2007) used a modification of a thermal tolerance model (Brandt 2001)
to establish optimal nutrient concentrations for macroinvertebrate species in Idaho.
This approach used species occurrence data divided into distinct nutrient
concentration ranges to calculate, using a weighted averaging approach, optimal
nutrient concentrations (optima) that explain species occurrence patterns. These
optima were used to develop nutrient tolerance score data for each species. We
modified this approach for fish species occurrences which are influenced by natural
mechanisms that could bias the calculation of optima. It is well documented that
fish species occurrence is heavily influenced by drainage area relationships, which
indicates that any given fish species does not have an equal probability of
occurrence across varying drainage areas. In order to consider this factor, we broke
our data into three drainage class categories. The first data set (small streams)
included all reaches having a drainage area less than 100 sq. mi. (n = 1047). The
second data set (medium streams) included all reaches with drainage areas greater
than 100 but less than 2300 sq. mi. (n = 211) and the final data set (large streams)
included all sites with drainage areas greater than 2300 sq. mi. (n = 36). For the
purpose of nutrient optima calculation each of these three data sets were analyzed
independently.
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Of the 1294 available sites, only 230 had corresponding Chlorophyll data. Thus,
fewer sites were available in each drainage class for analysis of these variables.
Drainage area class memberships for Chlorophyll sites were; small streams
(n = 145), medium streams (n = 72) and large streams (n = 13).

3.3 Jenks Analysis

Outliers were removed twice, once for the entire data set and then again before
beginning nutrient optima calculations. The second time outliers were removed in
the nutrient data within each drainage class. Next, we separated each drainage
class data set into 15 ranges or ‘‘bins’’ using the Jenks optimization method in Arc
GIS 9.3 (Jenks 1977). The Jenks optimization method classifies data using natural
breaks that minimize the squared deviations of the class means thereby maxi-
mizing the goodness of variance fit. Once bin ranges were calculated, each reach
was assigned to a bin with respect to the nutrient concentration observed at that
reach. These bin assignments were used to populate the species occurrence data
bin model for nutrient optima calculation following Smith et al. (2007).

3.4 Drainage Category Prevalence Determination

Fish species occur across a wide range of drainages; however, they tend to be most
prevalent within specific ranges. For example, Golden Redhorse (Moxostoma
erythrurum) occurs in all three drainage classes; but their percent occurrence
within each class varies. They occur in approximately 14% of sites in the small
streams class, 67% of reaches in the medium streams class, and 37% of reaches in
the large rivers class.

Smith et al. (2007) removed any taxa that occurred in less than 2% of samples,
which was a necessary step to ensure accurate calculation and reduce the
propensity of producing a Type I error due to low sample size. We chose to set a
more conservative threshold for inclusion. For our three drainage classes we
excluded species occurring in less than 5% of sites in the small streams class, 15%
in the medium streams class and 25% in the large river class. The difference in
percent inclusion across the three drainage classes is relative to the available
number of reaches within each class.

Based on these observations, the optimal data set for calculating Golden
Redhorse nutrient optima would be from both the medium and large river data sets.
Following this approach, all species were reviewed for percent occurrence within
drainage class. The most representative drainage class or classes were selected for
nutrient optima calculations. This step is critical since the model interprets the
absence of a species in relation to nutrient concentration and cannot differentiate
whether absences were due to nutrient effect or natural condition.
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3.5 Species Optima Calculations

Once drainage class assignments were made, we began the calculation of nutrient
optima. Nutrient optima are the weighted mean nutrient concentrations that
explain species occurrence patterns. Nutrient optima were calculated by dividing
the sum of the weighted proportion of times a species occurred in each bin by the
un-weighted proportion of times a species occurred in each bin. For example, if
bin 1 represents 100 sites and species A occurs at 50 of those reaches the
un-weighted proportion of times species A occurs in bin 1 is 0.50 or 50%. The
weighted proportion of times species A occurs in bin 1 is equal to the un-weighted
proportion multiplied by the average concentration of the target nutrient for all
100 reaches in bin 1. The final optima value for each species was determined by
summing the un-weighted proportions across all bins then dividing by the sum of
the weighted proportion.

Once nutrient optima values were calculated, tolerance scores were assigned to
each species. Tolerance scores are the final ranking of each species describing the
nutrient relationship with fish occurrence along a response gradient. This was done
by compiling all the species optima values for each nutrient variable, then dividing
the resulting range of optima values into 11 equal parts. Starting with the lowest
optima range, tolerance scores (0–10) were assigned. This approach allows the
nutrient optima to determine the tolerance scoring rather than simply dividing the
number of species into 11 equal parts, which would generate an arbitrary scale.
Since some species had membership in multiple drainage classes resulting in
multiple tolerance values, these multiple scores were averaged to create a single
tolerance score for each species.

Figures 2 and 3 illustrates an example calculation of TN optima and subsequent
nutrient tolerance score determination for two darter species, Fantail Darter
(Etheostoma flabellare) and Orangethroat Darter (E. spectabile). Fantail Darter
demonstrated a decreasing prevalence relative to TN concentration (Fig. 2), while
Orangethroat Darter demonstrated a more ubiquitous or steady prevalence (Fig. 3).
Resulting tolerance scores for Fantail Darter and Orangethroat Darter were 0 and
7, respectively.

3.6 Nutrient Biotic Index Calculation

Once tolerance scores were finalized, all sites from the three drainage classes were
pooled for calculation of Nutrient Biotic Index (NBI) scores. A biotic index is a
univariate biocriterion that explains the relationships between a specific contam-
inant and the resulting effect in species abundance and tolerance change. Our
method follows the approach of Hilsenhoff (1987) where the NBI score is equal to
the summation of the number of individuals of a given species multiplied by that
species tolerance score divided by the total number of individuals at the site having
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Fig. 2 Bar chart showing the number of sites where Fantail Darters (Etheostoma flabellare)
occurred by Total Nitrogen bin assignment. This graph illustrates the decreasing prevalence of
Fantail Darter with increasing Total Nitrogen concentration. The final Total Nitrogen tolerance
score for Fantail Darter is zero on a scale of 0–10. Zero being the most intolerant and 10 being the
most tolerant
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Fig. 3 Bar chart showing the number of sites where Orangethroat Darters (Etheostoma
spectabile) occurred by Total Nitrogen bin assignment. This graph illustrates the ubiquitous
prevalence of Orangethroat Darter with increasing Total Nitrogen concentration. The final Total
Nitrogen tolerance score for Orangethroat Darter is seven on a scale of 0–10. Zero being the most
intolerant and 10 being the most tolerant
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tolerance scores for each nutrient parameter. Due to our occurrence inclusion rule,
not all of the fish species in this study area had sufficient data to determine a
tolerance score. Since some NBI scores were calculated from sparse data, i.e., only
a small percentage of the total species collected at a site (\5 species) had tolerance
scores, we felt it necessary to create a rule limiting the calculation of NBI scores to
only those sites having at least six fish species with tolerance values. This step is
necessary to minimize the Type I error rate in NBI calculation.

3.7 Statistical Analysis

Once final NBI scores were generated, all sites were divided into 15 bins following
the same Jenks procedure described earlier. Relationships between NBI scores and
nutrient bin membership and nutrient concentration were determined by generating
three dimensional (3D) scatter plots to visualize the interaction so that break points
could be determined. A linear/planar fit was applied and variation in slope high-
lighted via color differentiation (StatSoft 2007). Areas along the curve, which
show shifts in NBI score (break points), were further analyzed by generating box
plots of NBI scores against nutrient bin assignment to determine statistical sig-
nificance. Break points identified in the 3D plots were defined in the box plot data
and areas between break points labeled Test Response Intervals (TRI). Test
Response Intervals are nutrient bins of equal relationship. We compartmentalized
TRIs and tested for significant change in NBI score relative to nutrient bin using
analysis of variance (ANOVA) (a = 0.05). Significant ANOVA models were
further analyzed using the Tukey Honest Significant Difference (HSD) post hoc
analysis to differentiate between individual TRIs. Test Response Intervals having
significantly different mean NBI scores were considered verified as significant and
relabeled as Shift Response Intervals (SRI). Non-significant TRI were collapsed
and grouped together and presented as a single SRI. Nutrient Biotic Index scores
within TRI were evaluated relative to index of biotic integrity (IBI) scores using
Spearman Rank Correlation and ANOVA to determine ecological relevance.
The Tukey HSD post hoc analysis was used to evaluate mean NBI scores between
TRI in relation to IBI integrity class (a = 0.05) to verify ecological relevance.

