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Simultaneous assessment of sediment chemistry, sediment toxicity, and macroinvertebrate communities can
provide multiple lines of evidence when investigating relations between sediment contaminants and ecological
degradation. These three measures were evaluated at 99 wadable stream sites across 11 states in the Midwestern
United States during the summer of 2013 to assess sediment pollution across a large agricultural landscape. This
evaluation considers an extensive suite of sediment chemistry totaling 274 analytes (polycyclic aromatic hydro-
carbons, organochlorine compounds, polychlorinated biphenyls, polybrominated diphenyl ethers, trace ele-
ments, and current-use pesticides) and a mixture assessment based on the ratios of detected compounds to
available effects-based benchmarks. The sediments were tested for toxicity with the amphipod Hyalella azteca
(28-d exposure), the midge Chironomus dilutus (10-d), and, at a few sites, with the freshwater mussel Lampsilis
siliquoidea (28-d). Sediment concentrations, normalized to organic carbon content, infrequently exceeded
benchmarks for aquatic health, which was generally consistent with low rates of observed toxicity. However,
the benchmark-based mixture score and the pyrethroid insecticide bifenthrin were significantly related to ob-
served sediment toxicity. The sediment mixture score and bifenthrin were also significant predictors of the
upper limits of several univariate measures of the macroinvertebrate community (EPT percent, MMI (Macroin-
vertebrate Multimetric Index) Score, Ephemeroptera and Trichoptera richness) using quantile regression. Multi-
variate pattern matching (Mantel-like tests) of macroinvertebrate species per site to identified contaminant
metrics and sediment toxicity also indicate that the sediment mixture score and bifenthrin have weak, albeit
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significant, influence on the observed invertebrate community composition. Together, these three lines of evi-
dence (toxicity tests, univariate metrics, and multivariate community analysis) suggest that elevated contami-
nant concentrations in sediments, in particular bifenthrin, is limiting macroinvertebrate communities in
several of these Midwest streams.

Published by Elsevier B.V.

1. Introduction

Contaminants in streambed sediments are potential stressors to
benthic organisms; however, large-scale monitoring studies of stream
sediment quality, such as Lopes and Furlong (2001) or Kuivila et al.
(2012), are limited. Investigations addressing contaminants in sedi-
ments are often specific to a given location or a single contaminant or
contaminant class; such as pyrethroids (Amweg et al., 2006; Weston
et al.,, 2005), polyaromatic hydrocarbons (PAH) (Scoggins et al., 2007;
Cox and Clements, 2013), trace elements (Canfield et al., 1994; Besser
et al.,, 2015a) or polychlorinated dibenzo-p-dioxins and dibenzofurans
and polychlorinated biphenyls (PCB) (Khim and Hong, 2014). The
broad scale monitoring of current use pesticides in sediments, with
the exception of recent studies on pyrethroids, is less common than
with other contaminants (Nowell et al., 2016). A more complete sedi-
ment assessment should consider multiple measures of condition, ide-
ally chemistry, toxicity testing, and co-located infaunal species. Such
approaches are often referred to as the sediment quality triad
(Chapman, 1990; Canfield et al., 1994).

Several review studies have recognized that sediment contaminants
can have an additive affect and have taken steps to address and incorpo-
rate multiple contaminant classes through a common “benchmark” or
guideline “quotient” approach. Such reviews (MacDonald and
Ingersoll, 2000; USEPA, 2003; Long et al., 2006; Nowell et al., 2016)
have established sediment benchmarks, at various likelihoods of ob-
served toxicity, to aid interpretation of sediment chemistry data regard-
ing their potential effects on biota. Guidance for deriving sediment
benchmarks for various contaminant classes using an equilibrium
partitioning approach has been released by the United States Environ-
mental Protection Agency (USEPA), (USEPA, 2003, 2005), but does not
address current-use pesticides (CUP). Some of these reviews note the
heterogeneity of sediments, the variable carbon and grain-size fractions,
and other factors (e.g. temperature) that can influence toxicity in sedi-
ments. Naturally occurring chemical stressors, such as sulfide, ammonia,
and various metals (Ankley et al., 1990; Wang and Champman, 1999;
Wang et al., 2007; Kinsman-Costello et al., 2015), to freshwaters organ-
isms are also common and warrant consideration. Paired sediment
chemistry and sediment toxicity testing, coupled with application of
available sediment benchmarks and statistical testing of their utility in
interpreting benthic macroinvertebrate communities is needed
(Schafer et al., 2007; Cao and Hawkins, 2011), and presented here. Ben-
thic macroinvertebrates are commonly used as a measure of stream
ecosystem condition. Although effects of contaminants on stream eco-
systems are often suggested, discussed, or evaluated downstream of a
known point source, rarely are these ‘toxic’ influences monitored or
assessed on a broad geographic scale. Few studies (i.e. Canfield et al.,
1994; Winger et al., 2005; Schafer et al,, 2011), have tested relations be-
tween standard macroinvertebrates and sediment toxicity tests, as well
as macroinvertebrates and benchmark quotients, from a common set of
streams (Schafer et al., 2007).

