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Abstract As part of the USGS study of nutrient
enrichment of streams in agricultural regions throughout
the United States, about 30 sites within each of eight
study areas were selected to capture a gradient of
nutrient conditions. The objective was to develop
watershed disturbance predictive models for macroin-
vertebrate and algal metrics at national and three
regional landscape scales to obtain a better understand-
ing of important explanatory variables. Explanatory
variables in models were generated from landscape data,
habitat, and chemistry. Instream nutrient concentration
and variables assessing the amount of disturbance to the
riparian zone (e.g., percent row crops or percent
agriculture) were selected as most important explana-
tory variable in almost all boosted regression tree
models regardless of landscape scale or assemblage.
Frequently, TN and TP concentration and riparian
agricultural land use variables showed a threshold type
response at relatively low values to biotic metrics
modeled. Some measure of habitat condition was also
commonly selected in the final invertebrate models,
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though the variable(s) varied across regions. Results
suggest national models tended to account for more
general landscape/climate differences, while regional
models incorporated both broad landscape scale and
more specific local-scale variables.
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Predictive models - Riparian - Invertebrates -
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Introduction

Ecological modeling has increased tremendously in
the last decade, and models have been developed
individually for both stream invertebrate and algal
indicators in select regions. Stream ecologists are
trying to understand the spatial scales and processes
associated with human and natural disturbances that
are affecting the biota. Extensive research has con-
cluded that nutrients are a major cause of impairment
in streams, rivers, lakes, and estuaries and that
agricultural land use practices at various scales are a
leading contributor of nutrients to these receiving
waters (Allan, 2004; Herlihy & Sifneos, 2008;
Stevenson et al., 2008; Dubrovsky et al., 2010; Munn
et al., 2010). The destruction of natural riparian areas
along stream corridors and loss of wetlands in the
watershed has further exacerbated nutrient loading
from agricultural lands by reducing or eliminating
nutrient uptake, denitrification, and sedimentation of
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adsorbed phosphorus (Verhoeven et al., 2006). As a
result, the development of nutrient criteria has become
an important pursuit by the state and federal agencies.
For example, the Environmental Protection Agency
(EPA) divided the U.S. into 14 nutrient ecoregions to
account for the inherently large spatial variability in
natural and anthropogenic influences across the U.S.
There have also been a large number of studies trying
to understand the effects of nutrients on biological
integrity in streams with a focus on macroinverte-
brates and periphyton assemblages (Waite et al., 2004;
Smith et al., 2007; Liicke & Johnson, 2009; Black
et al., 2010; Larned, 2010; Yuan, 2010). Most of these
studies have focused on a specific region or at one
spatial scale; few studies have been conducted across
various spatial scales to better understand the effects
of different natural and agricultural practices on
biological assemblages across these scales. As an
exception to this, Riseng et al. (2011) developed
structural equation models using the same dataset
analyzed here and found that national models did not
account for important differences in biotic responses
to agricultural disturbance that were captured by
regional models.

Macroinvertebrates are the most commonly used
biological assemblage in bioassessments nationally and
internationally, but they are not directly affected by
nutrients and as a result may be less sensitive than algal
assemblages to the effects of agricultural land use and
nutrient enrichment in particular (Wang et al., 2007;
Stevenson et al., 2008; Yuan, 2010). There is some
concern that relying primarily on macroinvertebrates for
nutrient-related bioassessments may not adequately
identify lower trophic level impacts (Brown et al.,
2009; Friberg et al., 2010; Munn et al., 2010). Waite
(2013) found that invertebrate and algal metrics both
had strong correlations to nutrients and agricultural
disturbance but that the strength varied regionally and
by biotic group, suggesting that no single biotic group
works well in all regions. This concurs with what other
researchers have suggested (Hughes & Peck, 2008;
Brown etal., 2009), that difference in the response of the
different biological assemblages suggests that when
possible, it is important to evaluate more than one
indicator in each bioassessment region.

The hierarchical connection of landscape disturbance
such as agricultural practices to instream nutrient
concentrations and then subsequent changes to biological
communities is complex with many possible interactions
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among biotic and environmental variables (e.g., biolog-
ical uptake, light, habitat, temperature, nutrient cycling
and limitation, etc.). Riseng et al. (2004) found that algal
biomass was influenced by three variables describing
very different environmental components: high-flow
disturbance, nutrient concentration, and grazer biomass
with various interactions among these variables. This
complexity and interaction among environmental factors
can often result in poor correlations of land use with
nutrient concentrations and nutrients with biological
indicators. In addition, landscape spatial scale often is
also important; Potapova & Charles (2007), for example,
found that nutrient-diatom relationships were improved
when regional factors were included. Waite (2013) and
Riseng et al. (2011) also found that the strength of
correlations of invertebrate and algal metrics to agricul-
tural disturbance variables (agricultural intensity and
nutrient concentrations) varied with spatial scale and
geographic region.

Models provide a useful framework for testing
hypotheses, determining potential direct and indirect
linkages (Riseng et al., 2011), and directing where
further research is needed. Turak et al. (2010) were able
to use multiple linear regression (MLR) models to
predict stream macroinvertebrate observed/expected
(O/E) metrics using three local disturbance factors
(point sources, housing, and flow disturbance) explain-
ing approximately 76% of the variation. Waite et al.
(2010) developed macroinvertebrate response models
for three regions in the western United States, and the
best MLR models from each individual region required
only two or three explanatory variables (urban and/or
agricultural land use plus a natural setting variable) to
model macroinvertebrate metrics that explained
41-74% of the variation. On the other hand, Clapcott
et al. (2012) found that land use variables only
explained between 6 and 36% of the variation in the
presence/absence of invertebrate metrics in New
Zealand, and responses for fish metrics were even
lower. Brown et al. (2009) and Cuffney et al. (2010)
studying the effects of urbanization in nine metropol-
itan areas found a wide range in the strength of
correlations of urban intensity to macroinvertebrate
and algal indicators, from 0.2 to 0.9 for invertebrates
and 0.05 to 0.8 for algae.

