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Abstract: Agricultural land use leads to changes in physical and chemical characteristics of
sediment that influence macroinvertebrate community diversity and abundance in streams. To the
best of our knowledge the joint influence of sediment’s physical and chemical characteristics on
stream macroinvertebrates has not been assessed. We measured sediment’s physical and chemical
characteristics and sampled macroinvertebrates in eight agricultural headwater streams in Indiana,
Michigan, and Ohio, United States, in 2017 and 2018 to determine the physical and chemical conditions
of the sediment, to evaluate the relationships between physical and chemical characteristics of the
sediment, and the relationship of macroinvertebrate communities with the sediment’s physical and
chemical characteristics. Sediments within most sites were dominated by sand or silt. pH was
suitable for macroinvertebrates and nitrate, herbicide, and trace metal concentrations were below
concentration levels anticipated to affect macroinvertebrate survival. Linear mixed effect model
analysis results indicated that a physical gradient of percent small gravel and percent silt was
positively correlated (p < 0.05) with a chemical gradient of potassium concentrations, magnesium
concentrations, and percent total nitrogen in the sediments. Our linear mixed effect model analysis
results also indicated that Invertebrate Community Index scores were negatively correlated (p < 0.05)
with a chemical gradient of simazine and calcium concentrations and were negatively correlated
(p < 0.05) with physical gradient of grain size diversity and percent sand. Our results suggest that
watershed management plans need to address physical and chemical degradation of sediment to
improve macroinvertebrate biotic integrity within agricultural headwater streams in the Midwestern
United States.

Keywords: nutrients; pesticides; trace metals; Invertebrate Community Index;
macroinvertebrate-habitat relationships

1. Introduction

Macroinvertebrates in streams are influenced by a wide range of abiotic and biotic factors operating
at different spatial and temporal scales [1,2]. Benthic sediments represent a critical habitat resource for
stream macroinvertebrates because many reside within the sediment or on its surface. Discovery of the
importance of sediment particle size for stream macroinvertebrates dates back to the late 1920s [3].
Interest in sediment’s physical characteristics by early stream ecologists was likely influenced by a
parallel interest by marine biologists with invertebrate-substrate relationships [3]. Sediment particle
size and other physical characteristics of sediment have long been considered the foundation of the
physical habitat template [4] for macroinvertebrates and a critical determinant of macroinvertebrate
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population and community structure in streams [1,3]. Increases in macroinvertebrate diversity and
abundance with increasing particle size and particle size diversity has been well documented [1,5].
Changes in macroinvertebrate diversity and taxa composition among pools, riffles, and runs occur from
changes in substrate types and water velocity among microhabitat types [1,6]. The se relationships
between sediment and hydrologic characteristics highlight the role of sediment as a habitat-forming
feature that alters other physical habitat characteristics [7]. Additionally, the severity of spates and
floods are often described through their impacts on sediment movement and its subsequent influence
on macroinvertebrate community structure [8,9].

Agricultural land use causes excess fine sediments (<2 mm in size) in streams that negatively
impacts macroinvertebrates and stream habitat quality worldwide [7]. Increases in fine sediments
from agriculture occurs from cropland soil erosion, riparian habitat loss, decreased bank stability,
and altered hydrologic regimes [10]. Deposition of fine sediments results in injury, impaired feeding and
respiration, increased drift, decreased growth, and increased mortality [7,11,12]. Ultimately, population
and community level changes (e.g., decreased diversity, abundance, biomass, and reductions in
sediment sensitive (Ephemeroptera, Plecoptera, Trichoptera) and filter feeding taxa) occur due to increased
fine sediment deposition [7,10–13].

Agricultural land use also increases the nutrients and pesticides in benthic sediments [14].
The increased deposition of fine sediments from agriculture increases sediment contamination because
silt and clay fractions sorb pesticides and trace metals [11]. Increases in fine sediment may also increase
organic content resulting in oxygen depletion and increases in ammonia and trace metals [12]. Thus,
increasing fine sediments is also associated with the accumulation of nutrients, pesticides, and trace
metals within agricultural streams and increased sediment toxicity. Increases in sediment toxicity from
agricultural contaminants have been documented to decrease biodiversity, biomass, and the abundance
of sediment sensitive taxa [15,16]. Most sediment quality guidelines developed to reduce the impact of
contaminated sediments are based on macroinvertebrates [17], highlighting the importance of sediment
contamination as an influential abiotic factor.