4 Results

4.1 Bin Summary Statistics

Final Jenks bin assignments for each nutrient variable and summary statistics are
presented in Tables 2, 3, 4, 5, 6, 7 and 8 and Figs. 4, 5, 6, 7, 8, 9 and 10.
Tables 2, 3, 4, 5, 6, 7 and 8 provide upper and lower nutrient concentration
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Table 2 Unionized Ammonia bin summary statistics and Jenks Bin assignments

Bin Bin ranges (mg/L) n Bin concentration (mg/L) Bin NBI SRI

Lower limit Upper limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.00166 0.00215 71 0.00201 ± 0.00003 0.00013 3.3 ± 0.14 0.59 1
2 0.00215 0.00242 151 0.00229 ± 0.00001 0.00008 3.06 ± 0.1 0.65 1
3 0.00242 0.00270 165 0.00256 ± 0.00001 0.00008 2.92 ± 0.09 0.62 1
4 0.00270 0.00304 133 0.00284 ± 0.00002 0.00010 3.03 ± 0.1 0.58 1
5 0.00304 0.00353 83 0.00325 ± 0.00003 0.00013 3.22 ± 0.11 0.50 1
6 0.00353 0.00424 43 0.00383 ± 0.00007 0.00023 3.18 ± 0.14 0.47 1
7 0.00424 0.00534 23 0.00484 ± 0.00012 0.00027 3.08 ± 0.22 0.50 1
8 0.00535 0.00633 25 0.00589 ± 0.00013 0.00031 3.2 ± 0.16 0.38 1
9 0.00633 0.00771 32 0.00701 ± 0.00012 0.00034 3.26 ± 0.21 0.58 1
10 0.00771 0.00991 35 0.00882 ± 0.00019 0.00056 3.11 ± 0.3 0.87 1
11 0.00991 0.01245 30 0.01124 ± 0.00029 0.00079 3.32 ± 0.3 0.80 1
12 0.01245 0.01779 23 0.01435 ± 0.00058 0.00134 3.09 ± 0.3 0.70 1
13 0.01779 0.02939 26 0.02152 ± 0.00123 0.00304 3.33 ± 0.4 0.99 2
14 0.02939 0.06182 9 0.04269 ± 0.00716 0.00931 3.24 ± 0.67 0.88 2
15 0.06182 0.09890 5 0.08514 ± 0.01635 0.01316 3.21 ± 0.77 0.62 2

Summary statistics show the number of sites per bin, mean Unionized Ammonia concentration
(mg/L) ± 95% confidence intervals (CI) and the standard deviation. Jenks bin ranges show the
maximum and minimum Unionized Ammonia concentration in each bin

Table 3 Nitrogen, Nitrate ? Nitrite bin summary statistics and Jenks Bin assignments

Bin Bin ranges (mg/L) n Bin concentration (mg/L) Bin NBI SRI

Lower limit Upper limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.05 0.113 174 0.058 ± 0.003 0.018 5.58 ± 0.17 1.12 1
2 0.114 0.223 76 0.17 ± 0.008 0.035 5.6 ± 0.24 1.03 1
3 0.224 0.33 68 0.281 ± 0.007 0.028 5.58 ± 0.26 1.06 1
4 0.331 0.46 64 0.393 ± 0.008 0.033 5.58 ± 0.24 0.97 1
5 0.461 0.633 45 0.543 ± 0.015 0.050 5.41 ± 0.33 1.10 2
6 0.634 0.87 61 0.737 ± 0.017 0.067 5.43 ± 0.3 1.16 2
7 0.871 1.17 50 1.008 ± 0.023 0.082 5.14 ± 0.28 0.99 2
8 1.171 1.56 71 1.346 ± 0.024 0.102 5.4 ± 0.22 0.93 2
9 1.561 2.1 86 1.839 ± 0.032 0.149 5.42 ± 0.22 1.02 2
10 2.101 2.72 55 2.468 ± 0.042 0.155 5.85 ± 0.24 0.87 3
11 2.721 3.57 52 3.107 ± 0.066 0.236 6 ± 0.26 0.95 3
12 3.571 4.8 57 4.072 ± 0.092 0.347 5.63 ± 0.29 1.10 3
13 4.801 6.82 44 5.69 ± 0.182 0.598 6.24 ± 0.3 0.97 4
14 6.821 9.8 19 8.189 ± 0.41 0.851 6.29 ± 0.37 0.77 4
15 9.801 13.4 10 11.68 ± 0.842 1.177 6.2 ± 0.84 1.17 4

Summary statistics show the number of sites per bin, mean Nitrogen, Nitrate ? Nitrite con-
centration (mg/L) ± 95% confidence intervals (CI) and the standard deviation. Jenks bin ranges
show the maximum and minimum Nitrogen, Nitrate ? Nitrite concentration in each bin
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Table 4 Total Kjeldahl Nitrogen (TKN) bin summary statistics and Jenks Bin assignments

Bin Bin ranges (mg/L) n Bin concentration (mg/L) Bin NBI SRI

Lower limit Upper limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.025 0.025 255 0.025 ± -0.025 0.000 2.79 ± 0.14 1.15 1
2 0.026 0.42 18 0.357 ± 0.031 0.062 1.8 ± 0.36 0.73 1
3 0.421 0.54 45 0.503 ± 0.007 0.024 2.73 ± 0.34 1.13 1
4 0.541 0.6 65 0.577 ± 0.005 0.020 3.16 ± 0.31 1.27 2
5 0.601 0.66 41 0.636 ± 0.005 0.016 3.03 ± 0.32 1.03 2
6 0.661 0.72 43 0.695 ± 0.005 0.015 3.04 ± 0.33 1.07 2
7 0.721 0.79 38 0.76 ± 0.006 0.019 3.17 ± 0.36 1.09 2
8 0.791 0.86 48 0.831 ± 0.006 0.020 3.09 ± 0.29 1.00 3
9 0.861 0.95 36 0.909 ± 0.008 0.023 3.51 ± 0.34 0.99 3
10 0.951 1.06 50 0.995 ± 0.006 0.021 3.24 ± 0.27 0.96 3
11 1.061 1.25 42 1.137 ± 0.016 0.051 3.48 ± 0.31 1.01 3
12 1.251 1.51 43 1.379 ± 0.023 0.076 3.56 ± 0.35 1.15 3
13 1.511 1.9 25 1.714 ± 0.042 0.102 2.9 ± 0.45 1.09 3
14 1.901 2.6 25 2.257 ± 0.086 0.208 3.46 ± 0.5 1.22 3
15 2.601 3.4 5 3.066 ± 0.408 0.328 3.11 ± 1.69 1.36 3

Summary statistics show the number of sites per bin, mean TKN concentration (mg/L) ± 95%
confidence intervals (CI) and the standard deviation. Jenks bin ranges show the maximum and
minimum TKN concentration in each bin

Table 5 Total Nitrogen bin summary statistics and Jenks Bin assignments

Bin Bin ranges (mg/L) n Bin concentration (mg/L) Bin NBI SRI

Lower limit Upper limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.075 0.225 66 0.108 ± 0.012 0.047 4.5 ± 0.15 0.63 1
2 0.226 0.505 40 0.37 ± 0.023 0.071 4.69 ± 0.24 0.76 1
3 0.506 0.784 65 0.658 ± 0.019 0.075 4.68 ± 0.14 0.57 1
4 0.785 1.05 82 0.921 ± 0.017 0.078 4.64 ± 0.12 0.57 1
5 1.051 1.325 49 1.214 ± 0.023 0.079 4.5 ± 0.12 0.42 1
6 1.326 1.6 44 1.465 ± 0.022 0.071 4.62 ± 0.17 0.57 1
7 1.601 1.88 51 1.752 ± 0.023 0.083 4.84 ± 0.14 0.48 2
8 1.881 2.21 54 2.028 ± 0.024 0.087 4.79 ± 0.14 0.50 2
9 2.211 2.625 55 2.403 ± 0.03 0.110 4.7 ± 0.19 0.70 2
10 2.626 3.17 56 2.872 ± 0.042 0.158 4.87 ± 0.23 0.84 2
11 3.171 3.9 50 3.484 ± 0.059 0.207 4.84 ± 0.19 0.68 2
12 3.901 5.2 52 4.449 ± 0.098 0.353 4.91 ± 0.19 0.69 2
13 5.201 7.11 51 5.986 ± 0.155 0.552 4.84 ± 0.19 0.66 2
14 7.111 9.6 20 8.343 ± 0.306 0.655 5 ± 0.25 0.54 3
15 9.601 13.5 13 12.048 ± 0.718 1.188 5 ± 0.25 0.54 3

Summary statistics show the number of sites per bin, mean Total Nitrogen concentration (mg/
L) ± 95% confidence intervals (CI) and the standard deviation. Jenks bin ranges show the
maximum and minimum Total Nitrogen concentration in each bin
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limits for inclusion in each bin, along with 95% confidence interval calculations
for each bin mean nutrient concentration and NBI scores. Figures 11, 12, 13, 14,
15, 16 and 17 graphically illustrate the relationships of nutrient concentration