The three endpoints of the sediment quality triad—sediment chem-
istry, sediment toxicity, and macroinvertebrate communities—were
evaluated in 2013 at 99 wadable stream sites across 11 states in the
Midwestern ‘Corn Belt’ of the United States the US Geological Survey's
National Water Quality Assessment project (NAWQA) in partnership
with the US Environmental Protection Agency's (USEPA) National Riv-
ers and Stream Assessment (NRSA) program and presented here. The

objectives of this evaluation were threefold; 1) to assess the toxic po-
tential (relative to available benchmarks) of several classes of contami-
nants, including current use pesticides, measured in stream sediments
in the region; 2) to evaluate the toxicity of those sediments in standard
toxicity tests; and 3) to compare impairment scores from chemistry
benchmarks and sediment toxicity tests to macroinvertebrate commu-
nities. The data discussed here are part of a larger study conducted by
the USGS NAWQA and the USEPA NRSA programs in the spring and
summer of 2013 aimed at evaluating multiple stressors and ecology in
Midwest freshwater streams.

2. Methods
2.1. Study design and site selection

The study design combined the probabilistic site-selection approach
of the NRSA program (Olsen et al., 1999; USEPA, 2013a, 2013b) and a
land-use gradient approach (e.g., Gosz, 1992) commonly used by the
USGS NAWQA project (such as Coles et al., 2012). Fifty sites (hereafter
random sites) were selected from the NRSA probabilistic candidate list
of sites, which is based on a random selection from the population of
stream reaches in the region. Inclusion or exclusion of these random
sites followed USEPA protocols (USEPA, 2013a) with the exception
that larger, non-wadable streams and some very small, potentially
ephemeral streams were excluded. The remaining 50 sites (targeted
sites) were selected by the USGS on the basis of watershed characteris-
tics (Supplemental information (SI), Fig. S1) in order to fully resolve a
broad gradient of watershed agricultural intensity. Watershed scale
characteristics were generated from geographic information system
(GIS) digital coverages of landuse (Homer et al., 2015) upstream of
the sampling site; ‘site’ is used hereafter to refer to both the stream
reach (defined below) sampled or the upstream watershed. The
targeted sites were added to achieve full coverage of the agricultural
stressor gradient in the region, to include a subset of sites with long-
term monitoring data, and to include representation of urban land use
by adding 12 urban indicator sites. Watershed land-use characteristics
were calculated from National Land Cover Datasets (NLCD) (Homer
etal., 2015). Cultivated crops in the 88 agricultural-gradient watersheds
(all 50 random sites and 38 targeted sites) ranged from O to 95%
(median = 63%). Urban land use (the sum of low, medium, and high de-
velopment categories (Homer et al., 2015)) for these 88 sites was <8%.
Urban land use for the 12 urban indicator sites ranged from 18 to 88%.

2.2. Sample collection

The stream habitat surveys and macroinvertebrate collection follow-
ed USEPA NRSA methods (USEPA, 2013a), where a stream reach was a
section of stream approximately 40 times the average wetted width in
length. Sediment and ecological sampling occurred during late July
and early August of 2013. The sediment collection followed Shelton
and Capel (1994), where multiple grab samples of the surficial (top
2 cm) sediment were collected in depositional areas, typically dominat-
ed by fine-grained sediment, along the length of the reach and
composited. Samples were not sieved, but material larger than about
2 mm, such as gravel, sticks, or debris, were removed by hand. Bed-
sediment samples were shipped on ice to the USGS Columbia Environ-
mental Research Center (CERC) and refrigerated in the dark at 4 °C for



P.W. Moran et al. / Science of the Total Environment 599-600 (2017) 1469-1478 1471

2-4 weeks pending homogenization and splitting of the samples into
sub-samples for chemical analyses and toxicity testing. One site could
not be sampled for sediment and ecology because of high water levels
and one sediment sample from a second site was not analyzed for
metals, leaving 98 or 99 sites depending on the analysis.

2.3. Sediment chemistry

Four analytical methods were used to characterize contaminants
from five chemical classes in streambed sediments; two methods
were applied to all sediment samples and two were applied to a subset
of 27 samples. At all 99 sites, 118 current-use pesticides were analyzed
at the USGS Pesticide Fate Research Laboratory (Sacramento, CA) by gas
chromatography-tandem mass spectrometry (GC-MS/MS) (Hladik and
McWayne, 2012)). This method includes legacy oraganochlorine pesti-
cides, such as p,p’-DDT (and its transformation products p,p’-DDD,
and p,p’-DDE), chlordanes, and dieldrin. For 98 sites, 37 major and
trace elements were analyzed by the US Geological Survey's Crustal
Geophysics and Geochemistry Science Center (Denver, CO) on dried
and ground samples from 98 sites, digested on a hotplate using a mix-
ture of hydrochloric-nitric-perchloric-acids, with analysis by induc-
tively coupled plasma-mass spectrometry (Briggs and Meier, 2002).

Samples from 27 of the sites were selected from analysis of polycyclic
aromatic hydrocarbons (PAHs) and halogenated organic compounds.
The halogenated compound method includes organochlorine insecti-
cides, polychlorinated biphenyls (PCBs), and polybrominated diphenyl
ethers (BDEs). A subset of samples was selected as most of these com-
pounds were assumed not to occur frequently in non-urban settings
(e.g., Lopes and Furlong, 2001). These 27 sites included 12 urban sites,
13 sites with substantial agricultural row crops (>59%), and two refer-
ence sites with low levels of urban and agricultural development.
PAHs were analyzed at the U.S. Geological Survey National Water
Quality Laboratory (NWQL) in Denver, CO, using accelerated solvent ex-
traction (ASE) and analysis by gas chromatograph/mass spectrometer
(GC/MS) (Zaugg et al., 2006). The method included 18 parent PAHs, 10
specific alkyl-PAHs, and 10 other semivolatile organic compounds.