Macroinvertebrates in agricultural streams are influenced by both physical and chemical sediment
characteristics. Macroinvertebrate–sediment relationships within agricultural streams are complex and
involve direct effects, indirect effects, and confounding effects of other habitat characteristics [2,15,18,19].
Additionally, regional differences in macroinvertebrate-habitat relationships in streams within the
United States suggests these relationships may be site-specific [20,21]. Previous studies evaluating
the relationships of macroinvertebrates with sediment have focused on either sediment’s physical or
chemical characteristics. We suspect the lack of information on the joint influence of sediment’s physical
and chemical characteristics derives from a focus on reducing nutrients, pesticides, and suspended
sediments in agricultural runoff and stream water [17]. The re are greater amounts of information
on water chemistry than sediment quality. Additionally, the greater regulatory usage of suspended
sediment guidelines than deposited sediment guidelines in the United States and Canada confirms the
water quality focus [17,22].

To our knowledge, no other studies have evaluated the influence of physical and chemical
characteristics of sediment on macroinvertebrates in agricultural streams. This information is needed to
help develop conservation plans capable of reducing agricultural impacts on the numerous agricultural
headwater streams in the United States, Canada, and Europe that have been impacted by channelization
that removes large substrates and decreases sediment diversity [23]. To address this information gap
we measured physical and chemical characteristics of sediment and sampled macroinvertebrates in
eight agricultural headwater streams in Indiana, Michigan, and Ohio, United States over two years.
Our research questions were: (1) what are the physical and chemical conditions of sediments in
agricultural headwater streams in the Midwestern United States?; (2) what is the relationship between
sediment’s physical and chemical characteristics in agricultural headwater streams in the Midwestern
United States?; and (3) what is the relationship between macroinvertebrate communities and sediment’s
physical and chemical characteristics in agricultural headwater streams in the Midwestern United States?
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2. Materials and Methods

2.1. Study Sites

Eight sites within eight agricultural headwater streams were selected for our study. Selected sites
were 150 m in length and were part of our long term research efforts in Indiana, Michigan, and Ohio in
support of the United States Department of Agriculture Agricultural Research Service’s Conservation
Effects Assessment Project Watershed Assessment Study [24–26]. Four sites were located in the Saint
Joseph River watershed (SJR) in northeast Indiana and southern Michigan, and four sites were located
in the Upper Big Walnut Creek watershed (UBWC) in central Ohio (Supplementary Figures S1 and S2).
Our previous publications [24–27] have described the watershed characteristics of the SJR and UBWC,
and we only summarize the key watershed trends here. SJR drains north into Lake Erie and UBWC
flows south into the Ohio River. Both SJR and UBWC serve as the drinking water source for major
metropolitan areas (SJR-Fort Wayne, Indiana; UBWC-Columbus, Ohio). Land use in both watersheds
consists mostly of cropland planted with soybeans (Glycine max) and corn (Zea mays) on a rotating
basis. Most streams in SJR and UBWC have been channelized for agricultural drainage and watershed
management issues encompass nutrients, pathogens, and physical habitat degradation [28,29]. Both SJR
and UBWC are located in the hot summer continental climate region of the United States (Koppen
Climate Classification Dfa). Within each watershed, we selected sites with a range of watershed sizes,
percent agricultural land use, riparian canopy cover, and channelization status (Table 1) to ensure that
our sampling was conducted over a range of physical and chemical characteristics of sediment.

Table 1. Watershed size, percent agriculture land use in watershed, mean percent riparian canopy
cover, and stream type of four sites in the Saint Joseph River watershed (SJR) and four sites in the
Upper Big Walnut Creek watershed (UBWC).

Site Watershed Watershed
Size (km2)

Percent
Agriculture

Percent Canopy
Cover Stream Type

EBSJ SJR 21.6 29.3 21.3 Unchannelized
ALG SJR 20.4 60.7 0.0 Channelized
BLG SJR 13.8 69.0 0.0 Channelized
CLG SJR 14.0 71.5 0.0 Channelized
C1 UBWC 4.4 55.7 86.5 Unchannelized

MS1 UBWC 9.7 63.5 1.7 Channelized
B1 UBWC 3.8 75.1 0.3 Channelized

NR1 UBWC 7.0 86.9 13.3 Channelized

2.2. Sediment Sampling and Measurement of Physical and Chemical Characteristics

Sediment sampling occurred in the spring (May–June) and fall (September–October) of 2017
and 2018, respectively. Each 150 m site was delineated into six 25 m long segments that served as
the sampling unit for our statistical analyses. Prior to sampling, one segment from each site was
randomly selected. No segment was repeatedly sampled, and we sampled four of six segments from
each site during our two-year study resulting in a total of 32 segments sampled. We used stratified
random sampling to randomly select six locations within each segment for sediment sampling.
Stratified random sampling selected six locations from 72 possible locations in each segment that were
derived from pairs of 24 possible longitudinal positions (1 m intervals from the downstream border
of the segment to 24 m upstream) and from three possible latitudinal positions (left, center, right)
(Supplementary Figure S3).