Models of biological indicators related to measures
of watershed disturbance, and natural factors are
becoming more common, but still little has been done
relating and comparing disturbance to multiple biotic
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Fig. 1 Map showing agricultural land in percent and the eight study areas coded by region: west, central, and east

indicators at multiple spatial scales. The objectives of
this research were to develop models of agricultural
intensity relating the response of algal and macroinver-
tebrate metrics to variables describing landscape distur-
bance, instream habitat, and water quality (e.g., nutrient
enrichment) at multiple landscape spatial scales to obtain
a better understanding of important explanatory vari-
ables that predict the biotic condition of agriculturally
influenced streams. Do watershed and riparian scaled
variables predict algal and invertebrate metrics equally
among various geographic regions that are different in
agricultural intensity and natural settings? If not, how
can model development and application of these biotic
indicators across various agricultural settings be
informed by these differences? Our general hypothesis
is that algal and invertebrate indicators will respond to
agricultural intensity and disturbances in different ways,
and each will highlight unique watershed and riparian
explanatory variables. All data was collected as part of
the U.S. Geological Survey’s National Water Quality
Assessment program (NAWQA).

Methods
Study area

This study was conducted in eight study areas
characterized by extensive agricultural land use and
located throughout the United States (Fig. 1). To take
into account regional differences due to both natural
and anthropogenic influences, the study area datasets
were aggregated into (1) a single national dataset and
(2) into three regional datasets based on unit proximity
and similarities in climate and physiography (Cushing
& Allan, 2001; Riseng et al., 2011). The Columbia
Plateau (CCYK) and the Upper Snake River study
areas (USNK) are arid to xeric and were grouped as the
Western region; all sites were located in the western
US and within the Columbia River basin. Agriculture
is heavily dependent on irrigation, while forests and wet-
lands are relatively rare. The Upper Mississippi (UMIS),
Central Nebraska (CNBR), White-Miami (WHMI), and
the Ozarks (OZRK) study areas are located in the semi-
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Table 1 Description, variable code, and definition of explanatory environmental (landscape, riparian, habitat, and water chemistry)
and response (invertebrate and algal metrics) variables used for model development

Explanatory variables: landscape

Description

Variable Code

Definition

Watershed scale variables

Percent agricultural landuse

Mean annual precipitation
Soil infiltration rate

Total nitrogen input

Total phosphorus input

Mean annual temperature

Riparian scale variables

Percent agricultural landuse
Percent row crops in riparian

Percent agricultural landuse in
100 m riparian buffer (orthophoto)

Habitat variables

Average instream velocity
Average silt

Percent fines

Percent habitat cover
Percent canopy cover

Percent run habitat
Water chemistry variables

Dissolved oxygen concentration
Total nitrogen concentration
Total phosphorus concentration

Water temperature

Response variables: invertebrate metrics

Observed/expected

WS_AG

WS_MnAnnPrecip
Soil_Mod-Infil

TN Input

TP Input

Mean Temp.

Rip_AG
Rip RowCrop

AG Rip_Buf

Ave. Velocity
Ave. Silt

% Fines

Habitat Cover
Canopy Cover

Runs

DO Conc.
TN Conc.
TP Conc.

Temp.

O/E

Percent watershed area in agricultural landuse
(NLCD 2001 category 81, 82)

Mean annual precipitation (cm)

Hydrologic soil group B, moderate infiltration rate
(min. infiltration rate 4-8 mm/h)

Input to the watershed of total nitrogen from
fertilizer application, atmospheric deposition and
animal manure (kg/kmz)

Input to the watershed of total phosphorus loading
from fertilizer application, atmospheric deposition
and animal manure (kg/kmz)

Mean annual temperature for the watershed for years
1980-1997 (degrees Celsius) (Daymet)

Percent buffer area in agricultural landuse (NLCD
2001 category 81, 82) in riparian

Percent buffer area in row crops (NLCD 2001
category 81)

Percent agricultural landuse (cropland + farmstead)

within 100 m riparian buffer for the stream
segment based on orthophotos

Average water column velocity measured at 3
locations at 11 equidistant transects

Average percent silt covering dominant substrates
measured at 3 locations at 11 equidistant transects

Percentage of fine substrates (sand and silt
categories) measured at 3 locations at 11
equidistant transects

Percent occurrence of all fish habitat cover among 5
measured locations at 11 equidistant transects

Average percent canopy closure, mid-channel
measurements

Percent run habitat type in the stream reach

Average DO concentration measured during two
water quality samplings (mg/l)

Average TN concentration measured during two
water quality samplings (mg/1)

Average TP concentration measured during two
water quality samplings (mg/1)

Average water temperature measured during two
water quality samplings (Centigrade)

Ratio of number of observed taxa at a site over the
expected taxa based on null model of reference
sites from each region
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Table 1 continued

Explanatory variables: landscape

Description

Variable Code

Definition

Tolerant richness

Ephemeroptera, Plecoptera, and Trichoptera richness EPTR

Algae metrics

Observed/expected

Percent eutrophic diatoms plus soft algae

Percent low inorganic nitrogen diatoms

RICHTOL

O/E Algae

Eutrophic_D

ON_AL

Average USEPA tolerance values for sample based
on richness

Richness composed of Mayflies, Stoneflies and
Caddisflies for a sample

Ratio of number of observed taxa at a site over the
expected taxa based on null model of reference
sites from each region

Percentage of diatoms and soft algae classified as
eutrophic

Percentage of diatoms classified as low inorganic
nitrogen based on van Dam (1994)

humid plains and were grouped in the Central region; all
sites were located in the central US, draining to the
Mississippi River. Preliminary analysis also suggested
that the Ozarks fit better in the central rather than the
eastern region (Riseng et al., 2011). Wetlands were more
abundant in the Central than Western region. The
Georgia Coastal Plain (GCP) and the Delmarva Penin-
sula (DLMYV) study areas were grouped in the Eastern
region: all sites located in the eastern US along the coast
and draining to the Atlantic Ocean. Coastal Plain streams
typically had riparian zones with forested floodplains
and abundant canopy cover and the highest amount of
wetlands. Analyses were conducted at both the national
(across all eight areas) and three regional landscape
scales.