Halogenated organic compounds were analyzed using a custom
method at the NWQL with extraction by ASE followed by cleanup by
solid-phase extraction and analysis by GC/MS. This halogenated hydro-
carbon method, which includes several brominated diphenyl ethers
(BDEs), was reported in Mahler et al. (2009) and discussed in detail
by Wagner et al. (2014). This method includes analysis of p,p’-DDT,
p,p’-DDD, and p,p’-DDE; however, as these compounds are also report-
ed in the current use pesticide method (Hladik and McWayne, 2012),
mentioned above, for all sites and at lower detection level, the p,p’-
DDE values from the Hladik and McWayne (2012) method were used
to calculate the PECQ. The 18 IUPAC congeners quantified by the haloge-
nated compound method were summed as total PCBs, thus, this total is
a low estimate of total PCBs. Total chlordane was computed as the sum
of trans-chlordane, cis-chlordane, cis-nonachlor, and oxychlordane.

For the purposes of Probable Effect Concentration (PEC) (MacDonald
and Ingersoll, 2000) quotient calculation (PECQ) only, concentrations of
total PAHs, total chlordane, dieldrin, and total PCBs at the 62 sites where
these compounds were not measured were estimated from concentra-
tions at the 27 measured sites. Extrapolated values were never used in
detection frequency statistics. For PAHs, concentrations at the remain-
ing 62 sites were estimated using regression equations generated for in-
dividual PAHs in relation to urban land use. (Least-squares regression
was used for the purposes of calculating PEC quotients across all sites
and all PAHs, average 1> = 0.79, see Supplemental material for discus-
sion of total PAH regression). Total PAHs were computed by summing
extrapolated concentrations of 12 parent PAHs. These were 12 of the
13 PAHs specified by Ingersoll et al. (2001), because one homologue
was not quantified by this method (See Supplemental material, Extrap-
olation to Unsampled Sites, for more detail.). For total chlordane, diel-
drin, and total PCBs, the median of the measured values at the 27

sites, all relatively tiny values, was used to estimate concentrations at
the remaining sites, for purposes of PECQ calculation.

24. Mixture assessment with PEC and LEB quotients

Organic compound concentrations were converted from dry weight
to an organic carbon (OC) normalized basis, and then compared with
their respective sediment benchmarks. The benchmarks are the consen-
sus PECs (MacDonald and Ingersoll, 2000) for metals, PCBs, PAHs, and
organochlorine pesticides, and the integrated Likely Effect Benchmark
(LEB) for current use pesticides from Nowell et al. (2016). Correlations
between sediment chemistry and toxicity are often, but not exclusively,
stronger when based on a carbon-normalized basis (Long et al., 2006;
Nowell et al., 2013) and sediment-organic-carbon normalization is
commonly used to predict bioavailable pesticide concentrations
(Nowell et al., 2016) and for nonionic organics across a range of sedi-
ment conditions (US EPA, 2003). Thus, carbon normalization was pref-
erentially used in this analysis, but raw (unnormalized) concentrations
also were evaluated for completeness. Metals were compared to bench-
marks with and without OC normalization.

A benchmark quotient (the ratio of an OC normalized concentration
to its benchmark) was computed for five contaminant classes, consis-
tent with methods of MacDonald and Ingersoll (2000). For metals, a
quotient (the ratio of the dry weight OC-normalized concentration to
its benchmark) was computed for each of 7 metals (As, Cd, Cr, Cu, Pb,
Ni, Zn) and an average quotient score was taken to represent metals
as a class. Similarly, PEC quotients were computed using OC normalized
concentrations of p,p’-DDE, dieldrin, and total chlordanes, and the aver-
age taken to represent the organochlorine pesticide class. p,p’-DDE was
used to represent the DDT family because this congener is the single
DDT compound detected most frequently and at the highest concentra-
tions, and because the PEC for sum-DDE met reliability criteria (for pre-
dictive ability) in MacDonald and Ingersoll (2000). PEC quotient scores
for the PAH and PCB classes were computed using concentrations and
available PECs for total PAHs and total PCBs. For current use pesticides,
individual benchmark quotients were computed for individual pesti-
cides using LEBs; however, due to the large number of analytes (118)
in the pesticide analytical method and the high frequency of non-
detections (98% on average) at a given site, the sum rather than the av-
erage of the current-use pesticide quotients was used to represent this
class. For comparison to OC-normalized contaminant concentrations,
the PEC values from MacDonald and Ingersoll (2000) were assumed
to apply to 1%TOC in sediment (reflecting sediment levels typical of
the data set used to derive PECs (Ingersoll et al., 2009). All non-
detected contaminants were treated as zero in PECQ and LEBQ calcula-
tions, as other assumptions generated nonsensical patterns. Finally, a
combined score reflecting the five classes of compounds (organochlo-
rines, PAHs, PCBs, metals, and current use pesticides), hereafter referred
to as the PECLEB5 score, was computed as the sum of the five classes of
benchmark quotients (reflecting the five classes of compounds) divided
by 5. This is analogous to the mean PECQ of MacDonald and Ingersoll
(2000) and Long et al. (2006), and it summarizes the overall potential
mixture toxicity at a site.