Benthic sediments were sampled with a hand corer (diameter 5.08 cm) to a depth of 7.6 cm at
the six randomly selected locations in each segment and composited into a single sample. If the
substrate was composed of hard material that prevented the corer from penetrating to the target depth,
then additional cores were collected from locations immediately adjacent to the randomly selected
location to ensure we collected enough sediment for all planned analyses. In the field sediment cores
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were placed into a 20 L high-density polyethylene bucket, large visible organic matter was removed,
and sediments were homogenized with a power drill fitted with a metal paint mixer. Sediment samples
were kept on ice during transport to the laboratory and until laboratory processing was completed.
In the laboratory sediment samples were divided in half and random selection was used to allocate
one half of the sample for grain size and organic content analyses and the other half for measurements
of nutrients, trace metals, and pesticides within the sediments.

Grain size and organic content samples were heated in an oven at 50 ◦C until the samples reached
a constant weight (±1.0%). Sediments were sorted through three sieves (50.8 mm, 16.0 mm, 2.0 mm)
using an automated shaker. Sediments retained in each sieve and collection pan were weighed. One 5 g
subsample of the sediments that passed through the 2.0 mm sieve was used in laser diffraction particle
size analysis to determine the percent of sand, silt and clay in each sample. We set the clay-silt break
at 6 µm to enable comparisons of the laser diffraction particle size distribution with that obtained
by the pipette method [30]. Additional details related to laser diffraction particle size analysis are
provided in the Supplemental Text. A second 5 g subsample of the sediments that passed through
the 2.0 mm sieve was used to determine loss-on-ignition percent organic content and was ashed in
a muffle furnace for 16 hours at 375 ◦C, cooled to room temperature in a desiccator, and weighed.
Our physical measurements resulted six physical characteristics (percent large gravel (16.0 to 50.8 mm),
percent small gravel (2.0–15.9 mm), percent sand (0.053–1.99 mm), percent silt (0.002–0.053 mm),
percent clay (<0.002 mm), loss-on-ignition percent organic content) from each sample. Additionally,
we derived two additional physical characteristics from each sample by calculating grain size richness
(number of grain sizes—large gravel, small gravel, sand, silt, clay) and grain size diversity using the
Shannon Diversity Index [31] and the percent of each grain size.

Nutrient, trace metal, and pesticide samples were frozen until analyses. Frozen samples were
thawed, the water was decanted, and the remaining sediment was freeze-dried. Freeze-dried sediment
samples were sieved through a 2 mm sieve and stored at 4 ◦C until analyses. Electrical conductivity and
pH measurements were made from a slurry of freeze-dried sediment and nanopore water. Total carbon
and total nitrogen were measured from freeze-dried sediment with dry combustion using an elemental
analyzer. Extractable ammonia-N and nitrate-N from potassium chloride extracted samples were
quantified colorimetrically with a flow injection analyzer [32,33]. Concentrations of aluminum, calcium,
copper, iron, potassium, magnesium, manganese, phosphorus, sulfur, and zinc were extracted with the
Mehlich-3 solution [34] and measured with an inductively coupled optical emission spectrometer. 2,4-D
(2,4-Dichlorophenoxyacetic acid), acetochlor, alachlor, atrazine, desethylatrazine, desisopropylatrazine,
2-hydroxyatrazine, clothianidin, methyl nitroguanidine, imidacloprid, malathion, s-metolachlor,
and simazine were extracted using an accelerated solvent extractor [35], and their concentrations
were measured with ultra-performance liquid chromatography. Details related to measurements
of physicochemical, nutrients, trace metals and pesticides are provided in the Supplemental Text.
In summary we measured 29 sediment chemistry characteristics in each sediment sample.

2.3. Macroinvertebrate Sampling

Macroinvertebrate sampling was also conducted twice a year in 2017 and 2018 for 28 days with
Hester-Dendy (HD) and leaf pack (LP) samplers. Macroinvertebrate sampling was conducted in the
spring of each year from June to July and began two weeks after the collection of spring sediment
samples were completed. Macroinvertebrate sampling was conducted again from August to September
of each year and was completed one week prior to fall sediment sampling. HD samplers consisted of
3 individual HD plate samplers attached to a cement block. LP samplers were composed of a 30 g
of dried leaves having a 50:50 ratio of green ash (Fraxinus americanus) and white flowering dogwood
(Cornus florida) leaves enclosed in 1.2 cm2 mesh netting. Three HD samplers and three LP samplers
were placed within each segment. HD and LP samplers were distributed systematically throughout
each 25 m long segment to ensure that at least one pair of HD and LP samplers was located at the
downstream, middle, and upstream parts of each segment and located near the left, center, and right of
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the stream. Occasionally, segment specific conditions required minor deviations from our systematic
placement of HD and LP samplers to ensure they remained submerged during low water levels.
Samplers were inspected weekly during the 28 day period and repositioned as needed to ensure they
remained submerged.