Table 6 Total Phosphorus bin summary statistics and Jenks Bin assignments

Bin Bin ranges (mg/L) n Bin concentration (mg/L) Bin NBI SRI

Lower limit Upper limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.025 0.037 57 0.026 ± 0.001 0.002 2.95 ± 0.12 0.46 1
2 0.038 0.054 361 0.05 ± 0 0.001 3.56 ± 0.08 0.77 1
3 0.055 0.073 49 0.065 ± 0.001 0.005 3.16 ± 0.16 0.56 1
4 0.074 0.094 49 0.085 ± 0.002 0.005 3.18 ± 0.15 0.51 1
5 0.095 0.112 74 0.104 ± 0.001 0.005 3.35 ± 0.19 0.81 1
6 0.113 0.134 69 0.125 ± 0.001 0.005 3.49 ± 0.18 0.77 1
7 0.135 0.154 55 0.144 ± 0.001 0.005 3.55 ± 0.22 0.81 1
8 0.155 0.175 49 0.164 ± 0.001 0.005 3.39 ± 0.19 0.67 1
9 0.176 0.2 48 0.187 ± 0.002 0.008 3.45 ± 0.24 0.84 2
10 0.201 0.24 31 0.219 ± 0.004 0.011 3.70 ± 0.31 0.84 2
11 0.241 0.31 37 0.271 ± 0.006 0.018 3.38 ± 0.3 0.90 2
12 0.311 0.4 30 0.354 ± 0.01 0.027 3.61 ± 0.32 0.86 2
13 0.401 0.535 23 0.462 ± 0.018 0.042 3.58 ± 0.34 0.79 2
14 0.536 0.77 9 0.647 ± 0.067 0.087 3.82 ± 0.91 1.19 2

Summary statistics show the number of sites per bin, mean Total Phosphorus concentration (mg/
L) ± 95% confidence intervals (CI) and the standard deviation. Jenks bin ranges show the
maximum and minimum Total Phosphorus concentration in each bin

Table 7 Chlorophyll a (periphyton) bin summary statistics and Jenks Bin assignments

Bin Bin ranges (mg/L) n Bin concentration (mg/m2) Bin NBI SRI

Lower limit Upper limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.41 3.59 10 1.953 ± 0.773 1.080 3.83 ± 0.41 0.58 1
2 3.59 9.97 19 7.105 ± 0.675 1.401 3.58 ± 0.24 0.50 1
3 9.97 15.87 14 14.3 ± 0.703 1.217 3.76 ± 0.31 0.54 1
4 15.87 20.08 10 18.547 ± 0.872 1.219 3.75 ± 0.28 0.39 1
5 20.08 28.38 16 25.729 ± 0.872 1.637 3.88 ± 0.34 0.64 1
6 28.38 34.05 14 31.643 ± 0.959 1.660 4.02 ± 0.31 0.53 2
7 34.05 40.49 13 37.276 ± 1.28 2.118 4.2 ± 0.42 0.70 2
8 40.49 50.09 13 45.93 ± 1.499 2.481 4.09 ± 0.35 0.59 2
9 50.09 61.73 13 56.838 ± 1.731 2.864 3.65 ± 0.48 0.80 2
10 61.73 75.55 23 68.926 ± 1.687 3.901 3.92 ± 0.28 0.64 2
11 75.55 91.56 19 85.014 ± 2.017 4.185 4.25 ± 0.33 0.69 3
12 91.56 113.82 11 103.625 ± 4.488 6.680 4.32 ± 0.37 0.56 3
13 113.82 170.47 15 149.907 ± 7.324 13.226 4.05 ± 0.27 0.48 3
14 170.47 210.30 5 198.937 ± 17.028 13.714 3.98 ± 0.45 0.36 3
15 210.30 663.05 6 518.219 ± 122.59 116.815 4.39 ± 0.59 0.56 3

Summary statistics show the number of sites per bin, mean Chlorophyll a (periphyton) con-
centration (mg/m2 ) ± 95% confidence intervals (CI) and the standard deviation. Jenks bin
ranges show the maximum and minimum Chlorophyll a (periphyton) concentration in each bin
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with Jenks bin assignment. Each nutrient range compartmentalized within bin
showed an exponential relationship with the exception of TKN, which was
sigmoidal.

Table 8 Chlorophyll a (phytoplankton) bin summary statistics and Jenks Bin assignments

BIN Bin Ranges (mg/L) n Bin Concentration (ug/L) BIN NBI SRI

Lower Limit Upper Limit Mean ± 95% CI SD Mean ± 95% CI SD

1 0.43 0.81 14 0.641 ± 0.072 0.125 3.15 ± 0.4 0.70 1
2 0.81 1.19 15 1.004 ± 0.062 0.112 2.96 ± 0.63 1.14 1
3 1.19 1.62 17 1.453 ± 0.048 0.093 3.63 ± 0.51 0.98 2
4 1.62 2.06 20 1.88 ± 0.055 0.117 3.48 ± 0.37 0.79 2
5 2.06 2.60 13 2.332 ± 0.095 0.158 3.32 ± 0.38 0.63 2
6 2.60 3.28 22 2.97 ± 0.09 0.204 3.35 ± 0.53 1.19 2
7 3.28 4.16 26 3.659 ± 0.105 0.261 3.7 ± 0.43 1.07 2
8 4.16 5.87 17 4.981 ± 0.246 0.479 3.45 ± 0.5 0.97 2
9 5.87 8.25 12 7.347 ± 0.39 0.614 3.67 ± 0.48 0.76 2
10 8.25 10.74 10 9.743 ± 0.395 0.552 3.91 ± 0.85 1.19 3
11 10.74 16.17 9 12.627 ± 1.125 1.464 3.8 ± 0.54 0.71 3
12 16.17 28.64 9 22.529 ± 2.076 2.701 4.63 ± 0.81 1.05 4
13 28.64 41.19 5 36.995 ± 5.091 4.100 4.72 ± 0.85 0.69 4
14 41.19 86.87 5 69.163 ± 14.286 11.505 5.24 ± 0.6 0.49 5
15 86.87 146.23 7 131.663 ± 13.896 15.025 5.58 ± 0.27 0.30 5

Summary statistics show the number of sites per bin, mean Chlorophyll a (phytoplankton)
concentration (lg/L) ± 95% confidence values (CV) and the standard deviation. Jenks bin ranges
show the maximum and minimum Chlorophyll a (phytoplankton) concentration in each bin
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4.2 Species Optima and Tolerance Classification

We calculated tolerance scores for 77 species of fish based on the nutrient optima
calculations (Appendix A).
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4.3 NBI Calculation

Since NBI score calculation is determined only by those species having tolerance
scores, we exclude reaches having less than six species having tolerance scores
(n = 219). We consider these sites ‘‘not assessable’’ using the NBI since the
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calculation using fewer species could increase the models propensity for Type I
error; however, this needs to be balanced against requiring too many species there
by limiting the overall sample size. Thus, we chose six species as our threshold.
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Additionally, it was necessary to review NBI scores generated from extremely
high concentration data. These data were sparse and typically exceeded two
standard deviations of the mean (n = 36). Lacking any reasonable replication in

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Unionized Ammonia BIN

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

U
n

io
n

iz
ed

 A
m

m
o

n
ia

 (
m

g
/L

)

Fig. 11 Box plot of Unionized Ammonia concentrations by 15 bins determined by the Jenks
Natural Breaks Analysis. Boxes represent the mean and standard deviation while the whiskers
represent the standard error of the mean
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this region of the relationship the precision and accuracy of NBI generated from
these sites could not be validated. After all data reductions, the final data set for
hypothesis testing was comprised of 963 sites.
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Fig. 13 Box plot of Total Kjeldahl Nitrogen concentrations by 15 bins determined by the Jenks
Natural Breaks Analysis. Boxes represent the mean and standard deviation while the whiskers
represent the standard error of the mean
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Fig. 14 Box plot of Total Nitrogen concentrations by 15 bins determined by the Jenks Natural
Breaks Analysis. Boxes represent the mean and standard deviation while the whiskers represent
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4.4 Test Response Intervals and Shift Response Intervals

Figures 18, 19, 20, 21, 22, 23 and 24 illustrate the 3 dimensional relationships
between nutrient concentrations, Jenks bin assignment, and NBI score. Linear/
planar fit functions delineated shift points along the relationship at which the slope
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Fig. 15 Box plot of Total Phosphorus concentrations by 15 bins determined by the Jenks Natural
Breaks Analysis. Boxes represent the mean and standard deviation while the whiskers represent
the standard error of the mean
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Fig. 16 Box plot of Chlorophyll a (periphyton) concentrations by 15 bins determined by the
Jenks Natural Breaks Analysis. Boxes represent the mean and standard deviation while the
whiskers represent the standard error of the mean
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of the fit changes. These relationships are further revealed in Figs. 25, 26, 27, 28,
29, 30 and 31, which show the TRIs. Summary statistics for the TRI chemistry and
NBI are shown in Tables 9 and 10, respectively. Figures 32, 33, 34, 35, 36, 37 and
38 show the statistical significance of each TRI response and the resulting SRI
based on Tukey HSD post hoc analysis (Table 11). Summary statistics for the SRI
based on Tukey HSD post hoc are shown in Tables 12 and 13. Figures 39, 40, 41,
42, 43, 44 and 45 show the relationship between IBI score and NBI scores and
Figs. 46, 47, 48, 49, 50, 51 and 52 show the statistical relationships between NBI
and IBI integrity classes (Table 14).
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Fig. 17 Box plot of
Chlorophyll a
(phytoplankton)
concentrations by 15 bins
determined by the Jenks
Natural Breaks Analysis.
Boxes represent the mean and
standard deviation while the
whiskers represent the
standard error of the mean