2.5. Sediment toxicity testing

Sediment-toxicity tests were conducted with amphipod (Hyalella
azteca) and the fatmucket mussel (Lampsilis siliquoidea) (both 28-day
exposures) and the midge (Chironomous dilutus) (10-day exposures)
according to methods outlined in USEPA (2000) and American Society
for Testing and Materials (ASTM) International (2012) (additional de-
tails are given in SI-Toxicity test conditions). Amphipods and midges
were from in-house cultures maintained at CERC and mussels were ob-
tained from juveniles transformed by Chris Barnhart at Missouri State
University and reared at CERC. Newly transformed mussels will be cul-
tured in 100 mg/L hardness for about 6 weeks (about 1.5-mm shell
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length) for testing. Testing with amphipods and midges was performed
using sediments collected from all 98 sites, whereas mussel testing was
performed with samples from only 24 sites. Sediments were homoge-
nized in a stainless steel bowl and placed in beakers about seven days
before test organisms were added. Ten amphipods or midge were ex-
posed to 100 ml of sediment with 175 ml overlying water in 300-ml
beakers, with four replicates per treatment per species, and two volume
additions of overlying water (Ingersoll et al., 2002). Because there were
fewer juvenile mussels available at the start of testing, eight mussels
were used in four replicate beakers. Endpoints included survival,
growth and biomass for each test species. Response of each endpoint
for each species was compared to a standard control sediment, Spring
River, MO, (Besser et al., 2015b) using Barlett's 1-way ANOVA (p-
value <0.05), and reported as significantly different relative to control,
for further evaluation. Steps taken upon conclusion of the toxicity test-
ing to evaluate each endpoint are presented in Concluding Sediment
Toxicity Testing, in the SI.

2.6. Benthic macroinvertebrates

Benthic macroinvertebrate sampling and habitat characterization
were performed following standard USEPA NRSA (USEPA, 2013a)
methods, utilizing a 500 um mesh, D-frame kick net, on the same day
that the bed sediments were collected. Invertebrate samples were pre-
served and shipped to the USGS NWQL, Biological Unit, for identification
and enumeration (Moulton et al., 2000). During taxonomic data pro-
cessing, the following decision rules were followed: terrestrial adults
were deleted, different lifestages for a common taxonomic endpoint
were combined, and ambiguous taxonomic ‘parents’ were distributed
proportionately among the ‘children’ so that no distinct taxa endpoints
were deleted. The raw data of species taxonomy and enumeration by
site are available in the USGS BioData Database (USGS, 2015, http://dx.
doi.org/doi:10.5066/F77W698B). Several measures of the invertebrate
community, particularly those most commonly evaluated by manage-
ment agencies, were evaluated here. Invertebrate species relative abun-
dance is often summarized as univariate metrics (e.g., Ephemeroptera,
Plecoptera, Tricoptera (EPT) Richness; Total Richness), and these met-
rics were generated following methods by Cuffney (2003) and used
here. An additional Macroinvertebrate Multimetric Index (MMI) gener-
ated and utilized by US EPA, following methods of Stoddard et al. (2008)
and USEPA (2013b), was also evaluated. As Plecoptera were very rare in
these Midwest stream, the orders of Ephereroptera and Tricoptera were
also evaluated separately.

2.7. Statistical analysis

Statistical analyses of toxicity test results were performed using SAS
software (SAS/STAT version 9.2; SAS Cary, NC). Differences in a toxicity
endpoint among sites were determined by analysis of variance
(ANOVA). Toxicity end point data were transformed before ANOVA to
improve normality as indicated by the Shapiro-Wilk test (USEPA,
2000; ASTM, 2012). Comparisons of toxicity endpoints and selected
chemical stressors (five individual chemicals and the PECLEB5 score)
were done using Spearman's rank correlations with statistical signifi-
cance (p-value) set at 0.05. Processing of the macroinvertebrate count
data was completed using the software package IDAS, USGS Inverte-
brate Data Analysis System, Raleigh, NC. Correlation analysis was per-
formed with Systat, v. 13, San Jose, CA. Ordinary least squares
regression and t-tests were done in Tibco S-Plus, v 8.1, Boston, MA. Mul-
tivariate analysis of the macroinvertebrate community data was per-
formed using Primer-E, v6.1.5, Plymouth, UK, using both a weak and
heavy transformation, square root and presence-absence, respectively,
of abundance data followed by Bray-Curtis distance matrix and ordina-
tion using nonmetric multidimensional scaling (MDS) (McCune and
Grace, 2002). Comparison between the species matrix and the toxicity,
sediment chemistry, and Geographic Information System (GIS) variable

matrices were each done separately using a Mantel-like test via the
BEST BVSTEP (stepwise inclusion and deletion) of Primer v6, followed
by permutation testing for significance determination.

Contaminants in sediment are most likely to be a limiting factor on
stream communities at higher concentrations, and are not necessarily
predictive of the mean or median ecological response at all concentra-
tions. In such cases, common in ecological data, scatterplots often result
in a classic ‘wedge-shaped’ response pattern, where statistically signifi-
cant relations may only be apparent at higher or lower limits of a given
ecological response (Cade and Noon, 2003). To address this, quantile-
regression was performed with R-Studio (ver 0.98.507) and the R pro-
gram, (ver 3.3.1), with the package ‘quantreg’ (ver.5.29) (Koenker,
2015). Statistical significance testing followed the default, quantile-
regression sandwich formula, using the Hall-Sheather bandwidth rule
(Koenker, 2015).