Site selection

In each study area, sites were selected to represent a
nutrient concentration gradient ranging from “little
impacted” to “highly impacted” by agricultural land
use. The initial selection of sites relied partially on
modeled estimates of nitrogen and phosphorus input to
each of the independent watersheds derived from
county-level fertilizer sales, atmospheric deposition
(nitrate), and livestock data (Ruddy et al., 2006). Final
selection of sites was based upon modeled nutrient
loading to the watershed, existing USGS nutrient data,
and similarity of stream habitat with other sites within
the study area. This approach yielded 28-30 wadeable
sites within each study area that spanned the greatest
range in nutrient concentrations possible, given

similar stream habitats within the study area. The
sites were sampled between 2003 and 2007, and
watershed area ranged from 0.22 to 6,378 km” with a
median value of 137 km? though the range in
watershed area for the fifth and ninety-fifth percentile
was more restrictive in size (10-1,370 km?). The
largest watersheds were in the dry areas of central
Nebraska that had large contributing area, yet the
resultant stream sizes were small. Mean and ranges of
other select descriptive and environmental variables
for each of the eight study areas are provided in
Table 2.

Watershed and riparian characterization

Geographical Information System-derived watershed
land cover, soil characteristics, topographic features,
runoff estimates, and riparian land cover were calcu-
lated for each watershed upstream of the study site.
Calculations were made using the National Hydrogra-
phy Dataset (NHD 100 K; US Geological Survey,
2003a), the National Land Cover Dataset (NLCD2001;
US Geological Survey, 2003b), and digitized ortho-
photo quarter quadrangles to characterize riparian
conditions as described in Johnson & Zelt (2005).
Riparian variables were determined from GIS land
cover (NLCD) at the reach scale 250 m from the stream
centerline for a set distance upstream (base-10 loga-
rithm of the upstream drainage area) using methods
outlined in Johnson & Zelt (2005); this method was
used so that riparian area was scaled proportionally to
the size of the watershed and not based on a set
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distance. Additional measurements of riparian land
cover were estimated using orthophotography calcu-
lated within 100-m buffers adjacent to the study
reaches (Zelt & Munn, 2009). The specific watershed
and riparian variables used in this study are identified in
Table 1. Additional natural setting variables included
mean elevation, soil permeability, soil type, base flow
index, and minimum flow for 30 days prior to biolog-
ical sampling. Mean annual temperature determined as
the average from 1980 to 1997 from Daymet data
(Thorton & Running, 1999, University of Montana,
2005).

Habitat characterization

A study reach of approximately 20-30 wetted channel
widths in length was established at each site. Reach-
scale data were collected along 11 transects distributed
proportionally within the study reach. Habitat mea-
sures for each study reach included an assessment of
instream and bank features such as water velocity,
depth, width, fish habitat cover, substrate size,
substrate embeddedness, channel bankfull width, bank
vegetation cover, canopy closure made using a
spherical densitometer, and measurement of instanta-
neous stream discharge (Rantz, 1982). Habitat char-
acterizations were performed during low-flow
conditions. A detailed description of the reach-scale
habitat and riparian delineation methods is available in
Fitzpatrick et al. (1998) and Biggs & Kilroy (1994).
Study reach habitat variables that were collected or
derived and used in the data analysis are shown in
Table 1.

Water quality/chemistry

Water chemistry samples were collected twice at all
sites: once 30 days prior to the habitat characterization
and once during the habitat assessments. Samples
were collected using isokinetic depth-integrated
equal-width increment or multivertical grab samples
depending on water depth and velocity, stored on ice,
and maintained at 4°C prior to analysis that occurred
within a month (Patton & Gilroy, 1998; US Geological
Survey, 2006). Field water quality properties were
measured during each sampling event and included
water temperature, dissolved oxygen, specific con-
ductance, and pH using laboratory meters that were
calibrated daily prior to use. Water chemistry analysis

included nutrients (TN and TP plus dissolved species),
alkalinity, dissolved organic carbon, and suspended
sediment. All laboratory analyses for chemical con-
stituents were conducted at the USGS National Water
Quality Laboratory in Denver, CO, using methods by
Fishman (1993) and Patton and Kryskalla (2003).
Table 1 includes the water quality variables that were
collected or derived and used in the data analysis.

Algae and macroinvertebrate sampling

Algae and macroinvertebrate samples were collected
from erosional (coarse) or depositional (fine-grained)
substrate at five locations in the study reaches during
the summers of 2003 and 2007. Coarse substrate was
defined as either gravel or cobble typical of riffles or
large woody debris in areas where sand substrates
dominated, while fine-grained substrate was typically
sand or silt. A detailed discussion of algal and
macroinvertebrate sampling protocols can be found
in Moulton et al. (2002) and Cuffney (2003). Where
coarse substrates occurred they were sampled for
algae by scrapping the biological material off rock or
wood from a measured area then composited into one
sample with a known quantity of water and preserved
with 5% formalin for identification (Moulton et al.,
2002). Depositional substrate was sampled for algae
by inverting a 47-mm diameter plastic Petri dish on to
the substrate, sliding a spatula under the dish, and
rinsing the material into a container and preserving it
with 5% formalin for identification. All algal commu-
nity samples were shipped to the Academy of Natural
Science in Philadelphia for algal identification, den-
sity, and biovolume calculations (Charles et al., 2002).
Algae data for all sites were collected during stable
low-flow periods, typically between July and Septem-
ber. Algae and diatoms were identified to the lowest
taxonomic level possible, usually species or sub-
species. Taxonomic resolution varied among sites and
over time, so the data were modified before data
analysis to establish a consistent level of taxonomy
across all sites and time. For macroinvertebrates, five
composited samples collected from coarse substrates
or woody debris as defined with a 500-Um net were
identified to the lowest taxonomic level possible,
typically the genus level. For each site, a minimum of
300 organisms were counted and identified.