Fig. 18 Three dimensional
plot of Unionized Ammonia
concentration (mg/L),
Unionized Ammonia bin and
NBIUnionized Ammonia score.
The grey grid represents a
linear/planar fit. Changes in
color on the plane suggest
points at which the slope of
the fit changed
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4.4.1 Nitrogen

A single break point was observed for Unionized Ammonia, which was bracketed
by two TRIs (Fig. 25). Descriptive Unionized Ammonia concentration and
NBIUnionized Ammonia statistics for TRI are provided in Tables 9 and 10. The 3D
plot showed that a break point occurred between bins 12 and 13 (Fig. 18). This

Fig. 19 Three dimensional
plot of Nitrogen,
Nitrate ? Nitrite
concentration (mg/L),
Nitrogen, Nitrate ? Nitrite
bin and NBINitrate+ Nitrite

score. The grey grid
represents a linear/planar fit.
Changes in color on the plane
suggest points at which the
slope of the fit changed

Fig. 20 Three dimensional
plot of TKN concentration
(mg/L), TKN bin, and
NBITKN score. The grey grid
represents a linear/planar fit.
Changes in color on the plane
suggest points at which the
slope of the fit changed
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break point was verified by the significant ANOVA model showing an NBIUnionized

Ammonia score shift (p = 0.05, a = 0.05) that occurred between TRI 1 (bins 1–12)
and TRI 2 (bins 13–15) (Figs. 25 and 32) resulting in two validated SRIs. The
mean concentrations of Unionized Ammonia for SRIs 1 and 2 were 0.003 and 0.03
(mg/L) (Table 12) and the mean NBIUnionized Ammonia scores were 3.09 and 3.29,
respectively (Table 13). Nutrient Biotic IndexUnionized Ammonia scores were

Fig. 21 Three dimensional
plot of Total Nitrogen
concentration (mg/L), Total
Nitrogen bin and NBITN

score. The grey grid
represents a linear/planar fit.
Changes in color on the plane
suggest points at which the
slope of the fit changed

Fig. 22 Three dimensional
plot of Total Phosphorus
concentration (mg/L), Total
Phosphorus bin and NBITP

score. The grey gird
represents a linear/planar fit.
Changes in color on the plane
suggest points at which the
slope of the fit changed
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significantly correlated with IBI score (p = 0.00000, a = 0.05) (Fig. 39) and IBI
integrity class (p \ 0.000, a = 0.05) (Fig. 46). Post hoc analysis showed that
NBIUnionized Ammonia score statistically predicted two biological integrity ranges
(very poor to poor and fair to excellent) (Table 14).

Three break points were observed for Nitrogen, Nitrate ? Nitrite among four
TRIs (Fig. 26). Descriptive Nitrogen, Nitrate ? Nitrite concentration and

Fig. 23 Three dimensional
plot of Chlorophyll a
(periphyton) concentration
(mg/m2), Chlorophyll a
(periphyton) bin and
NBIPeriphyton score. The grey
grid represents a linear/planar
fit. Changes in color on the
plane suggest points at which
the slope of the fit changed

Fig. 24 Three dimensional
plot of Chlorophyll a
(phytoplankton)
concentration (lg/L),
Chlorophyll a
(phytoplankton) bin and
NBIPhytoplankton score. The
grey grid represents a linear/
planar fit. Changes in color
on the plane suggest points at
which the slope of the fit
changed
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NBINitrate+Nitrite statistics for TRI are provided in Tables 9 and 10. The 3D plot
showed that Nitrogen, Nitrate ? Nitrite break points occurred between bins 4 and
5, 9 and 10, and 12 and 13 (Fig. 19). The ANOVA model was significant
(p \ 0.000, a = 0.05) and post hoc analysis showed a significant NBINitrate+Nitrite

score shift occurred between TRI 1 (bins 1–4), TRI 2 (bins 5–9), TRI 3 (bins
10–12), and TRI 4 (bins 13–15) (Figs. 26 and 33) resulting in four SRI’s having
mean Nitrogen, Nitrate ? Nitrite concentrations of 0.13, 1.09, 3.15 and 6.87 mg/
L, respectively (Table 9). The mean NBINitrate+Nitrite score for each SRI are 5.58,
5.37, 5.82 and 6.25, respectively (1. 10). Shift Response Intervals 1 and 3 were not
statistically different; however they were separated by SRI 2, which had a sig-
nificantly lower mean NBINitrate+Nitrite score. This relationship produced a convex
curve suggesting an enrichment signature. Nutrient Biotic IndexNitrate+Nitrite scores

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Unionized Ammonia BIN

0

1

2

3

4

5

6

7

8

N
B

I U
n

io
n

iz
ed

 A
m

m
o

n
ia

Fig. 25 Box plots of
NBIUnionized Ammonia by
Unionized Ammonia bin
assignments determined by
Jenks Natural Breaks
analysis. Rectangles identify
Test Response Intervals
(TRI) bracketing the shift
points indicated by the three
dimensional plot
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assignments determined by
the Jenks Natural Breaks
analysis. Rectangles identify
Test Response Intervals
(TRI) bracketing the shift
points indicated by the three
dimensional plot
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were significantly correlated with IBI score (p = 0.05, a = 0.05) (Fig. 40) and IBI
integrity class (p = 0.0000, a = 0.05) (Fig. 47). The post hoc analysis showed
that the NBI score could significantly predict two integrity ranges (very poor and
poor to excellent).

Two break points were observed for TKN (Fig. 27), which were bracketed by
three TRIs. Descriptive TKN concentration and NBITKN statistics for each TRI are
provided in Tables 9 and 10. The 3D plot showed that there were two break points
occurring between bins 3 and 4 and 8 and 9 (Fig. 20). The ANOVA model was
significant (p \ 0.000, a = 0.05) and the post hoc analysis verified mean NBITKN
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Fig. 27 Box plots of
NBITKN by TKN bin
assignments determined by
the Jenks Natural Breaks
analysis. Rectangles identify
Test Response Intervals
(TRI) bracketing the shift
points indicated by the three
dimensional plot
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Fig. 28 Box plots of NBITN

by Total Nitrogen bin
assignments determined by
the Jenks Natural Breaks
analysis. Rectangles identify
Test Response Intervals
(TRI) bracketing the shift
points indicated by the three
dimensional plot
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scores were significantly different between TRI 1 (bins 1–3), TRI 2 (bins 4–8) and
TRI 3 (bins 9–15) (Figs. 27 and 34), resulting in three valid SRIs. The mean SRI
concentrations of TKN were 0.04, 0.68, and 1.27 mg/L (1.12), respectively. The
mean NBITKN scores were 2.73, 3.10, and 3.37, respectively (Table 13). Nutrient
Biotic IndexTKN scores were significantly related to IBI score (p = 0.00000,
a = 0.05) (Fig. 41) and IBI integrity class (p = 0.0000, a = 0.05) (Fig. 48). The
post hoc analysis indicated that NBITKN score could significantly predict three
integrity ranges (very poor, poor, and fair to excellent).

Two break points were observed for TN (Fig. 28), which was bracketed by
three TRIs. Descriptive TN concentration and NBITN statistics for each TRI are
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Fig. 29 Box plots of NBITP

by Total Phosphorus bin
assignments determined by
the Jenks Natural Breaks
analysis. Rectangles identify
Test Response Intervals
(TRI) bracketing the shift
points indicated by the three
dimensional plot
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provided in Tables 9 and 10. The 3D plot showed that two break points occurred
between bins 6 and 7 and 13 and 14 (Fig. 21). The ANOVA model was significant
(p = \ 0.000, a = 0.05); however, the post hoc analysis showed that only TRI 1
(bins 1–6) was significantly different resulting in two valid SRIs (bins 1–6 and bins
7–15). The mean SRI concentrations of TN were 0.56 mg/L and 3.30 mg/L
(Table 12), respectively. The mean NBITN scores were 4.60 and 4.85, respectively
(Table 13). Nutrient Biotic IndexTN scores were not significantly related to IBI
score (Fig. 42) or IBI integrity class (Fig. 49).