After the 28-day sampling period, all HD and LP samplers were collected and transported
to the laboratory. In the laboratory, macroinvertebrate samples were preserved in 70% ethanol.
Macroinvertebrates were counted and enumerated using a stereo microscope with a magnification range
of 8 to 35 × and paired with an ocular piece with 10 ×magnification. All insects except for Collembolla
were identified to family level and non-insects and Collembolla were identified to phylum (Nematoda,
Nematomorpha, Nemertea), class (Gastropoda, Turbellaria), sub-class (Collembolla, Hirudinea, Oligochaeta),
or order (Amphipoda, Decapoda, Isopoda) using standard identification keys [36–39]. No subsampling
procedures were used and all specimens from each sample were enumerated and identified.

We initially calculated 17 macroinvertebrate response variables (i.e., abundance (number
of individuals), taxa richness, Shannon Diversity Index [31], Shannon Evenness Index [31],
Reciprocal Berger-Parker Dominance Index [31], Hilsenhoff Biotic Index [40], percent EPT (Ephemeroptera,
Plecoptera, Trichoptera), percent collector-filterers, percent collector-gatherers, percent predators,
percent scrapers, percent shredders, percent parasites, percent omnivores, Invertebrate Community
Index [41], percent Chironomidae, percent Gastropoda) from each randomly selected segment during
each season in each year. We examined pairwise correlations among all response variables before
statistical analysis to identify pairs of redundant response variables that exhibited Pearson correlation
coefficients > 0.6 or <−0.6). Subsequently, we retained eight macroinvertebrate response variables that
included: (1) abundance; (2) Shannon Diversity Index; (3) Reciprocal Berger-Parker Dominance Index;
(4) percent collector-filterers; (5) percent scrapers; (6) percent Chironomidae; (7) Hilsenhoff Biotic Index;
and (8) Invertebrate Community Index.

2.4. Statistical Analyses

We conducted PCA (principal components analysis) with the eight physical characteristics of
sediment and a second PCA with the 20 chemical characteristics of sediment to obtain the PCA axes
that represented the gradients of the sediment’s physical and chemical characteristics that occurred
among our samples. Two physical PCA axes and three chemical PCA axes were retained for use in our
linear mixed effect model analyses (more details about the PCA results are described in Section 3.1).
Thus, our PCA analyses reduced the number of possible independent variables in our linear mixed
effect model analyses of macroinvertebrate-sediment relationships from 28 to five. This reduction in
the number of independent variables reduced the potential for multicollinearity that could have led to
spurious results within our linear mixed effect model analyses. PCA was conducted with PC-ORD 5
for Windows [42].

Linear mixed effect model analysis was used to evaluate the relationships between sediment’s
physical and sediment chemical characteristics. We also used linear mixed effect model analyses to
evaluate the relationships of the eight macroinvertebrate community response variables with the
physical and chemical characteristics of sediment. Linear mixed effect model analysis was chosen
because it enabled us to address pseudoreplication that results from repeatedly sampling the same
sites during our two-year study. For both linear mixed effect model analyses we used AIC (Akaike
information criterion) to identify the best random effect for each response variable. For all response
variables we evaluated the random effects of watershed, site, season, and year. We also included
additive and nested variations of these individual random effects (i.e., 1|Year + 1|Site; 1|Watershed/Site,
etc.) in our AIC analyses if the initial results from the VarCorr and isSingular functions from the lme4
package [43] indicated the linear mixed effect model could incorporate more complex random effects
without singular fit and other convergence issues. AIC analyses were conducted with the AIC function
from the stats package [44]. Once the best random effect for each response variable was identified,
then we conducted linear mixed effect model analyses using the lmer function from the lmerTest
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package [45]. To evaluate the relationships between sediment’s physical and chemical characteristics
we conducted linear mixed effect model analyses with the site scores of the three chemical PCA axes as
the response variable and the site scores of the two physical PCA axes as the fixed effect. To evaluate
the relationships of macroinvertebrate communities with the physical and chemical characteristics of
sediment, we conducted linear mixed effect model analyses with the eight macroinvertebrate response
variables and the site scores of the two physical PCA axes and the three chemical PCA axes as the
fixed effects. We used the cor.test function from the stats package [44] to assess if the two physical
PCA axes and the three chemical PCA axes exhibited multicollinearity (i.e., correlation coefficients
> 0.6 or <−0.6) within our macroinvertebrate analyses. For all linear mixed effect model analyses,
we evaluated the normality of the model residuals with the qqPlot function from the car package [46]
and the Shapiro–Wilks test using the shapiro.test function from the stats package [44]. We also assessed
the homogeneity of the model residuals by examining plots of the model residuals and the fitted
values. Models that did not meet the normality and/or homogeneity assumptions were rerun using
either log(x+1) (abundance, Shannon Diversity Index, Hilsenhoff Biotic Index) or arcsine square
root transformation (percent collector-filterers, percent scrapers) of the macroinvertebrate response
variables. The significance level for all statistical tests was p < 0.05. All statistical tests associated with
linear mixed effect model analyses were performed with RStudio [47] and R version 3.6.2 [44].