Over 150 metrics were calculated for each of the
algal and macroinvertebrate assemblages using the

@ Springer
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USGS developed programs Invertebrate and Algae
Data Analysis System (ADAS and IDAS; Cuffney,
2003). Metrics were then screened to select three
metrics for each assemblage that showed the best
initial responses to various agricultural disturbance
indicators based on initial Spearman correlations and
previous experience (Waite, 2013). Ecological toler-
ance values indicate how well each taxon is expected
to tolerate pollution and were obtained from the U.S.
EPA (Wisseman, 1996; Barbour et al., 1999; Cuffney,
2003). Tolerance values ranged from 1 to 10, with low
values indicating intolerant taxa (1-4) and high
numbers indicating tolerant taxa (7-10). Average
tolerance values were calculated using both national
and region-specific tolerance estimates; national tol-
erances were an average of all the regional tolerances
(Cuffney, 2003). Final algal and invertebrate metrics
that were used in the data analysis are shown in
Table 1. See Porter et al. (2008) for more detailed
information on algal metrics and Cuffney (2003) for
invertebrate metrics. The observed/expected ratio
metric, O/E, was calculated following Van Sickle
et al.’s (2005) null model method using the low AG-
Index category as the minimally impacted expected
sites. Only taxa that were identified to at least the
genus level and occurred at greater than 0.65 and
0.45% of the sites in the low category for invertebrate
and algal data, respectively, were used. Ostermiller
and Hawkins (2004) discuss the statistical and bio-
logical reasons why use of an intermediate percent
capture threshold such as 50% may have advantages
over the inclusion of all the taxa; the general intent of
this measure is to reduce variability associated with
rare species. | adjusted the percentage slightly to better
match the number of taxa found at the minimally
impacted sites in this study. O/E values were gener-
ated for each region separately.

Agricultural intensity index (AG-Index)

An index of agricultural intensity was developed that
combines four landscaped-based variables to attempt to
assess the overall agricultural intensity within the
watershed. The four variables selected were percent
agricultural land use in the watershed based on NLCD
2001 data, percent agricultural land use in the riparian
zone based on orthophotography interpreted data, and
TN and TP individual input to the watershed (Zelt &
Munn, 2009). Each variable was given the following
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scores based on these percentile ranges across all sites for
that variable: 0-10% = 0, 11-30% = 2, 31-50% = 3,
51-75% = 4, >T75% = 5. The scores were then
summed, divided by 20 (the total possible score), then
multiplied by 100 to shift the scores to a percent from 0 to
100, with a score of 100 being high agricultural intensity.

Model development

Environmental datasets were quality checked and
assembled in MS Excel files then read into R (R
Development Core Team, 2006, version 2.10.0).
Evaluation and reduction of environmental variables
followed a common step-wise approach; variables
were assessed for general distribution and possible
outliers via scatter plots and correlation statistics;
redundant (>0.80 Spearman correlation among similar
variables) or surrogate variables were removed. This
process was also assessed through the use of Primer’s
BIO-ENV procedure (PRIMER, version 6: Clarke &
Gorley, 2006) which calculates a hierarchical subset of
variables that explain the greatest portion of the
variance in the original full dataset. This was done
separately for each variable grouping (i.e., habitat,
water chemistry, and riparian and watershed land
cover) before the final subset of variables was pulled
together. Overall there were 20-100 variables per
variable grouping that were evaluated and screened;
habitat had the most initial variables, water chemistry
the least. Once a subset of environmental variables and
biological metrics were determined, the metrics were
related to key indicators of agricultural land use (AG-
Index, % agriculture in the watershed and riparian
zone, TN and TP instream concentrations, etc.) via
Spearman rank correlation statistics (Waite, 2013).

Boosted regression tree (BRT) models were devel-
oped for the national scale and each regional scale
(Western, Central and Eastern regions). Models were
developed for three invertebrate and algal metrics as
response variables, each model starting with the same
set of explanatory variables. Model performance was
assessed using a variety of statistics, including
adjusted mean sum of squares (R?) and root mean
squared error (RMSE). Model residuals, potential
outliers, and interaction terms were evaluated. A
description of variables used in model development is
provided in Table 1.

Regression trees are one type of technique within
the commonly used decision tree family, and their use
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and technical details have been described extensively
in the literature (e.g., Breiman et al., 1984; De’ath &
Fabricius, 2000; Prasad et al., 2006); therefore, I will
only provide a brief overview. Decision trees attempt
to explain variation in one categorical (classification)
or continuous (regression) response variable by one or
more explanatory variables, the resultant output being
a dendogram, or tree, with varying numbers of
branches or nodes. Trees are developed following a
hierarchical binary splitting procedure that attempts to
find the best single explanatory variable that mini-
mizes within group and maximizes among group
dissimilarity in the response variable at each split. A
fitted decision tree results in a set of the explanatory
variables and their associated predictive power, clas-
sification, and regression trees (CART) are an
example.

Random forests (RF) and BRT are among a family
of techniques used to advance single CART trees by
averaging the results for each binary split from
numerous trees or forests, thus, reducing the predictive
error and improving overall performance (De’ath,
2007, Elith et al., 2008). In BRT, after the initial tree
has been generated, successive trees are grown on
reweighted versions of the data giving more weight to
those cases that are incorrectly classified than those
that are correctly classified within each growth
sequence. Thus, as more and more trees are grown in
BRT, the large number of trees increases the chance
that cases that are difficult to classify initially are
correctly classified, thus, representing an improve-
ment to the basic averaging algorithm used in RF
(De’ath, 2007). Boosted trees and random forest
models retain the positive aspects of single trees seen
in CART models, yet have improved predictive
performance, nonlinearities, and interactions are
catered to or easily assessed, and they can provide
an ordered list of the importance of the explanatory
variables (Cutler et al., 2007; De’ath, 2007). Though
RF and BRT offers improved modeling performance
over CART, the simple single tree obtained from
CART is lost, making it more difficult to visualize the
results. Partial dependency plots are a way to visualize
the effect of a specific explanatory variable on the
response variable after accounting for the average
effects of all other explanatory variables (De’ath,
2007; Elith et al., 2008); these are presented in this
paper for select models as examples. BRT models
were run using the gbm library in R using specific code

from Elith et al. (2008). I used untransformed data
(Table 1), a bag fraction of 0.75 and a learning rate of
0.001 for developing our models; a bag fraction of
0.75 means that each tree is developed using a random
selection of 75% of the data. The learning rate
influences the total number of trees evaluated for the
model. T used R? values to compare MLR and BRT
models because it is a common and well understood
measure that is common to both approaches (Aertsena
et al., 2010). Explanatory variables in the final BRT
models were pruned by using a combination of
variable importance scores, evaluation of interactions,
and partial dependency responses and gbm simplify
scores following rules outlined by Elith et al. (2008). I
eliminated explanatory variables that did not explain
at least 0.07 percent in variable importance or showed
a response pattern that did not follow the expected
response form. I also took into account whether there
were interaction affects among explanatory variables
when selecting variables to reduce down to the most
parsimonious final set of variables.