4.4.2 Phosphorus

Two break points were observed for TP (Fig. 29), which were bracketed by three
TRIs. Descriptive TP concentration and NBITP statistics for each TRI are provided
in Tables 9 and 10. The 3D plot showed that the two break points occurred
between bins 9 and 10 and 14 and 15 (Fig. 22). The ANOVA model for the three
TRIs was not significant. We removed the four reaches from TRI 3 because this
TRI was only composed of four data points (the fewest of any TRI in this study).
After removal of TRI 3 the ANOVA was significant (p = 0.04, a = 0.05)
(Fig. 36) resulting in two valid SRIs (bins 1–9 and bins 10–14). The mean SRI
concentrations of TP were 0.07 and 0.32 mg/L (Table 12), respectively. The mean
NBITP scores were 3.43 and 3.58, respectively (Table 13). Nutrient Biotic IndexTP

scores were significantly related to IBI score (p = 0.00000, a = 0.05) (Fig. 43)
and IBI integrity class (p = 0.0000, a = 0.05) (Fig. 50). Post hoc analysis showed
that NBITP scores were not significantly different between very poor and good to
excellent class ranges but could significantly predict poor, fair, and good to
excellent class ranges.
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Fig. 32 Box plots
illustrating the significant
shift in NBIUnionized Ammonia

score occurring between TRI
1 and TRI 2 (p = 0.05,
a = 0.05)
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Fig. 33 Box plots
illustrating the significant
relationship between
NBINitrate+Nitrite score and
TRI (p \ 0.000, a = 0.05).
All TRI have significantly
different mean
NBINitrate+Nitrite scores with
the exception of TRI 1 and 3
which are not statistically
different
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Fig. 34 Box plots
illustrating the significant
relationship between NBITKN

score and TRI (p \ 0.000,
a = 0.05). All TRI have
significantly different mean
NBITKN scores
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Fig. 37 Box plots
illustrating the significant
relationship between
NBIPeriphyton score and TRI
(p \ 0.000, a = 0.05). Only
the mean NBIPeriphyton scores
in TRI 1and TRI 3 are
significantly different
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Fig. 35 Box plots
illustrating the significant
relationship between NBITN

score and TRI (p \ 0.000,
a = 0.05). The mean NBITN

score in TRI 1 is significantly
different than TRI 2 or 3,
while TRI 2 and 3 are not
significantly different
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Fig. 36 Box plots
illustrating the significant
relationship between NBITP

score and TRI (p \ 0.000,
a = 0.05)
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4.4.3 Chlorophyll a

Two break points were observed for Chlorophyll a (periphyton) (Fig. 30), which
was bracketed by three TRIs. Descriptive concentration and NBIPeriphyton statistics
for each TRI are provided in Tables 9 and 10. The 3D plot showed that two break
points occurred between bins 5–6 and 10–11 (Fig. 23). The ANOVA model was
significant (p \ 0.000, a = 0.05); however, post hoc analysis showed that while
TRI 1 and 3 were significantly different from each other, neither were significantly
different from TRI 2. This observation resulted in two valid SRIs (bins 1–5 and
bins 11–15) with the break point occurring in between bins 6–10.

The mean SRI concentration of Chlorophyll a (periphyton) for SRI 1 was 10.15
and 134.14 mg/m2 for SRI 2 (Table 12), respectively. The mean NBIPeriphyton

scores were 3.75 and 4.20, respectively (Table 13). Nutrient Biotic IndexPeriphyton

scores were not significantly related to IBI score (Fig. 44), but were significantly
related to IBI integrity class (p = 0.0023, a = 0.05) (Fig. 51) predicting two
integrity ranges (very poor and poor to excellent).

Four break points were observed for Chlorophyll a (phytoplankton) (Fig. 31),
which was bracketed by five TRIs. Descriptive Chlorophyll a (phytoplankton)
concentration and NBIPhytoplankton statistics for each TRI are provided in Tables 9
and 10. The 3D plot showed that the four break points occurred between bins 2 and
3, 9 and 10, 11 and 12, and 13 and 14 (Fig. 24). The ANOVA model was sig-
nificant (p \ 0.000, a = 0.05). The post hoc analysis indicated that TRI 1, 3 and 5
were significantly different, but TRI 2 and 4 were not significantly different from
adjacent TRIs. This results in three valid SRIs (bins 1–2, 10–12 and 14–15)
with break points occurring at TRI 2 (bins 3–9) and TRI 4 (bins 11–13) (Figs. 31
and 38).

The mean SRI concentrations of Chlorophyll a (phytoplankton) were 2.33,
10.98 and 49.13 lg/L (Table 12), respectively. The mean NBIPhytoplankton scores
were 3.43, 3.85 and 5.02, respectively (Table 13). Nutrient Biotic IndexPhytoplankton

scores were significantly related to IBI score (p = 0.00000, a = 0.05) (Fig. 45)
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Fig. 38 Box plots
illustrating the significant
relationship between
NBIPhytoplankton score and TRI
(p \ 0.000, a = 0.05). No
significant differences were
observed between mean
NBIPhytoplankton scores in TRI
1-2 and TRI 4–5; however,
TRI 1–2 are significantly
different from TRI 4–5. TRI 3
is significantly different than
TRI 1 and 5, but not 2 and 4

38 Nutrient Indicator Models



and IBI integrity class (p = 0.0000, a = 0.05) (Fig. 52). Post hoc analysis
indicated that NBIPhytoplankton scores could significantly predict four integrity
ranges (very poor, poor, fair and good to excellent).

5 Discussion

5.1 Reference Condition and Study Design

The EPA approach to nutrient criteria development is based on delineated nutrient
ecoregions (EPA 1998b) that have embedded regional reference conditions (Dodds
and Oaks 2004). The EPA has suggested three strategies for determining reference
condition based on best professional judgement, or using a 75th percentile, or a
25th percentile approach (Buck et al. 2000). The use of a best professional

Table 11 Analysis of variance (ANOVA) and post hoc statistics for NBI Test Response
Intervals (TRI)

Variable ANOVA Tukey HSD test

F p TRI 1 TRI 2 TRI 3 TRI 4

NBIUnionized Ammonia 3.81 0.05 – – – –
TRI 2 – – 0.05 – – –
NBINitrate+Nitrite 17.27 <0.000 – – – –
TRI 2 – – 0.04 – – –
TRI 3 – – 0.06 <0.00 – –
TRI 4 – – <0.00 <0.00 0.02 –
NBITKN 23.28 <0.000 – – – –
TRI 2 – – <0.00 – – –
TRI 3 – – <0.00 0.02 – –
NBITN 15.97 <0.000 – – – –
TRI 2 – – <0.00 – – –
TRI 3 – – <0.00 0.11 – –
NBITP 3 TRI 2.52 0.08 – – – –
TRI 2 – – 0.09 – – –
TRI 3 – – 0.7 0.47 – –
NBITP 2 TRI 4.31 0.04 – – – –
TRI 2 – – 0.04 – – –
NBIPeriphyton 8.97 <0.000 – – – –
TRI 2 – – 0.67 – – –
TRI 3 – – <0.00 0.67 – –
NBIPhytoplankton 19.17 <0.000 – – – –
TRI 2 – – 0.1 – – –
TRI 3 – – 0.03 0.58 – –
TRI 4 – – <0.00 <0.00 0.1 –
TRI 5 – – <0.00 <0.00 <0.00 0.2

Significant p-values are highlighted
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Fig. 39 Box plot illustrating
the significant relationship
between NBIUnionized Ammonia

score and IBI score
(p = 0.00000, a = 0.05)
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Fig. 40 Box plot illustrating
the significant relationship
between NBINitrate+Nitrite

score and IBI score
(p = 0.05, a = 0.05)
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Fig. 41 Box plot illustrating
the significant relationship
between NBITKN score and
IBI score (p = 0.0000,
a = 0.05)
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Fig. 42 Box plot illustrating
the non-significant
relationship between NBITN

score and IBI score
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Fig. 43 Box plot illustrating
the significant relationship
between NBITP score and IBI
score (p = 0.00000,
a = 0.05)
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the non-significant
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Fig. 45 Box plot illustrating
the significant relationship
between NBIPhytoplankton score
and IBI score (p = 0.00000,
a = 0.05)
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Fig. 46 Box plot illustrating
the significant relationship
between NBIUnionized Ammonia

scores and IBI Integrity Class
using ANOVA (p = 0.0000,
a = 0.05)

23 37 46 54 60

IBI Score

IBI Integrity Class

2

3

4

5

6

7

8

9

N
B

I N
it

ra
te

+N
it

ri
te

12

Very Poor Poor Fair Good Excellent

Fig. 47 Box plot illustrating
the significant relationship
between NBINitrate+Nitrite

scores and IBI Integrity Class
using ANOVA (p = 0.0000,
a = 0.05)
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Fig. 48 Box plot illustrating
the significant relationship
between NBITKN scores and
IBI Integrity Class using
ANOVA (p = 0.0000,
a = 0.05)
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Fig. 49 Box plot illustrating
the non-significant
relationship between NBITN

scores and IBI Integrity Class
using ANOVA (p [ 0.05,
a = 0.05)
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Fig. 50 Box plot illustrating
the significant relationship
between NBITP scores and
IBI Integrity Class using
ANOVA (p = 0.0000,
a = 0.05)
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judgment approach requires that reference sites be available; however, in the
absence of reference sites the method fails to accurately predict nutrient values
especially in agriculturally dominated landscapes. Both percentile approaches use
a frequency distribution of reference streams to develop the criteria; however, both
of these approaches are assuming that watershed characteristics show little vari-
ation and that samples are representative of the regional condition. In the Corn Belt
Plain this is generally not observed. A study of biological conditions in the Eastern
Corn Belt Plain using a random probability based design found that streams
consistent with reference site quality comprised less than 5% of the entire popu-
lation. These sites were not randomly distributed, but clumped within specific
areas (T.P. Simon, unpublished data).