3. Results

3.1. Physical and Chemical Results

Our site averages of the percent of each substrate type indicated that sand was the dominant
substrate type in SJR sites and the UBWC sites were dominated by either small gravel or silt (Table 2).
The similarity in grain size richness indicates that the variation in grain size diversity values are likely
related to differences in the percentages of different sediment sizes among sediment samples rather
than the differences in grain size richness among sediment samples. Additionally, our site averages of
grain size diversity are only 8% to 24% less than the maximum possible grain size diversity value for
our sites (i.e., ln(5) = 1.61) [31], which suggests our grain size diversity values are fairly high.

Table 2. Mean values and minimum–maximum values (in parentheses) of eight physical characteristics
of sediment from eight agricultural headwater streams in Indiana, Michigan, and Ohio, 2017 to 2018.
Abbreviations are loss-on-ignition percent organic matter-LOI %OC and grain size diversity-GSD.

Site % Large
Gravel

% Small
Gravel % Sand %Silt % Clay LOI

%OC
Grain Size
Richness GSD

EBSJ 21.61
(4.70–38.00)

30.73
(19.84–38.58)

39.64
(24.16–62.66)

6.67
(3.65–10.75)

1.36
(0.86–2.05)

2.38
(1.30–4.80) 5.0 (5–5) 1.22

(1.08–1.33)

ALG 5.43
(0.00–10.33)

28.05
(17.20–34.44)

35.64
(27.72–46.83)

22.67
(18.16–26.11)

8.2
(6.31–12.64)

3.8
(2.40–6.00) 4.8 (4–5) 1.38

(1.27–1.45)

BLG 0.86
(0.00–2.93)

13.83
(6.77–19.8)

46.84
(41.48–49.15)

26.82
(23.05–32.40)

11.64
(10.98–12.53)

2.63
(1.90–3.10) 4.5 (4–5) 1.25

(1.16–1.31)

CLG 1.06
(0.00–2.63)

28.19
(23.07–38.14)

43.08
(39.44–47.64)

19.17
(13.17–24.14)

8.49
(5.36–11.48)

1.78
(1.10–2.20) 4.8 (4–5) 1.27

(1.21–1.33)

C1 19.56
(13.54–25.2)

38.33
(30.75–51.65)

16.85
(10.83–23.04)

16.35
(7.90–22.21)

8.91
(3.87–11.89)

2.33
(1.80–2.90) 5.0 (5–5) 1.46

(1.28–1.54)

MS1 0.20
(0.00–0.81)

14.7
(0.00–24.44)

24.31
(21.48–27.55)

38.83
(33.04–49.82)

21.96
(20.60–23.90)

7.48
(6.40–8.90) 4.0 (3–5) 1.28

(1.04–1.37)

B1 16.72
(13.54–23.55)

37.40
(34.08–39.57)

12.78
(3.98–22.99)

19.43
(15.23–23.86)

13.67
(7.26–20.79)

3.75
(3.40–4.20) 5.0 (5–5) 1.48

(1.44–1.54)

NR1 7.13
(0.00–17.57)

20.58
(4.06–41.88)

15.56
(10.72–17.78)

31.82
(21.32–42.07)

24.91
(16.56–36.09)

3.68
(3.20–3.90) 4.8 (4–5) 1.40

(1.17–1.54)

Grand mean pH was 7.71 and site averages ranged from 6.94 to 8.18 (Table 3), which indicated
neutral to slightly basic conditions within the sediments. Calcium concentrations exhibited the greatest
site averages of the seven nutrients measured (Tables 3 and 4). Overall, trace metal measurements
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suggest that our sites are not heavily contaminated with trace metals (Table 4). Iron exhibited the
greatest site averages and copper and zinc exhibited the least site averages (Table 4). Of the 13 pesticide
and pesticide metabolites measured, only three herbicides and one herbicide metabolite were detected
within the sediments (Table 4). The atrazine metabolite 2-hydroxyatrazine exhibited the greatest site
averages of the four detected herbicides and metabolites and simazine exhibited the least site averages
(Table 4).