Results

Table 2 provides a comparison of important descriptor
and environmental variables (mean and range) for
each of the eight study areas. To smooth possible
single year anomalies, the TN and TP watershed input
data presented in Table 2 are averages for the 3-year
period 2001-2004 (pers. comm. Zelt). The two study
areas in the western region had the lowest average
precipitation, unique crop types (i.e., orchards, vine-
yards, potatoes, etc.), relatively low nutrient input
values, and lower average agricultural intensity index
values (AG-Index) than the other six study areas. The
Delmarva Peninsula, White-Miami, Upper Missis-
sippi, and Central Nebraska areas had higher average
% agriculture and AG-Index values plus smaller
ranges in these values than the other four study areas
(Table 2). On the other hand, Columbia Plateau,
Upper Snake, Ozarks, and Georgia Coastal Plan study
areas had lower average agriculture intensity but a
larger gradient or total range in nutrients and agricul-
ture intensity than the other study areas.

Invertebrate models were developed for EPT rich-
ness, richness of tolerant taxa (RICHTOL), and O/E
metrics at the national scale and for each of the three
regions (Table 3). Models were successfully developed
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Table 3 Comparison of
model evaluation statistics

Macroinvertebrates

for boosted regression tree Model statistic National Western Central Eastern
(BRT) models for three n =229 n=2>59 n=116 n=>54
macroinvertebrate metrics
at two landscape spatial EPT richness
scales (lnatlonai andf BRT R2 0.69 (5) 0.73 (5) 0.84 (4) 0.63 (5)
regional), number of = RMSE 2.56 2.54 2.12 1.88
variables in final model in
parentheses Richness of tolerant taxa (RICHTOL)

BRT R? 0.68 (4) 0.81 (4) 0.88 (5) 0.70 (4)

RMSE 0.45 0.44 0.27 0.24
Observed/expected taxa (O/E)

EPT Richness—Total taxa BRT R? 0.71 (5) 0.52 (4) 0.85 (3) 0.65 (5)
richness of mayflies, RMSE 0.14 0.18 0.11 0.14

stoneflies and caddisflies

Table 4 Comparison of explanatory variables for boosted regression trees (BRT) models for three macroinvertebrate metrics at two
landscape spatial scales (national and regional)

Macroinvertebrates metrics

National Western Central Eastern

EPT richness Rip RowCrop 40 Rip RowCrop 30 TP Conc. 45 AG Rip_Buf 30
Mean Temp. 25 TN Input 30 Rip RowCrop 23 TP Conc. 25
% Fines 18 Ave. Velocity 15 TN Conc. 17 Ave. Silt 22
TP Conc. 9  AG-Index 15 % Fines 15 Ave. Velocity 14
TN Conc. 8 TP Conc. 11 TN Conc. 9

Richness of tolerant taxa (RICHTOL) Rip RowCrop 38  Ave. Velocity 26 TP Conc. 45 DO Conc. 40
Ave. Silt 30 TN Input 22 % Fines 17 TN Conc. 26
Mean Temp. 19 DO Conc. 18 Rip RowCrop 13  Rip RowCrop 19
TP Conc. 13 AG Rip_Buf 17 Ave. Silt 13 Ave. Velocity 15

Ave. Silt 16  Ave. Velocity 12

Observed/expected taxa (O/E) Rip RowCrop 48 TN Input 34 % Fines 50 Rip RowCrop 28
TP Conc. 24 AG-Index 25 Rip RowCrop 26 Habitat Cover 27
TN Conc. 13 TP Conc. 23 TP Conc. 24 TN Conc. 27
% Fines 8 Rip RowCrop 17 DO Conc. 9
AG-Index 7 Ave. Silt 9

EPT richness—Total taxa richness of mayflies, stoneflies and caddisflies. Variables are listed in order of importance in each model

with associated model importance values. See Table 1 for variable definitions

at the national scale that had R values similar to the
values at some of the individual regions, except for
RICHTOL where national models were lower than all
the regional models. BRT R? values for EPT Richness
and O/E were 0.69 and 0.71 nationally, while regionally
values showed more variability, ranging from a low of
0.52 (Western O/E) to a high of 0.88 (Central RICH-
TOL) (Table 3). RICHTOL had the highest R? for any
of the three invertebrate metrics across the three regions,
but O/E had the highest value for the national models.
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The Central region consistently had the highest BRT
model R? values, all >0.84, the Western region metrics
ranged from 0.52 to 0.81, and the Eastern region had
values between 0.63 and 0.70. The explanatory vari-
ables in order of importance value in the BRT models for
each invertebrate model are provided in Table 4, all
final BRT models had between 3 and 5 explanatory
variables. There was a high degree of similarity across
invertebrate response metrics and spatial scales in the
final explanatory variables that were retained in each
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Table S Comparison of model evaluation statistics for boosted regression tree (BRT) models for three algal metrics at two landscape
spatial scales (national and regional), number of variables in final model in parentheses

Algae Model statistic National Western Central Eastern

n =229 n =259 n =116 n =54

% Low inorganic N diatoms (BRT) R? 0.77 (5) 0.74 (5) 0.79 (3) 0.84 (4)
RMSE 11.0 13.1 14.2 10.1

% Eutrophic diatoms (BRT) R? 0.78 (4) 0.70 (5) 0.83 (4) 0.73 (5)
RMSE 12.2 10.9 9.7 13.3

Observed/expected taxa (O/E) (BRT) R’ 0.72 (5) 0.76 (6) 0.89 (4) 0.78 (3)
RMSE 0.16 0.12 0.10 0.15

model. TN and/or TP concentration and some measure
of riparian land use (either Rip_RowCrop or AG
Rip_Buf) were typically one of the most important
variables in every model (Table 4). The Central region
model for O/E explained 85% of the variation with only
three explanatory variables, percent fines, explained
50% of the model variation. Additional important
explanatory variables found in the various models
included some measure of substrate condition (% Fines
or Ave. Silt) or habitat characteristics (Ave. Velocity or
Habitat Cover). Mean annual air temperature within the
watersheds was in two national models but not in any of
the regional models, and average DO concentration and
the Agricultural Intensity Index (AG-Index) were each
retained in a few models.