Smith et al. (2003) approach to estimate reference conditions involved using
data from small, moderately affected systems and applying statistical modeling
techniques to estimate large river nutrient values. This approach eliminates the
need for finding large river reference sites to account for nutrient processing and
changing atmospheric deposition. This approach works only if model assumptions
are met and if small, moderately affected streams are present.
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Fig. 51 Box plot illustrating
the significant relationship
between NBIPeriphyton scores
and IBI Integrity Class using
ANOVA (p = 0.0023,
a = 0.05)
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Fig. 52 Box plot illustrating
the significant relationship
between NBIPhytoplankton

scores and IBI Integrity Class
using ANOVA (p = 0.0000,
a = 0.05)
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Dodds and Oaks (2004) used a series of land use models to generate reference
nutrient concentrations using linear regression. Dodds and Oaks (2004) found that
the regression method in the absence of anthropogenic land uses provided
comparable values to Smith et al. (2003) and the EPA 25th percentile approach.
The regression approach’s primary limitation was not quantifying all sources of
human impacts due to a lack of information. Non-normal data distribution

Table 14 Analysis of variance (ANOVA) and post hoc statistics for NBI scores response to IBI
integrity class

Variable ANOVA Tukey HSD test

F p Very Poor Poor Fair Good

NBIUnionized Ammonia 8.3 <0.000 – – – –
Poor – – 0.07 – – –
Fair – – <0.000 0.01 – –
Good – – <0.000 <0.000 0.84 –
Excellent – – 0.03 0.41 0.95 0.99
NBINitrate+Nitrite 6.98 <0.000 – – – –
Poor – – <0.000 – – –
Fair – – <0.000 0.79 – –
Good – – <0.000 0.83 0.27 –
Excellent – – 0.4 0.94 0.79 0.99
NBITKN 11.37 <0.000 – – – –
Poor – – <0.000 – – –
Fair – – <0.000 <0.000 – –
Good – – <0.000 0.02 1 –
Excellent – – 0.06 0.98 0.97 0.97
NBITN 0.32 0.867 – – – –
Poor – – 1 – – –
Fair – – 1 1 – –
Good – – 0.99 1 0.99 –
Excellent – – 0.96 0.86 0.91 0.84
NBITP 22.87 <0.000 – – – –
Poor – – <0.000 – – –
Fair – – 0.04 0.001 – –
Good – – 0.99 <0.000 <0.000 –
Excellent – – 0.2 <0.000 <0.000 0.22
NBIPeriphyton 4.18 0.002 – – – –
Poor – – 0.02 – – –
Fair – – 0.002 0.79 – –
Good – – 0.24 0.61 0.12 –
Excellent – – 0.32 1 1 0.93
NBIPhytoplankton 34.51 <0.000 – – – –
Poor – – <0.000 – – –
Fair – – <0.000 <0.000 – –
Good – – <0.000 <0.000 <0.000 –
Excellent – – <0.000 <0.000 0.02 0.8

Significant results are highlighted
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confounds the relationships since the transformation step to correct for non-normal
proportional data is not defined at zero. This requires extrapolation beyond known
data points and can induce unpredictable error. The regression approach does not
require data from a large number of reference sites or low impact sites. If there are
no low impact sites, the method requires prediction of data that is estimated far
from the intercept point. Dodds and Oaks (2004) suggest that the greatest accuracy
using the regression approach is based on inclusion of sites reflecting a relative
continuum of land-use intensity.

Nutrient criteria based on the EPA 25th and 75th percentile approaches are
compared to Indiana State Wide probability based values, as well as, Dodds and
Oaks (2004) values for the Corn Belt and Northern Great Plains, Mostly Glaciated
Dairy Region and the Southeastern Temperate Forested Plains and Hills Nutrient
Ecoregions (Table 15). Values for TP and TN showed higher nutrient values
associated with Indiana probabilistic observed values than those reported by
Dodds and Oaks (2004) or the 25th percentile EPA approach. The Corn Belt Plain
loadings of TP and TN are among the highest in the Mississippi River basin
(Alexander et al. 2008) so our estimates of higher concentrations based on the
probability based design are within the expected range.

Table 15 Total Phosphorus (TP), Total Nitrogen (TN), and Chlorophyll a (periphyton)values for
the State of Indiana using chemical probabilistic and nutrient break point values compared to
reported reference approaches of Dodds and Oaks (2004), Smith et al. (2003), and EPA’s 25th
percentile

TP (l/L) TN (l/L) Chl. a
(phyto) (l/L)

Corn Belt and Northern Great Plains – – –
Dodds and Oaks (2004) 23 566 –
EPA 25th percentile approach 76 2180 –
Smith et al. (2003) 54 355 –
Mostly Glaciated Dairy Region – – –
Dodds and Oaks (2004) 23 565 –
EPA 25th percentile approach 33 540 –
Smith et al. (2003) 22 147 –
Southeastern Temperate Forested Plains and Hills – – –
Dodds and Oaks (2004) 31 370 –
EPA 25th percentile approach 37 690 –
Smith et al. (2003) 48 150 –
Indiana Approach – – –
IDEM 25th percentile 50 990 1.23
IDEM 75th percentile 170 4200 5.69
Mean Protection Value 70 560 2.33
Significant Biological Effect – – –
NBI 3.34 4.6 3.43
IBI response 42 25a 44

a non significant value
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5.2 Sample Size Needed to Capture Regional Variation

Indiana Department of Environmental Management uses a probabilistic sample
design strategy to conduct their monitoring over a five-year rotation of watersheds.
These values represent over 1,200 sites that include multiple visits to each site.
This estimate provides a robust estimation of seasonal, annual, and regional
variation. Dodds and Oaks (2004) based their regression approach on 42 sites in
the six states representing the Corn Belt and Northern Great Plains ecoregions.
Based on our sample statistics and variance needed to obtain a 95% confidence
interval, we determined that 71 samples were required to capture the variation for
total phosphorous, while 1,239 observations were needed for TN. The probabilistic
sampling approach is not equivalent to a reference condition approach; however,
the sample statistics are representative of the region and show similar concen-
tration benchmarks as Smith et al. (2003).

5.3 Validation of Calibration Procedure

Our primary assumption for the nutrient biotic indices calibration was that the
range of nutrient concentrations observed across our dataset was a representative
dosing gradient for the Corn Belt Plain. The dosing gradient along with fish
species response data would reliably predict species specific optimal nutrient
concentrations. These ‘‘optima’’ could then be interpreted into a linear species
scale of nutrient tolerance values. We applied the nutrient optima model and
generated fish species nutrient tolerance scores that assessed site specific fish
assemblage data using a univariate biotic index approach. We wanted to ascertain
the confidence in the responsiveness of the NBI to nutrient concentration by testing
the null hypothesis that mean NBI score would not be significantly different at one
or more discrete points along the dosing gradient (i.e., break points). We predicted
break points using a three dimensional model approach and tested significance
using ANOVA and Tukey HSD Post Hoc Analysis.

Since our model and its subsequent interpretations were based upon unverified
assumptions, we choose to test the application and interpretation of the model
using Unionized Ammonia data. Unionized Ammonia is a well known nutrient
related contaminant that has an established acute criterion of 8.4 mg N/L
(pH adjusted to 8.0 and salmonids excluded), while the chronic criterion is
1.24 mg N/L (pH adjusted to 8.0 at 25oC) (EPA 1999). This step is necessary to
both validate the model as well as calibrate interpretation.

Our Unionized Ammonia model predicted a significant alteration in biological
structure for Unionized Ammonia concentration at one break point defined by two
SRIs (Fig. 25 and 32). The mean concentration of Unionized Ammonia
representing SRI 2 was 0.03 mg N/L (Table 12). Thus, we believe that our
model is valid, since our predicted Unionized Ammonia concentration eliciting a
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biological response is consistent with the existing Unionized Ammonia criterion of
0.03 mg/L. Our model approach is consistent with a Criterion Continuous
Concentration (CCC) based on long term chronic exposure. Augspurger et al.
(2003) reported that acute values for freshwater unionid mussels ranged from 0.3
to 1.0 mg N/L at pH 8.0 and 25oC. Our value is less than the chronic value for
unionid mussels, which was recalculated as the CCC of 1.24 mg N/L at pH 8.0
(Augspurger et al. 2003). There are several possible explanations for the difference
in Unionized Ammonia criteria values and our results. First, the EPA approach
recognizes some allowance for mortality while our approach does not. Second, the
EPA approach includes only data for genera that had life cycle toxicity tests while
our result takes into consideration the entire fish assemblage and the differing
sensitivities. Lastly, our result is based on the multi-species dynamics involved in a
web based niche effect which is clearly not considered in the toxicity based
approach.