The PCA of the physical characteristics resulted in two axes that describe the trends in physical
characteristics among sediment samples (Supplementary Table S1). The first two physical PCA axes
were greater than the broken stick eigenvalues and accounted for 76% of the variance within the
physical characteristic data set (Supplementary Table S1). The first physical PCA axis was a gradient
of percent small gravel and silt, where increasing site scores indicated increases in percent small gravel
and decreases in percent silt (Supplementary Table S1). The second physical PCA axis represents a
gradient of grain size diversity and percent sand, where increasing site scores indicate increases in
grain size diversity and decreases in percent sand (Supplementary Table S1).

The PCA of the chemical characteristics resulted in three axes that describe the trends in chemical
characteristics among sediment samples (Supplementary Table S2). The three PCA axes were
greater than the broken stick eigenvalues and accounted for 62% of the variance in the chemical
characteristics data set (Supplementary Table S2). The first chemical PCA axis was a gradient of
potassium, magnesium, and percent total nitrogen, where decreases in site scores indicated increases
in potassium concentrations, magnesium concentrations, and percent total nitrogen (Supplementary
Table S2). The second chemical PCA axis was a gradient of simazine and calcium concentrations,
where increases in site scores indicated increases in simazine concentrations and decreases in calcium
concentrations (Supplementary Table S2). The third chemical PCA axis was a gradient of copper and
nitrate-N concentrations, where increasing site scores indicated decreases in copper and nitrate-N
concentrations (Supplementary Table S2).

The site scores of the first chemical PCA axis were significantly correlated (p < 0.001) with the site
scores of the first physical PCA axis (Supplementary Table S3), which indicated that increases in percent
small gravel and decreases in percent silt within our sediment samples corresponded with decreases in
potassium concentrations, magnesium concentrations, and percent total nitrogen (Figure 1). The first
chemical PCA axis site scores were not correlated (p = 0.265) with the site scores from the second
physical PCA axis (Supplementary Table S3). Additionally, no significant correlations (p > 0.318) were
found between the site scores of the second and third chemical PCA axes with the site scores of the
first and second physical PCA axes (Supplementary Table S3). The correlation coefficient from the
Pearson correlation test between the site scores of the first chemical PCA axis and the site scores of the
first physical PCA axis was >0.6 (r = 0.699, p < 0.001). The correlation coefficient from the Pearson
correlation test between the site scores of the second chemical PCA axis and the site scores of the
second physical PCA axis was also >0.6 (r = 0.639, p < 0.001). The se correlation results indicated that
moderate multicollinearity between these two pairs of fixed effects is present within our multivariate
macroinvertebrate models. No other pair of fixed effects exhibited correlation coefficients > 0.60 or
<−0.60.
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Table 3. Mean values and minimum–maximum alues (in parentheses) of two physicochemical and eight nutrient characteristics of sediment from eight agricultural
headwater streams in Indiana, Michigan, and Ohio, 2017 to 2018. Abbreviations are % TC—percent total carbon and % TN—percent total nitrogen.

Site Conductivity
(dS/m) pH % TC % TN NH3–N

(mg/kg)
NO3–N
(mg/kg)

Ca
(mg/kg)

K
(mg/kg)

P
(mg/kg)

S
(mg/kg)

EBSJ 0.261
(0.221–0.316)

7.70
(7.55–8.04)

1.71
(1.29–2.35)

0.10
(0.02–0.18)

6.77
(3.45–10.39)

0.07
(0.01–0.25)

4060
(3460–4890) 30 (20–30) 20 (20–20) 50 (40–60)

ALG 0.486
(0.306–0.710)

7.58
(7.30–7.77)

4.00
(2.82–4.57)

0.14
(0.09–0.18)

43.57
(26.59–60.89)

0.34
(0.01–0.73)

4410
(3870–5380)

70
(0.05–0.09) 30 (20–40) 180 (60–410)

BLG 0.479 (0.247–
0.721)

8.18
(7.25–9.98)

3.00
(2.77–3.27)

0.10
(0.04–0.17)

15.59
(3.62–21.55)

0.23
(0.01–0.61)

3450
(3090–4080) 60 (50–80) 40 (20–50) 130 (50–210)

CLG 0.472
(0.272–0.659)

7.59
(7.28–7.9)

2.60
(2.15–3.29)

0.10
(0.05–0.13)

15.37
(1.36–30.35)

0.01
(0.01–0.01)