3. Results
3.1. Contaminants in stream sediments

Organic carbon in the sediments, which influences the bioavailabili-
ty of many contaminants, had a median concentration of 1.3% (inter-
quartile range of 2.0%). While 94 sites had an OC concentration in sedi-
ments <5.0%, five sites had OC ranging from 5.3 and 17.6% (see Table S1
of Kemble et al. (2016) (doi:10.5066/F7Z899HX) for OC and all sedi-
ment chemistry data discussed below). Of the 118 pesticides measured
in bed sediment using the GC-MS/MS method, 16 were detected (de-
tection levels of 0.6-3.1 pg/kg; SI Table S1). Of these 16 compounds,
six were detected in 10% or more samples and three were detected in
25% or more samples; namely, the chloroacetanilide herbicide
metalochlor (50%), the pyrethroid insecticide bifenthrin (45%), and
the organochlorine pesticide degradate p,p’-DDE (29%) (Table S1 of
Kemble et al. (2016). Metolachlor concentrations were significantly
higher at the agricultural sites than at the urban sites, whereas
bifenthrin and p,p’-DDE concentrations were significantly higher at
the urban sites (Mann-Whitney U Test; p < 0.05). Within the class of
current use pesticides, the single compound bifenthrin explained the
majority (76% on average where CUPs were found) and nearly all
(96%) at sites where it was detected, of the overall LEB quotient.

Of the 37 trace elements measured in sediments at all sites, seven
have reliable PEC benchmarks available to evaluate for their potential
effects on aquatic biota. Concentrations of these seven elements were
generally low relative to PEC benchmarks. In only 12 of 686 cases (7 el-
ements across 98 sites) the concentration exceeded one-half of the PEC
value. When normalized to OC content, there were 27 cases of exceed-
ing one-half the trace element PECs. Concentrations of four of the
seven elements (Cd, Cu, Pb, and Zn) were significantly greater at the
12 urban sites than at the 87 agricultural gradient sites (Mann-Whitney
U Test; p < 0.05).

PAHs were detected more frequently and at much higher concentra-
tions at the 12 urban sites than at the 15 agricultural gradient sites.
Mean detection frequency for the 16 USEPA Priority Pollutant PAHs,
for example, was 95% for the urban sites and was 30% for the agricultural
gradient sites (see Table S1 of Kemble et al. (2016)). At the urban sites,
total PAHs ranged from 0.02-1.1 pg/kg sediment, and from 0.007—0.27
(median = 0.08) for OC-normalized total PAH concentrations. In con-
trast, OC-normalized PECQ for the 15 agricultural gradient sites ranged
from zero to 0.003 (median = 0.0013), about 65 times lower than the
median at the urban sites. Total PAH concentrations and OC-
normalized PEC-Quotients were significantly higher at the urban sites
than at the agricultural sites (Mann-Whitney U; p < 0.05).

One or more PCB congeners (18 congeners measured) and one or
more BDE congeners (9 congeners measured) were detected at 70 and
93% of the 27 sites measured, respectively. Mean concentrations of the
sum of PCBs and sum of BDEs (non-detections treated as zeros) were
about 90 and 5 times greater at the urban sites than at the agricultural
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sites, respectively. One or more chlordane compounds (cis-chlordane,
trans-chlordane, cis-nonachlor and oxychlorodane) was detected at
85% of sites, and the mean total-chlordane concentration was almost
30-times greater at the urban sites than at the agricultural sites. Concen-
trations of total PCBs, BDEs, chlordanes, and DDTs were significantly
greater at the 12 urban sites than at the 15 agricultural sites (Mann-
Whitney U test; p < 0.05). As the maximum measured concentrations
for total chlordanes, dieldrin, and total PCBs at the 27 sites equaled 58,
4 and 8% of their respective PEC benchmarks, for the purposes of calcu-
lating PEC quotients across all remaining 72 sites, which were all unde-
veloped or agricultural sites, the median value of each of these
compounds (0.55, 0.41, and 1.1 pg/kg dw, respectively) was imputed
at non-measured sites when generating the mixture score.

3.2. Mixture assessment

The potential toxicity contributed by each of five contaminant clas-
ses to the estimated combined sediment mixture toxicity, as represent-
ed by the PECLEB5 value, is shown in Fig. 1. In general, the PECLEB5
were low (median 0.26) and increased with increasing agricultural
land use, primarily driven by increasing occurrence of current use pesti-
cides. Urban sites have PECLEB5 magnitude among the highest of all
sites and show a greater PAH contribution and a more variable trend
with landuse. Fig. 1 indicates the relative importance of the detected
compounds to each other in their likelihood to contribute to sediment
toxicity.

3.3. Sediment toxicity tests

Three test endpoints for each species tested were evaluated: surviv-
al, growth- as indicated by the mean ash-free dry weight (AFDW) (or
dry weight for H. azteca) of the surviving organisms, and biomass- as
the weight of surviving organisms divided by the initial number of or-
ganisms. The latter two endpoints can be divergent if survival varies
substantially, however, in this dataset survival rates were high and the
measures of growth and biomass were strongly correlated. Thus, for in-
terpretation, we focus on survival and biomass, which was the more
sensitive of the two growth endpoints (see Table 1). Sediment toxicity
test responses by site and species for all endpoints are available at SI
Table S2, doi:10.5066/F7Z899HX.