Under normal conditions, Ammonia is converted to Nitrite by microorganisms.
Nitrite is toxic at low levels; however, in naturally oxygenated water systems,
Nitrite is rapidly oxidized to Nitrate which can then be assimilated by plants.
Under normal circumstances, Nitrates only become toxic when conditions favor
the reduction of Nitrate to Nitrite. At high Nitrate levels reduction can metabol-
ically occur back to nitrite, which can react with hemoglobin to produce methe-
moglobin. Methemoglobin limits the system’s ability to properly transport oxygen
through the blood. In humans, this conversion of hemoglobin to methemoglobin or
methemeglobinemia is of primary concern for infants under 3 months of age.
Specific NBIs for each Nitrogen component were developed because of the
complex cycling of Nitrogen in the environment, varying levels of toxicity
associated with each constituent and the resulting affects on structuring biological
assemblages.

5.4 Nitrogen Relationships with Fish Assemblages

Our TN model predicted two break points that correspond with mean NBITN score
change; however, post hoc analysis determined that only one break point was
valid. The concentration of Nitrogen, Nitrate ? Nitrite can be significantly linked
to a biological assemblage shift above a threshold value. Provided that Nitrate
toxicity is considered to be of negligible risk in flowing waters, the actual
contribution of nitrite to this relationship should be considered. If Nitrate is
non-toxic and constitutes the vast majority of the combined value, it is logical to
assume that either the small contribution of nitrite is responsible for explaining the
biological shift or nitrite represents a higher proportion of the total than previously
considered. Under certain conditions, Nitrate can be reduced back to nitrite; and,
there is evidence to suggest that this process can be mitigated anthropogenically.
Our study suggests that the prevalence of nitrite in surface waters should be
considered further as a potential chemical response signature.
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The remaining component of TN, which is TKN, represents the organic and
Ammonia forms of Total Nitrogen contribution. Total Kjeldahl Nitrogen in natural
systems represents the fraction of TN that could, under reducing conditions,
contribute to the presence of Unionized Ammonia. Our model predicted two break
points for mean NBITKN score shifts (Fig. 34). These breaks were validated in the
post hoc analysis showing that NBITKN score increased significantly along the
TKN concentration gradient (Table 11).

We calibrated four separate NBI models for the Nitrogen cycle. These models
show statistically significant break points for biological structure alteration. To test
whether this alteration of biological structure was significant and responsible for
altering biological integrity of fish assemblages, we tested each NBI for significant
interaction with the Index of Biotic Integrity. Unionized Ammonia; Nitrogen,
Nitrate ? Nitrite; and TKN NBI scores were significantly correlated with IBI
score despite varying directional trajectory relationship changes. Nutrient Biotic
IndexUnionized Ammonia scores elicited a classic dose response relationship with IBI
confirming a linear relationship between lower NBIUnionized Ammonia scores
and higher IBI scores as did TKN with higher variation. Nutrient Biotic
IndexNitrate+Nitrite showed a significant relationship with IBI score; however, this
polynomial function relationship suggests the potential for a stimulus effect in the
middle range of IBI scores.

To further understand NBI and IBI score relationships, we tested the effect NBI
score had on IBI integrity class (Fig. 53). The response of IBI to both NBITKN and
NBINitrate+Nitrite were conflicting. Both produced polynomial relationships;
however, NBITKN demonstrated a concave polynomial relationship while
NBINitrate+Nitrite had a convex polynomial relationship. The response of NBITN
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Fig. 53 Relationships between NBI score, IBI score and IBI Integrity Class for each of the five
nutrient parameters showing a significant relationship with IBI. The symbol denotes
concentration and position along the curve where a significant response was detected.
s = Nitrogen, Nitrate + Nitrite, = Chlorophyll a (phytoplankton), j = Total Phosphorus,
d = Unionized Ammonia, and 4 = Total Kjeldahl Nitrogen
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(dependent upon the sum of TKN and Nitrogen, Nitrate ? Nitrite generates a
straight line (Fig. 42). These results demonstrate the complex interaction of
Nitrogen species in natural systems and shed some light on why others have found
it so difficult to establish significant relationships between TN and biological
integrity. Our results suggest that establishing criteria for TN may not be a rea-
sonable management objective for Nitrogen. Apparently, fish assemblages respond
to various aspects of the Nitrogen cycle; however, the magnitude and direction of
these effects could produce conflicting or inaccurate results when considering only
a single component, or a summation of components of the cycle.

5.5 Phosphorus Relationships with Fish Assemblages

Our initial model for evaluating TP effects on fish assemblages was not statistically
significant, but was determined to be significant upon further analysis. During the
initial stages of data manipulation, we evaluated each nutrient for replication along
the entire range of conditions. This was done to limit the effects of sparse high
values from significantly affecting a relationship that may not be supported. The
effect of insufficient replication in the highest data range caused a non-significant
interaction in our model. The Jenks analysis procedure for TP populated bin 15
membership (the highest nutrient concentrations) with only four reaches. The bin
mean NBITP was much lower than those bins preceding it and stood out as
potentially spurious (Fig. 29). Once this bin was removed the model was significant
and a single break point was validated representing an overall shift in fish assem-
blage. The NBITP demonstrated one of the strongest relationships with IBI score
resulting in a concave polynomial regression. The direction of the relationship
showed that NBITP score increases with IBI score. This is a counterintuitive result
since the NBITP scale suggests that higher scores denote a negative response in the
index; however, our study shows that the more TP the better the biological integrity.
The possible mechanism is caused by the bioavailability of Phosphorus. Our
TP measure is composed of both dissolved and particulate Phosphorus in the water
and does not represent the component that is included in multicellular organisms or
the sediment or interstitial water. These fractions are not available and do not
represent the saturation point or buffering capacity of the system. The Phosphorus
loading under natural conditions should remain in balance with the system’s ability
for uptake and storage in metabolic processes. When alterations of these natural
balances occur, the bioavailable portions of TP exceed the streams natural capacity
for assimilation, which can result in algal blooms. The natural process for miti-
gating Phosphorus removal (i.e., wetland drainage and riparian buffer removal) has
been altered through anthropogenic disturbance. Wetlands adjacent to flowing
waters increase the assimilative capacity of that system while intact riparian
corridors limit the loading of Phosphorus to the system. These limitations in natural
assimilation capacity, compounded with increased anthropogenic loading of
TP have resulted in increased algal biomass across the United States.
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Without the separation of the bioavailable fraction of TP in our study, we believe
that our NBITP may not be measuring the negative effects of dissolved phosphorus,
but rather indirectly the effects of system capacity to assimilate Phosphorus. Our
hypothesis is that a strong relationship should be observed between habitat quality
(factors capable of mitigating Phosphorus availability) and biological integrity.
Potential factors confounding this relationship can be eliminated by measurement of
the various constituents of Phosphorus rather than only measuring TP.

5.6 Chlorophyll a Relationships with Fish Assemblages

EPA has recommended the use of Chlorophyll a as an early response indicator in
lieu of Phosphorus and Nitrogen constituent data. Sampling Chlorophyll a
(periphyton) and Chlorophyll a (phytoplankton) as indicators of excess Phosphorus
loading was determined through the response of fish assemblages and the devel-
opment of NBIs. Our calibrated model established that fish assemblages change
with increased concentrations of both Chlorophyll a types; however, the effect on
biological integrity was variable. The NBIperiphyton was not significantly correlated
with IBI score or integrity class, while the NBIphytoplankton was strongly correlated
with both IBI score and integrity class.

5.7 Numerical Nutrient Criteria Derivation

The purpose of the NBI model is to protect the assemblage structure prior to the
SRI. The observed break point occurs as a response to assemblage alteration, thus
the SRIs are statistically observed changes. In order to prevent assemblage alter-
ation, the criteria derivation should protect for nutrient concentrations that are
conservative. Thus, the mean of SRI prior to the break point is protective against
the observed shift. We chose the first SRI in order to be most conservative. The
numerical criteria can be set in numerous points associated with the various SRI
changes; however, we chose to establish our numerical nutrient criteria based on
the mean of the SRI prior to the first observed shift.

The realized consequence of the shift is noted in the comparison of the
concentration to the IBI. Even though SRIs can be validated, significant response
with the IBI or integrity condition were not always able to be demonstrated. For
example, two break points were validated for TN showing a significant relation-
ship with NBITN; however, the NBITN elicits a non-significant response with the
biological condition. So even though significance with a biological assemblage
response can be obtained, it may not necessarily correspond to a measureable
biological condition. Managing for TN will not provide sufficient clarity for
demonstrating the needed result in Indiana, but may be protective for loadings into
the Gulf of Mexico. A more relevant measure of the Nitrogen cycle in Indiana
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should be directed towards criteria derived for Ammonia, Nitrogen, Nitrate ? -
Nitrite, and TKN given that we observed a significant yet contradictory response in
biological integrity for TKN and Nitrogen, Nitrate ? Nitrite.

Phosphorus criteria seems to be related to biologically available ionic fractions
rather than TP. Our NBITP model was positively correlated with increasing
biological integrity suggesting that we could not input enough Phosphorus into
Indiana streams. Conversely, Chlorophyll a (phytoplankton), which is an early
indicator measure, showed a strong negative relationship with increasing biolog-
ical integrity. This relationship appears to be related to either the assimilative or
mitigating capacity of the stream system. Total Phosphorus loading is apparently
not significant as long as it can be biologically remediated in the stream system.
However, once the biological available fraction exceeds the mitigating capacity of
the system, Phytoplankton attains nuisance levels. Our SRI break point for
Chlorophyll a (phytoplankton) is equivalent to the levels set to control summer
Phytoplankton levels in Oregon (Dodds and Welch 2000).