Algal models were developed for the metrics % low
inorganic N diatoms, % eutrophic diatoms, and O/E at
the national landscape scale and for each of the three
regions (Table 5). Models were successfully devel-
oped at the national scale that had R* values similar to
the values at the individual regions. BRT R* values
were between 0.72 and 0.78 nationally, while regional
values showed slightly more variability, ranging from
a low of 0.70 (Western % Eutrophic) to a high of 0.89
(Central O/E) (Table 5). Comparing among algal
metrics, O/E had the highest R* value in the West
and Central regions and percent low inorganic N
diatoms the highest in the Eastern region. Across
regions, the Central region had the highest BRT R*
values for two of the three algal metrics, the Eastern
region for the other metric. Explanatory variables in
order of importance in the models for each BRT algal
model are provided in Table 6, all final BRT models
had between 3 and 6 explanatory variables. There was
a high degree of similarity across algal response
metrics and scales in the final explanatory variables

retained in each model. Similar to the invertebrate
models, TN, TP, or some measure of riparian land use
were selected as the most important variable in almost
all models. Either one or both of TN, TP concentration
were retained in every model except one, while all but
three models had either Rip_RowCrop or AG Rip_Buf
(Table 6). There was such a dramatic gradient in
nutrient enrichment in the Central region that for two
of the models one variable, TP concentration,
explained more than 80% of the model variation.
Some measure of substrate condition (Ave. Silt and %
Fines) and habitat characteristic (% Runs, Habitat
Cover and Ave. Velocity) were also common explan-
atory variables selected in the final BRT models. Other
measures of water quality other than TN and TP
concentration, DO concentration, pH and temperature,
were also retained in a few models. Unlike the
invertebrate models, mean annual air temperature
was retained in only one out of the three national
models and not in any of the regional models. AG-
Index was retained in two models and % agriculture in
the watershed in only one model.

The partial dependency plots show the response
form of individual explanatory variables with the
effect of other variables in the model accounted for;
though these plots could be produced for each BRT
model, for brevity only two examples are shown, one
each for an invertebrate and algal metric (Figs. 2, 3,
respectively) (partial dependency plots for all of the
other invertebrate and algal metrics are available as
supplemental material, see link on title page). Partial
dependency plots are shown for the four variables
retained in the Central BRT model for EPT richness
(R2 of 0.84): TP concentration, % riparian row crops,
TN concentration and % fines. These variables explain
37, 23, 20, and 19% of the variation in the full model,
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Table 6 Comparison of explanatory variables for boosted regression trees (BRT) models for three algal metrics at two landscape
spatial scales (national and regional)

Algae metrics

National Western Central Eastern
% Low inorganic N diatoms Rip RowCrop 37 AG-index 39 TP conc. 83 Rip RowCrop 64
TP Conc. 25 TP conc. 27 TN conc. 10 pH 14
MeanTemp. 16 TN conc. 15 DO conc. 7 % AG 13
pH 12 % Runs 11 Habitat Cover 10
TN Conc. 10 AG Rip_Buf 8
% Eutrophic diatoms Ave. Silt 47 TP conc. 40 TP conc. 87 AG Rip_Buf 46
TP Conc. 30 pH 18 % Fines 5 pH 24
AG Rip_Buf 13 Habitat cover 17 TN conc. 4 TN conc. 13
% Fines 10 Ave. velocity 13 AG Rip_Buf 4 Habitat cover 9
TN conc. 12 TP conc. 7
Observed/expected taxa (O/E) Rip RowCrop 37 TP conc. 29 Rip RowCrop 53 AG Rip_Buf 38
AG Rip_Buf 27 DO conc. 17 TP conc. 22 Rip RowCrop 34
TP Conc. 9 Ave. silt 15 AG Rip_Buf 19 TN conc. 28
Ave. Velocity 11 TN Input 14 % Fines 7
TN Conc. 13 Habitat cover 13
TN conc. 11

Variables are listed in order of importance in each model with associated model importance values. See Table 1 for variable

definitions

Fig. 2 Partial dependency
plots for TP concentration
(mg/1) (A), percent NLCD
row crops in riparian (B),
TN concentration (mg/1)
(C), and percent fines in
substrate (D) in the boosted
regression model developed
for EPT richness in central
region. The y-axis fitted
function represents the
effect of the selected
variable on the response
variable EPT richness; the
relative contribution of each
explanatory variable is
reported in parentheses.
Refer to Table 1 for variable
definitions
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Fig. 3 Partial dependency © | A B
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respectively. The response form of the first three above 65% where there is a rapid increase in low
variables shows a threshold-type response, in general inorganic N diatoms with some variability until 100%
EPT richness starts high then drops off dramatically at cover (Fig. 3D).
low increases in these variables then the response of
EPT flattens out for further increases in each variable
(Fig. 2A—-C). The response for percent fines shows a Discussion
decrease in EPT richness from 0 to 10% then only slow
average change until approximately 80% fines fol- Comparison of invertebrate and algal indicators
lowed by a sharp decline (Fig. 2D).