The overall incidence of toxicity (as significantly reduced survival or
biomass) was low, ranging from 4 to 7% of sites for the H. azteca and
C. dilutus tests and from 8 to 33% of sites for the L. siliquoides test
(Table 1). As the mussel testing was successfully completed at only 24

of the 99 sites, those data were not included in further evaluations. Be-
cause of the low incidence of toxicity for individual endpoints, a cumu-
lative ‘Percent toxic endpoints’ value (Pct_Tox_Endpoints) was
computed from the four arthropod test endpoints following the
H. azteca and C. dilutus sediment toxicity testing. Spearman's rank corre-
lations and scatterplots were used to evaluate the relations between se-
lected contaminants and the toxicity test results.

A review of the contaminant classes and the contaminant bench-
mark quotients (see Fig. 1 and Table S1), suggested that four trace ele-
ments (As, Cd, Cr, Ni), bifenthrin, and the mixture score PECLEB5
warranted further evaluation for their potential to affect biota. The cor-
relations of three toxicity endpoints (C. dilutus biomass, H. azteca bio-
mass, Pct_Tox_Endpoints) are compared to concentrations of four
metals, OC normalized bifenthrin concentration, and the PECLEB5 mix-
ture score in Table 2. The strength of these correlations varies by con-
taminant and toxicity endpoint. C. dilutus biomass, for example, is
significantly correlated (p-value < 0.05) to concentrations (not normal-
ized to OC) of all four metals but not to bifenthrin or PECLEBS5. H. azteca
biomass, on the other hand, is significantly correlated to bifenthrin and
PECLEB5 but not to any of the metals. None of the contaminants are
significantly correlated with the aggregate Pct_Tox_Endpoints.
Metolachlor was the most commonly detected organic contaminant,
found at 51% of sites, but as the concentrations never exceed one-
hundredth of its freshwater LEB of 200 pg/g OC (Nowell et al., 2016)
and showed poor relations to toxicity endpoints, it was not considered
further.

We performed additional analyses with the four metals, bifenthrin
and the PECLEB5 mixture score. These stressor metrics were related to
toxicity test results using ordinary least squares (OLS) and quantile re-
gression. OLS was selected for its general familiarity and quantile re-
gression for its appropriateness given the wedge-shaped response
pattern and presence of outliers in the MSQA data; see Fig. 2 for exam-
ples. Comparison of C. dilutus biomass to the PECLEB5 score was not sig-
nificant using either OLS or quantile regression at the 90th quantile,
consistent with the low rank correlations between these (see Table 2).
However, C. dilutus biomass had a significant inverse trend with the
90th quantile of the bifenthrin quotient. For the amphipod, H. azteca,
the relations between biomass and both bifenthrin and the PECLEB5
score using OLS were strongly significant, p <0.01, and the 90th quantile
regression was significant for bifenthrin but only suggestive for
PECLEBS (Fig. 2). Reanalysis with removal of outliers in concentration
or sites where bifenthrin was not detected, not shown, both tended to
increase the overall significance of the regression estimates. The four
metals that correlated significantly to C. dilutus toxicity endpoints
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Fig. 1. Potential mixture toxicity score, PECLEB5, measured in stream sediments plotted by percent dominant landuse in the watershed for 98 study sites; agricultural and urban sites
shown separately. (Abbrviations include; metals, as As, Cd, Cr, Cu, Ni, Pb, Zn; tPAH, total polyaromatric hydrocarbons; OCP, organochlorine pesticides; tPCB, total polychlorinated
biphenyls; CUP, current use pesticides; PECQ, probable effect concentration quotient (MacDonald and Ingersoll, 2000); LEBQ, likely effects benchmark quotient (Nowell et al., 2016),

PECLEBS5, combined PEC and CUP LEB quotient.
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Table 1
Summary of sediment toxicity test responses by species endpoint.

Number of Percent of sites with ~ Percent of sites with
sites tested endpoint significantly any endpoint
reduced from control  significantly reduced

H. azteca enpoints

Survival (%) 98 5%

Dry weight (g) 98 4 8%
Biomass (g) 98 5

C. dilutus endpoints

Survival (%) 98 6

AFDW dry weight (g) 98 4 13
Biomass (g) 98 7

L. siliquoides endpionts

Survival (%) 24 8

AFDW dry weight (g) 24 33 42
Biomass (g) 24 8

All endpoints/all sites 24
significantly reduced

(Table 2) were compared in a similar way to H. azteca biomass re-
sponses also using OLS and the 90th quantile; few showed an inverse
relationship to biomass and none were significant (p = 0.05).

3.4. Relationships to macroinvertebrates

3.4.1. Univariate

The instream macroinvertebrate sampling resulted identified be-
tween 9 and 69 unique taxon per site, as described by Waite and Van
Metre (in review). Quantile regression was used to evaluate several
common univariate metrics of the invertebrate community in relation
to the contaminants implicated from the correlation analysis (As, Cr,
Cd, Ni, Bifenthrin) and the PECLEB5 mixture score. There were consis-
tent and significant decreasing trends of the 75th percentile (and
often of the 90th percentile) of benthic macroinvertebrate metric scores
(EPT percentage, MMI scores, Ephemeroptera richness, Trichoptera
richness) in response to increasing PECLEB5 and the bifenthrin LEBQ,
(see Fig. 3, not all relations shown). Similarly, increasing toxicity, as
indicated by the Perc_Tox_Endpoints, was significantly related to a de-
crease in the upper quartile of several invertebrate metrics, and illus-
trated with the relation of MMI score to Pct_Tox_Endpoints in Fig. 3f.
There were no significant relations between the metals and any of the
benthic macroinvertebrate metrics (as p < 0.05).