5.8 Multidirectional Interpretation

Thus far we have discussed the application of the NBI using a unidirectional
approach. Our models have been calibrated to detect significance in fish assem-
blage structure in relation to varying nutrient doses, and we have identified specific
contaminant values which are predictive of these shifts. This approach places the
model endpoint on contaminant prediction. However, the model could also be
applied in reverse, where on observed contaminant concentration could be used to
predict a biological expectation. Model sensitivity would likely not support
prediction of specific species presence but could provide insight into expected fish
assemblage patters and assemblage structure.

5.9 Management Implications: Ramification to Gulf of Mexico
Hypoxia Loadings

Corn Belt loadings have revealed that high percentages of nutrients are emanating
from less than 22% of the land mass (Smith et al. 2003) and principally come from
Indiana and several other states. In order to achieve relief from nutrient impairment
in streams and rivers, different land use management practices are needed to reduce
the amounts of Nitrogen and Phosphorus entering the northern Gulf of Mexico.

The nutrient load to the northern Gulf of Mexico has been declining over the last
decade as a result of public awareness and active management. The ramification of
decreased loadings is that biological response has become more sensitive to shifts.
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Our calibrated NBI models should show visible improvements in the management of
hypoxia in the northern Gulf of Mexico since our models are based on specific
response targets in biological assemblages. By targeting ecological shifts in bio-
logical integrity, these response shifts will improve biological integrity in concert
with decreasing Nitrogen and Phosphorus levels. Differing shift response intervals
can be phased in over time so that management objectives can be realized efficiently
and without burdening the economy. The establishment of numerical nutrient cri-
teria will show improvement in managing water resources in the United States;
however, further actions will need to be implemented as threshold responses are
attained. For example, incentives to producers in the agricultural industry must be
advocated to encourage participation from the farming and livestock land managers.
These incentives could be advocated through the farm bill and using capitalistic
approaches such as a series of nutrient credits that can be applied to select land mass
sizes. The implementation of nutrient criteria will require a staged management so
that the influence of reduced fertilizers and nutrient credits can be determined
without affecting water quality and quantity.

6 Conclusion

Nutrient loadings emanating from the Corn Belt have enriched surface waters and
affected the biological integrity of aquatic assemblages including coastal waters in
the Gulf of Mexico. Due to the complex interactions between the various forms of
Nitrogen and Phosphorus within respective cycles, Total Nitrogen and Total
Phosphorus cycling interactions can no longer be accepted as sole limiting factors
in either marine or freshwaters. This study is conducted as part of the U.S.
Environmental Protection Agency desire to development regional nutrient
thresholds. The first objective of this study is to develop a biotic model capable of
determining the contributions of various nutrients, including Nitrogen components
and TP, in streams using fish assemblages. The second objective is to establish an
approach for designating defensible nutrient biotic index score thresholds and
corresponding nutrient concentrations, above which fish assemblages show alter-
ations due to increasing nutrient concentrations. Sampling within Indiana’s portion
of the Corn Belt and Northern Great Plain Nutrient Ecoregion occurred from 1996
to 2007 at 1,274 sites. Nutrient data were reviewed for outliers and then sorted into
three groups relative to drainage class. Each group was arranged into 15 ranges or
‘‘bins’’ using the Jenks optimization method in Arc GIS 9.3. Next, sites were
assigned to each bin relative to observed concentrations. These bin assignments
were used to populate the species occurrence model for nutrient optima calcula-
tion. Nutrient optima were calculated by dividing the sum of the weighted pro-
portion of times a species occurred in each bin by the un-weighted proportion of
times a species occurred in each bin. The derived nutrient optima were divided into
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eleven equal ranges, by nutrient, and tolerance scores (0–10) assigned with respect
to each species derived optima. Nutrient tolerance scores were used to calculate
Nutrient Biotic Index scores for each sampling site by summing the number of
individuals of a given species at the site and multiplying times that species tol-
erance value then dividing by the total number of individuals at the site. A single
break point was observed for unionized ammonia, which showed an NBIUnionized

Ammonia score shift between 0.003 and 0.03 mg/L. The mean NBIUnionized Ammonia

scores were 3.09 and 3.29, respectively. Nutrient Biotic IndexUnionized Ammonia

scores were significantly correlated with IBI score and IBI integrity class. Three
break points were observed for Nitrogen, Nitrate ? Nitrite, demonstrating a sig-
nificant NBINitrate+Nitrite score shift at mean concentrations of 0.13, 1.09, 3.15 and
6.87 mg/L respectively. The mean NBINitrate+Nitrite scores were 5.58, 5.37, 5.82
and 6.25, respectively. The observed relationship produced a convex curve sug-
gesting an enrichment signature. Nutrient Biotic IndexNitrate+Nitrite scores were
significantly correlated with IBI score and IBI integrity class. Two break points
were observed for Total Kjeldahl Nitrogen, which were significant. The mean
concentrations of TKN were 0.4, 0.68, and 1.27, respectively. The mean NBITKN

scores were 2.73, 3.10, and 3.37, respectively. Nutrient Biotic IndexTKN scores
were significantly related to IBI score and IBI integrity class. Two break points
observed for TN were significant at concentrations of 0.56 mg/L and 3.30 mg/L.
The mean NBITN scores were 4.60 and 4.85, respectively. Nutrient Biotic IndexTN

scores were not significantly related to IBI score or IBI integrity class. Two
significant break points were observed for TP. The mean concentrations of TP
were 0.07 and 0.32 mg/L, respectively and mean NBITP scores were 3.43 and 3.58,
respectively. Nutrient Biotic IndexTP scores were significantly related to IBI score
and IBI integrity class. Two break points were observed for Chlorophyll a
(periphyton), which were significant. Mean concentrations were 10.15 and
134.14 mg/m2, respectively. Mean NBIPeriphyton scores were 3.75 and 4.20,
respectively. Nutrient Biotic IndexPeriphyton scores were not significantly related to
IBI score, but were significantly related to IBI integrity class. Four break points
were observed for Chlorophyll a (phytoplankton), which occurred at Chlorophyll a
(phytoplankton) concentrations of 2.33, 10.98 and 49.13 lg/L, respectively. The
mean NBIPhytoplankton scores were 3.43, 3.85 and 5.02, respectively. Nutrient Biotic
IndexPhytoplankton scores were significantly related to IBI score and IBI integrity
class. Nutrient criteria concentration was interpreted for NBI and IBI integrity
class relationships to establish protective nutrient concentration benchmarks.
Proposed mean protection values are 3.0 lg/L for Unionized Ammonia, 130 lg/L
for Nitrogen, Nitrate ? Nitrite, 40 lg/L for TKN, 70 lg/L for TP, and 2.33 lg/L
for Chlorophyll a (phytoplankton). Criteria established at or below these bench-
marks should protect for both biological integrity of fish assemblages in Indiana as
well as nutrient loadings into the Gulf of Mexico.
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Index

B
Bin, 12, 13, 15, 25, 52, 55
Biotic indices, 49
Break point, 1, 15, 27, 29, 31–33, 38,

49–54, 56

C
Chlorophyll a, 1, 10, 3, 38, 53, 54, 56, 9
Corn Belt, 1, 2, 4, 46, 48, 49, 54, 55
Criterion Continuous Concentration, 50

G
Gradient, 11, 13, 4, 49, 51
Gulf of Mexico, 3, 54

H
Hypoxia, 2, 54, 55

I
Index of Biotic Integrity, 51
Integrity class, 15, 29, 31–33, 38, 39, 51, 56

J
Jenks, 1, 12, 15, 25, 52, 55

N
Nitrate, 1, 2, 29, 50–52, 54, 56
Nitrite, 1, 29, 50, 51, 54, 56
Nitrogen cycle, 51–53
Nitrogen, 1, 2, 27, 29, 3, 50–55
Nutrient biotic index, 1, 3, 55

Nutrient criteria, 2, 3, 39, 53, 55
Nutrient optima, 11–13, 20, 3, 49, 55
Nutrient, 1, 11–13, 15, 2, 20, 25, 3, 39,

4, 46–49, 52–55

O
Optima, 11, 12, 13, 3, 49, 55

P
Periphyton, 10, 38, 53, 56
Phosphorus, 1, 2, 3, 33, 52–55
Phytoplankton, 1, 10, 38, 53, 54, 56, 9
Post-hoc analysis, 15, 26, 30, 31, 33, 38

R
Reference condition, 39, 46, 49

S
Shift Response Intervals, 15, 25, 30

T
Test Response Intervals, 15, 25
Tolerance, 13, 20
Total Kjeldahl Nitrogen, 1, 2, 51
Total Nitrogen, 51, 55
Total Phosphorus, 54, 55
Turbidity, 3, 9

U
Unionized ammonia, 1, 56
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