The partial dependency plots for the Eastern BRT In general, we would expect algal metrics to be more
model for % low inorganic N diatoms (R* of 0.84) directly affected by nutrients than invertebrates or
show a similar threshold type response for % riparian fish; however, the literature reveals a wide variation
row crops as seen in the invertebrates, values decline in the strength of the association of algae to nutrients
rapidly at about 5% row crops in the riparian buffer and agricultural disturbance. Waite (2013) found a
(Fig. 3A). The % riparian row crop was the dominant selected group of algae and macroinvertebrates met-
variable in the model, explaining 64% of the variation; rics that were good indicators of agricultural distur-
pH, percent agriculture in the watershed and percent bance but the strength of the correlation varied
habitat cover explained 14, 13, and 10% of the regionally and by biological assemblage. Individual
variation, respectively. The water quality variable pH biological metrics related to agricultural indicators of
shows a split step function response, suggesting that disturbance showed data analyzed at the regional scale
there may be two groups of sites in this region for pH had much higher correlations than at the national scale
(Fig. 3B). Percent agriculture in the watershed shows for both assemblages (Waite, 2013). Danielson et al.
arapid decline at about 40% agriculture (Fig. 3C). The (2011) showed that locally developed algal metrics
last variable in the model, % instream habitat cover, (Maine) were better correlated with disturbance than
shows almost no response until habitat cover increases metrics from surrounding regions. In this study,

@ Springer



Hydrobiologia

correlations above 0.77 to TP and 0.67 to TN were
found for both algal and invertebrate metrics in select
regions (Waite, 2013). Nutrient biotic indices for New
York State (Smith et al., 2007) that were developed by
summing nutrient tolerance scores for each inverte-
brate taxa for each sample only had correlations of
0.68 and 0.57 to TP and nitrate (NO3—), respectively,
even though the original tolerance values were based
on these nutrients. Porter et al. (2008) evaluated a large
number of algal metrics and found the highest
correlation to TN or TP was 0.57 and 0.37 for %
watershed agriculture for % heterotrophic diatoms.
Like this study, they found that total nutrients had
higher correlations than dissolved nutrients (data not
shown) and found higher correlations of algal metrics
to nutrients in the western and central regions than
eastern regions. One potential reason is that other
studies have shown that pH is often a deciding factor
for algal assemblages in the eastern regions and not so
in the western and central regions (Stevenson et al.,
2006). Black et al. (2010) also found poor correlation
of TN to algal metrics across the western region;
however, they did not assess the central and eastern
regions. On the other hand, Pan et al. (2004) found low
correlations of algal assemblages to % agriculture
evaluated at the reach, network, and catchment scales.
The variation in the response of the different biolog-
ical assemblages to disturbance and across spatial
scales suggests that when possible, it is important to
evaluate more than one indicator in each bioassess-
ment region (Hughes & Peck, 2008; Brown et al.,
2009; Waite, 2013).

Comparison of models

Though BRT models have only recently begun to be
applied in ecology, a number of researchers have
shown the strength and promise of this modeling
technique compared to other methods (De’ath, 2007;
Elith et al., 2008; Aertsena et al., 2010; Leclere et al.,
2011; Clapcott et al., 2012; Waite et al., 2012).
Assessing a site index of three species of trees,
Aertsena et al. (2010) compared five modeling tech-
niques and found that generalized additive models
(GAM) outperformed MLR and other techniques
when user-friendliness and other qualitative measures
were added as part of the evaluation process, with
BRT models a close second. In their study, artificial
neural network (ANN) models had good performance
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but were penalized for being complex, non-transpar-
ent, and having a large training effort. Modeling
juvenile fish in a large river system, Leclere et al.
(2011) found that BRT outperformed CART and
generalized linear models (GLM) in prediction of the
presence/absence of the fish species. Waite et al.
(2012) compared MLR, CART, RF, and BRT models
for predicting invertebrate metrics in small streams as
an indicator of watershed disturbance; they showed
that BRT models outperformed the other modeling
techniques in three separate regions. Though the data
are not shown, BRT models from this study explained
higher amount of variation in every case compared to
random forest or MLR models.

Comparison of models across scale

Ecologists generally believe that spatial scale is
important in understanding ecosystem processes and
species distributions and that scale should be taken
into consideration in ecological research (Levin, 1992;
Cooper et al., 1998; Allan, 2004; Waite et al., 2010). In
contrast, managers generally desire models and crite-
ria for as large a region as possible, and therefore,
these disparate goals may be potentially in conflict
with each other related to bioassessment modeling
development and application. Cuffney et al. (2011)
showed that responses of algae and invertebrate
metrics to urbanization varied by biota, geographic
region, and the antecedent land use in each region.
Stevenson et al. (2006) modeling algal biomass found
positive correlations with nutrients in two distinct
regions, yet the amount of variation explained varied
with nutrient concentration and region. Potapova &
Charles (2007) suggested that algal indicators and
optima were improved if developed regionally rather
than nationally. Results reported here show that the
strength of models varied across spatial landscape
scale and biological assemblage. With some excep-
tion, models developed at the national scale were (high
R? and low RMSE) comparable to regional models for
both invertebrate and algal metrics. However, the
national models tended to select more coarse scale
explanatory variables (i.e., mean annual air tempera-
ture) whereas regional models selected more specific
water quality, habitat, and riparian variables for both
algae and invertebrates. The national models show that
the effects of land use, nutrients, fine sediments, and
riparian disturbance on biological indicators can be
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detected and modeled; however, natural environmen-
tal setting variables are also usually important. For
example, the variable “mean annual air temperature”
was an important variable in many of the national
models likely accounting for natural regional vari-
ability, suggesting the importance of accounting for
natural regional variation when conducting bioassess-
ments. These natural environmental setting variables
are commonly captured in biome and ecoregion
landscape classifications. Similar to the results from
Waite (2013) that showed the correlation strength of
indicator metrics to agricultural disturbance varied by
biota, metric, and across regions so did the perfor-
mance of models developed in this study. Strong
models were developed for the three invertebrate
metrics in the Central region and two of the three
metrics in the Western region (R® for these BRT
models ranged from 0.73 to 0.88). Though still
relatively strong, the BRT invertebrate models in the
Eastern region were a bit lower in performance (R for
Eastern BRT models 0.63-0.70) than most models
from the other regions. One reason for this may be the
lack of good reference sites in the eastern region, thus,
decreasing the disturbance gradient and therefore, the
statistical signal, this combined with small sample
size. BRT models developed for the three algal metrics
had R?* from 0.70 to 0.89 for all models across all
regions and nationally. In general, these results
suggest that regional models allow for insight and
interpretation at a relatively broad scale yet still with a
high degree of specificity.