3.4.2. Multivariate analysis

Although univarite metrics can be useful and are commonly present-
ed, they force ecological communities into one-dimensional scores that
cannot fully represent the diversity of species, and therefore, the
breadth of responses occurring in a given community (McCune and
Grace, 2002). An alternate approach is to use multivariate ordination
techniques to summarize the highly dimensional species matrix, in
this case 274 unique taxa identified across 99 sites, in a reduced 2-
dimensional space convenient for visualization purposes. The method
uses a rank-order approach in summarizing multivariate relationships

Table 2

Spearman's rank correlation coefficients between measured contaminants in stream sed-
iments three sediment toxicity test endpoints. (Significant relations (p < 0.05) are indicted
in bold font).

Contaminants in sediments from 98 Midwest streams

Toxicity test As Cr cd Ni Bifenthrin_LEB PECLEBS
endpoints

H. azteca biomass —0.05 —0.06 <0.01 —0.03 —-0.35 —-0.35
C. dilutus biomass  —0.21 —0.24 —0.20 —0.25 —0.16 —0.19

Percent of four test <0.01 0.15 0.12 0.07 0.12 0.11
endpoints reduced

into two-dimensional plots. The relative location of the points reflects
the similarity or dissimilarity of the species collected at the various sites.

Three questions were tested with the multivariate ordination of the
macroinvertebrate species matrix using the Mantel-like test from the
BEST procedure followed by permutation testing for significance (see
2.4 Statistical Methods above). First, we asked if there is a statistically
significant relation between the reduced contaminant matrix (As, Cd,
Cr, Ni, bifenthrin, and PECLEB5) and the macroinvertebrate species ma-
trix across all sites? The answer was yes, but contaminants explain little
of the overall variability (Global correlation coefficient (Rho) = 0.104;
significance equivalence = 1% (as likely to occur from random permu-
tations (analogous to a p-value of 0.01)). This indicates that the pattern
between sediment contaminants and the species found at a site are un-
likely to have occurred by chance, but that contaminants are only poorly
related to species abundance. Further the test indicates that the first and
second most important variables in this relation were bifenthrin and
PECLEB5. An MDS ordination plot of macroinvertebrate communities,
later overlain with two factors (the PECLEB5 score and
Pct_Tox_Endpoints) is shown in Fig. 4.

Second, we asked if there is a relation between the toxicity testing
results and the species collected at a site. Or more specifically, is a statis-
tically significant relation between the measured toxicity pattern (using
the three endpoints of C. dilutus biomass, H. azteca biomass, and
Pct_Tox_Endpoints) and the species matrix across all sites? Similar to
the first question, the answer was yes, the relationship is unlikely to
be observed by chance (significance equivalence = 1%), but the toxicity
pattern explains little of the overall variability (Rho = 0.181) in the spe-
cies matrix. The test indicated that the only significant explanatory tox-
icity metric was the aggregate measure, Pct_Tox_Endpoints. This also
indicates that evaluating the results of multiple toxicity endpoints pro-
vided better relations than either single-species endpoint considered in
relation to the community data.

Third, we asked how do the strength of the relations identified in the
first two questions compare with relations to other factors commonly
reported to influence community structure, such as habitat and water-
shed land use? GIS variables explained a similar amount of the variabil-
ity in macroinvertebrate species composition as did the contaminant
and toxicity measures (Rho = 0.144), although with lower statistical
significance; significance equivalence = 13% as likely to be observed
by chance. Here, the first and second most important variables were
percent Developed Land-High category (Homer et al., 2015) and per-
cent Mixed Forest (Homer et al., 2015). Similar results were found
when these three questions were repeated considering the species ma-
trix on a presence/absence basis instead of an abundance basis.

These tests indicate that sites with higher contaminant and toxicity
measures tend to have relatively similar species composition, and sites
with little indication of contamination are most different, and- from re-
view of the species matrix- more diverse, than the more contaminated
sites. Sites with higher PECLEB5 scores and Pct_Tox_Endpoints tend to
group in the center and lower left, whereas sites with low PECLEB5
scores and no measured toxicity are distributed widely across the
fringes of the plotting space, see Fig. 4.

4. Discussion

The occurrence of contaminants in sediment was correlated with
land use in the watershed. Urban streams had significantly higher levels
of four of seven metals evaluated (Cd, Cu, Pb, and Zn), PAHs, PCBs, BDEs,
chlordanes, DDTs, and bifenthrin, than did agricultural streams. A posi-
tive relation between urbanization and pyrethorids, and bifenthrin in
particular, is consistent with conclusions reached in previous studies
of freshwater stream sediments (Amweg et al., 2005, 2006; Schafer
et al., 2011; Jorgenson et al., 2013; Nowell et al., 2013; Carpenter et al.,
2016; Li et al., 2016). However, there was no significant difference in
the incidence of toxicity between urban and agricultural sites in this
study.
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Although pesticides are extensively used in this region (Baker and
Stone, 2014), just 9 and 11 sites (about 10% of sites overall) had reduced
survival or biomass for a test organisms. This is consistent with the rel-
atively low concentrations of most contaminants in relation to their
effects-based benchmarks for benthic invertebrates. The median
PECLEB5 value across all sites was 26% of the mixture benchmark of 1,
and the 90th percentile of the PECLEB5 scores was 65% of the bench-
mark. Most sites in the MSQA study were dominated by agricultural
landuse where herbicides are reported to occur more frequently and
at higher concentrations, whereas insecticides tend to occur more
frequently and at higher concentrations in urban watersheds
(e.g., Gilliom et al., 2006).