3560
(3000–4000) 60 (40–70) 30 (20–50) 110 (60–160)

C1 0.189
(0.086–0.344)

8.05
(7.65–8.41)

1.58
(1.10–1.87)

0.08
(0.00–0.16)

9.25
(5.56–16.70)

0.35
(0.01–0.76)

2150
(1360–3220) 50 (30–70) 10 (10–20) 20 (0–60)

MS1 0.616
(0.433–0.736)

6.94
(6.74–7.11)

3.2
(2.15–3.95)

0.21
(0.11–0.31)

39.26
(17.7–62.23)

0.21
(0.01–0.80)

2890
(1590–4230) 110 (60–170) 20 (20–20) 140 (90–210)

B1 0.432
(0.199–0.709)

7.69
(7.47–8.15)

2.98
(2.06–3.58)

0.14
(0.05–0.19)

11.70
(5.28–22.11)

0.75
(0.01–2.09)

3150
(1850–3760) 90 (50–120) 20 (10–30) 110 (30–220)

NR1 0.263
(0.213–0.350)

7.91
(7.62–8.21)

1.74
(1.51–1.93)

0.08
(0.06–0.11)

9.02
(7.90–10.71)

0.45
(0.01–1.02)

2480
(1720–3370) 80 (60–100) 10 (0–20) 40 (10–90)
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Table 4. Mean values and minimum–maximum values (in parentheses) of one nutrient, five trace metals, three herbicides, and one herbicide metabolite from eight
agricultural headwater streams in Indiana, Michigan, and Ohio, 2017 to 2018. Abbreviations are 2hyat-2-hydroxyatrazine and Meta -s-metolachlor.

Site Mg
(mg/kg)

Al
(mg/kg)

Cu
(mg/kg)

Fe
(mg/kg)

Mn
(mg/kg)

Zn
(mg/kg)

Atrazine
(µg/kg)

2hyat
(µg/kg)

Simazine
(µg/kg)

Meta
(µg/kg)

EBSJ 160
(130–200) 30 (10–60) 0 (0–0) 590

(460–820) 200 (90–270) 0 (0–0) 0.77
(0.35–1.6)

3.69
(2.71–4.69)

0.05
(0.00–0.16)

0.35
(0.00–0.59)

ALG 200
(140–280) 60 (10–140) 0 (0–0) 650

(530–810)
160

(110–240) 10 (0–10) 6.04
(3.78–9.49)

21.94
(13.2–27.54)

0.58
(0.34–0.72)

1.81
(1.18–2.77)

BLG 140
(100–180) 70 (10–160) 0 (0–0) 1450

(860–1840) 110 (50–170) 0 (0–10) 8.26
(4.89–9.97)

16.28
(12.73–21.72)

0.49
(0.36–0.59)

1.76
(0.86–2.98)

CLG 150
(110–180) 70 (30–120) 0 (0–0) 1240

(490–2290) 100 (40–120) 0 (0–10) 5.82
(2.1–8.03)

14.38
(9.68–23.67)

0.39
(0.3–0.62)

2.16
(0.27–5.59)

C1 200
(130–240) 130 (70–190) 0 (0–10) 300

(170–410) 110 (60–170) 0 (0–0) 6.07
(2.95–8.03)

21.5
(14.41–28.21)

1.27
(0.75–1.85)

5.59
(2.21–9.21)

MS1 350
(180–480)

340
(190–460) 0 (0–0) 2200

(1110–3430) 90 (40–160) 0 (0–10) 11.64
(7.05–16.06)

52.52
(44.52–62.48)

0.63
(0.28–1.23)

8.33
(5.75–13.96)

B1 300
(180–460) 160 (50–230) 0 (0–0) 880

(630–1120) 90 (30–130) 0 (0–10) 14.08
(9.22–18.61)

53.18
(33.41–77.05)

0.38
(0.23–0.72)

15.13
(10.02–24.68)

NR1 290
(220–380)

260
(130–380) 0 (0–0) 520

(430–570)
140

(110–180) 0 (0–10) 12.75
(7.40–18.47)

64.22
(26.95–99.95)

2.69
(1.60–4.79)

8.39
(0.00–13.46)
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Figure 1. Relationship of the site scores of the first chemical PCA (principal components analysis) axis
with site scores of first physical PCA axis in eight agricultural headwater streams in Indiana, Michigan,
and Ohio, 2017 to 2018. The straight line in the figure is the predicted relationship calculated based on
the equation y = 0.092 + 0.766 (physical PCA axis 1).