Comparison of explanatory variables across scales

A long list of explanatory variables was initially entered
in the beginning of BRT model development. This
included watershed scaled variables such as mean
annual air temperature, mean annual precipitation, soil
infiltration rate, percent agriculture, and TN and TP
inputs to the watershed. The list also included riparian
and reach-scale variables such as percent agriculture or
row crops in the riparian, average silt, percent fines,
average instream velocity, percent habitat cover,
percent runs, percent canopy cover, pH, water temper-
ature, DO, and TN and TP instream concentration.
Given that each final model had a diverse array of
potential explanatory variables covering a variety of
scales and processes, it is noteworthy which explana-
tory variables were selected and not selected in the final

models. With minor exception, watershed scaled vari-
ables commonly seen as important in previous research
(i.e., percent agricultural land use and nutrient inputs in
the watershed) were not important in most models for
either algae or invertebrates. One exception was
nutrient input to the watershed; TN input was selected
in three regional models out of a possible 24 models
(national and regional). On the other hand, instream
nutrient concentration (either TN or TP or both) and
variables assessing the amount of disturbance to the
riparian zone (percent row crops based on NLCD or
percent agriculture based on orthophotos) were selected
as the most important explanatory variable in most of
the BRT models regardless of landscape scale or
assemblage. Some measure of habitat condition (habitat
cover, % runs, velocity, % fines, and average silt) was
also commonly selected in the final invertebrate
models, though the specific habitat related vari-
able(s) varied across regions. For example, percent
fines and silt were not commonly selected in the
Western region, but were common in the Central and
Eastern regions. On the other hand, velocity and habitat
cover were commonly selected in the Western and
Eastern regions, yet rarely selected in the Central
region. These selections seem to following the general
geology and geomorphology differences across regions.
The Western region generally has more high gradient
streams with more riffles and higher velocity and less
silts and fine substrate, while the Central region has
lower gradient systems with lower velocity and higher
amounts of silts and fine substrate. Agricultural land use
is likely to add sediment to these systems, yet the
naturally higher gradient systems may be able to flush
sediments easier than the low gradient systems. The
surprise related to this pattern was the Eastern region,
which is also a low gradient system, yet in two out of the
three invertebrate models, average velocity was
selected. Riseng et al. (2011) looking at the causal
pathway of effects of agricultural land use found that the
variation explained was equally split between effects of
habitat and water quality on invertebrate metrics in the
central region. Recently, researchers have shown that
human disturbance variables (i.e., land use and water
quality) in combination with environmental setting
variables such as climate, stream type, or elevation help
explain the greatest amount of variation among biotic
indicators (Maloney et al., 2009; Waite et al., 2010;
Clapcott et al., 2012; Leclere et al., 2011). Thus, to
increase our understanding and applicability to large

@ Springer



Hydrobiologia

spatial areas, it may be important to take into account
factors at multiple scales and a combination of
processes including landscape and riparian disturbance,
water quality, habitat, and natural variation.

Another benefit of RF and BRT models is the ability
to see the response form of the individual explanatory
variables retained in the models via partial dependency
plots (De’ath, 2007; Elith et al., 2008; Aertsen et al.,
2010; Clapcott et al., 2012). Though it wasn’t possible
to show all the partial dependency plots for all the algal
and invertebrate models developed in this study in this
manuscript, a general response pattern was seen
throughout the models as shown in Figs. 2 and 3 (for
the remaining dependency plots see link to supple-
mental information). TN and TP instream concentra-
tion and riparian disturbance variables frequently
followed a threshold type response, where dramatic
changes occurred at relatively low values followed by
little further response. Though further analysis is
needed to determine whether these are actual thresh-
olds (Qian & Cuffney, 2012), the response form shown
in the partial dependency plots from this study is
suggestive of such a response. The thresholds seem to
occur at values of approximately 0.01-0.02 mg/I and
0.5-1.0 mg/l for TP and TN concentration, respec-
tively, though declines of biological condition start
immediately with no apparent initial resistance. Ste-
venson et al. (2006) reported that benthic algae had a
TP threshold of ca. 0.03 mg/l and a TN threshold of ca.
0.5 mg/l which is relatively close to the thresholds
seen in this study. Thresholds for riparian disturbance
(% row crop and % riparian agriculture orthophotos)
occurred at approximately 5-10% disturbance with
perhaps only a minor amount of initial resistance from
0 to 5% riparian land use. Clapcott et al. (2012) using
BRT models for invertebrate metrics in New Zealand
found no apparent threshold in the amount of indig-
enous vegetation removal in the catchment which
followed a linear decreasing response.

Conclusions

For all biotic metrics and regions modeled, BRT
models outperformed MLR models, frequently by a
large amount. With minor exceptions, watershed
scaled variables commonly seen as important in
previous research (i.e., percent agricultural land use
and nutrient inputs in the watershed), were not
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important in most models for either algae or inverte-
brates. On the other hand, instream nutrient concen-
tration (either TN or TP or both) and variables
assessing the amount of disturbance to the riparian
zone (percent row crops based on NLCD or percent
agriculture based on orthophotos) were selected as the
most important explanatory variable in most models
regardless of landscape scale or assemblage. Some
measure of habitat condition (habitat cover, % runs,
velocity, % fines, and average silt) was also commonly
selected in the final invertebrate models, though the
specific habitat related variable(s) varied across
regions. Overall, the national models show that the
effects of land use, nutrients, fine sediments, and
riparian disturbance on biological indicators can be
successfully detected and modeled; however, natural
environmental setting variables are also usually
important at these large scales. These large scale
natural environmental settings variables are usually
captured in biome and ecoregion landscape classifi-
cations. To increase our understanding and applica-
bility to large spatial areas, it may be important to take
into account factors at multiple scales and processes
including landscape and riparian disturbance, water
quality, habitat, and natural variation. In general, these
results suggest national models tend to emphasize
more general landscape differences and that regional
models allow for insight and interpretation at a
relatively broad scale yet still with a high degree of
specificity. Frequently, TN and TP concentration and
riparian agricultural land use variables showed a
threshold type response to the biotic metrics modeled
at relatively low values of the explanatory variables.
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