We originally hypothesized that the sum of the small fractions of
each current use pesticide benchmark quotient (as a summed LEB;,¢
quotient) as presented by Nowell et al. (2016) for the pesticides evalu-
ated here, might be a useful descriptor of observed toxicity. However,
analysis of the sum CUP LEBQ,5 score relative to the toxicity endpoints
was infrequently significant (p < 0.05), and of limited utility in this
dataset. The lower predictive capability of the sum LEBQ;s in this
dataset appears a result of the abundance of herbicides present that
contributed small and variable contributions to the overall LEBQ. As in-
vertebrate benchmarks for herbicides are orders of magnitude higher
and usually more variable than those of insecticides (as assessment of
non-target modes of action are inherently less predictable (Borgert
et al., 2004), and for herbicides in particular (Cedergreen and Streibig,
2005)), this may result in less observed toxicity to aquatic invertebrates
in agricultural areas than expected from the pesticide quotient. Also,
while less transient than water, it is expected that fine grain sediments
are subject to constant erosion and deposition and therefore the expo-
sure profile organisms experience from stream sediments will be a bal-
ance between delivery, erosion, availability, and the sum of
transformation processes. Indeed, the presence and severity of fine sed-
iment itself has long been recognized as an ecological stressor, and for
these sites is evaluated specifically under separate studies by Gellis
et al. (2016) and Waite (in review).

For the toxicity measures, the Per_Tox_Endpoints from sediment
toxicity tests were significantly related to declines in the invertebrate
community composition. That these relations are not very strong is per-
haps to be expected, as there are many other drivers and stressors af-
fecting ecological communities. Quantile regression is one analysis
approach that addresses the limiting effect of one variable in the pres-
ence of many other influential factors. As shown on Figs. 2 and 3,

there are significant but weak relations between toxicity and contami-
nants (Fig. 2) and between toxicity, contaminants, and invertebrate
community metrics (Fig. 3). This supports that notion that sediment
toxicity observed in the lab from field collected sediments, as assessed
through the contaminant mixture (as PECLEB5) score, maybe be limit-
ing community structure of macroinvertebrates at those locations
through similar stressors, see Fig. 4.

Bifenthrin (either as concentration or normalized to carbon via the
LEB quotient) and the PECLEB5 score (of which bifenthrin is key con-
tributor), were significantly related to declines in invertebrate commu-
nity composition. Bifenthrin was the second most commonly detected
pesticide in sediment, found at 45% of sites, and was the contaminant
most likely to be found at or above its respective benchmark. On a re-
gional (i.e. multi-state) scale, estimated bifenthrin use in the Midwest
is some of the highest on agricultural lands in the conterminous
United States (Baker, 2017). On average, bifenthrin accounted for 76%
of the potential risk to aquatic invertebrates from the current use pesti-
cide class evaluated in this study. Regression and quantile regression in-
dicated that the bifenthrin concentration in sediment, on either a dry
weight basis or carbon-normalized LEBQ basis, was the best predictor
of the observed toxicity response of any of the contaminants evaluated
in this study. The importance of considering bifenthrin as a stressor of
stream communities was also recently reported on the basis of a
mesocosm study. Rogers et al. (2016), tested the effects of bifenthrin-
spiked sediment on invertebrate communities in flowing mesocosm
“streams” and observed a clear dose response at levels of bifenthrin
measured in some MSQA stream sediments. They compared the re-
sponse in the mesocosms to data from MSQA streams and found them
to be consistent in terms of bifenthrin concentrations and reduction in
selected invertebrate metrics and taxa (e.g., abundance of scrapers
and sensitive mayflies).

5. Conclusion

A feature of the MSQA is the overlap of chemistry, laboratory toxicity,
and ecological community data at almost 100 sites across a broad region.
Significantly higher concentrations of most sediment contaminants
were found in streams with higher urban landuse than in agricultural
dominated watersheds. Significant, albeit weak, relations were found
between the instream community composition and contaminant and
toxicity metrics. Correlation and quantile regression analysis indicated
that bifenthrin was the best predictor of H. Azteca biomass response.
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However, while a key contributor to the PEC mixture score and a signif-
icant predictor of biomass, bifenthrin was a less important factor at
explaining the invertebrate community pattern in a multivariate ap-
proach than the PECLEB5 score was, which was significantly related to
the overall invertebrate community. A consistent, significant decline in
the 75th quantile of several common invertebrate community metrics
with an increase in bifenthrin was also observed. As has been previously
documented in stream sediments of California (Weston et al., 2004;
Amweg et al., 2005, 2006), China (Mehler et al., 2011) and Oregon
(Carpenter et al., 2016), multiple lines of evidence presented herein in-
dicate that bifenthrin is likely limiting macroinvertebrate community
structure in Midwestern streams. Given the often variable and typically
low detection frequencies of pesticides, it is useful they be evaluated on
both an individual chemical and mixture basis.
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