3.2. Relationships of Macroinvertebrate Communities with Sediment’s Physical and Chemical Characteristics

We documented 57 macroinvertebrate taxa from 20,160 individuals during our two-year study
(Supplementary Table S4). The five most abundant taxa consisted of Chironomidae, Gastropoda, Elmidae,
Amphipoda, and Turbellaria and constituted slightly over 70% of all captures (Supplementary Table S4).
Chironomidae comprised over 40% of all individuals (Supplementary Table S4). Macroinvertebrate
abundance ranged from 100 to 4002 individuals with a grand mean of 1211.7 individuals from all
samples. The Hilsenhoff Biotic Index indicated an overall rating of fairly poor (grand mean 5.86)
and ratings ranged from very poor (7.40) to excellent (2.90). Invertebrate Community Index scores
indicated an overall rating of fair (grand mean 18.81) with ratings ranging from poor (4) to good (38).

We conducted additional linear mixed effect model analyses to assess the potential influence of
the moderate amounts of multicollinearity between the first physical and chemical PCA axes and
between the second physical and chemical PCA axes on the macroinvertebrate-sediment relationships
observed in the full model containing all five fixed effects. Specifically, we conducted the linear
mixed effect model analyses with just the site scores of the three chemical PCA axes (i.e., linear
mixed effect model analyses with three fixed effects) and just the site scores of the two physical PCA
axes (i.e., linear mixed effect model analyses with two fixed effects). We found that the fixed effect
estimates and their associated p values from the full model (Supplementary Table S5) differed from the
fixed effect estimates and their associated p values from the reduced chemical and physical models
(Supplementary Table S6, Supplementary Table S7). The se changes in results that occurred with
removing the multicollinearity from the models confirm that the moderate amounts of multicollinearity
in our full model affected the results and these results may be spurious. The refore, we report the linear
mixed effect model analysis results with the site scores of the three chemical PCA axes (Supplementary
Table S6) and the site scores of the two physical PCA axes (Supplementary Table S7).

Invertebrate Community Index scores were significantly correlated (p < 0.015) with the site scores
of the second chemical PCA axis (Supplementary Table S6) and the site scores of the second physical
PCA axis (Supplementary Table S7). Invertebrate Community Index scores were negatively correlated
(p = 0.014) with increasing simazine concentrations and decreasing calcium concentrations in the
sediment and were negatively correlated (p = 0.007) with increasing grain size diversity and decreasing
percent sand (Figure 2). Macroinvertebrate abundance, Shannon Diversity Index, the Reciprocal
Berger–Parker Dominance Index, percent collector-filterers, percent scrapers, percent Chironomidae,
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and Hilsenhoff Biotic Index scores were not significantly correlated (p ≥ 0.050) with the three chemical
PCA axes (Supplementary Table S6) or the two physical PCA axes (Supplementary Table S7).

Figure 2. Relationship of Invertebrate Community Index scores with the site scores of second chemical
principal components analysis axis (PCA Axis 2) (a) and the site scores of second physical principal
components analysis axis (PCA Axis 2) (b) in eight agricultural headwater streams in Indiana, Michigan,
and Ohio, 2017 to 2018. The straight line in 2a is the predicted relationship based on the equation
y = 18.747 + 0.713 (chemical PCA axis 1) + −1.325 (chemical PCA axis 2) + −0.327 (chemical PCA axis
3) using a range of values for the chemical PCA axis 2 and values of the chemical PCA axes 1 and 3 as 0.
The straight line in 2b is the predicted relationship based on the equation y = 18.813 + −0.009 (physical
PCA axis 1) + −2.108 (physical PCA axis 2) using a range of values for physical PCA axis 2 and values
of physical PCA axis 1 as 0.

4. Discussion

Sediments within most sites were dominated by sand or silt. pH levels were suitable for
macroinvertebrates and nitrate, atrazine, metolachlor, simazine, copper, and zinc concentrations
observed were below concentration levels anticipated to affect macroinvertebrate survival. Sediment
quality benchmarks are not available for inorganic forms of nitrogen that can negatively impact
macroinvertebrates [48]. All site averages and minimum values for ammonia-N were greater than
1.21 mg/kg and all minimum site concentrations of ammonia-N, except one site (CLG), were greater
than 1.9 mg/kg. At a pH of 7 and water temperature of 20 ◦C the Indiana aquatic life benchmark for
ammonia-N is 1.21 mg/L [49] and the national aquatic life benchmark for ammonia-N is 1.9 mg/L [50],
which suggests ammonia concentrations in the sediments may not be suitable for macroinvertebrates.
All site averages and maximum values of nitrate-N were below 2.0 mg/kg and 2.0 mg/L is the maximum
recommended allowable nitrate-N concentration for protecting sensitive freshwater organisms from
nitrate pollution [51]. We acknowledge that comparisons of sediment concentrations to water
concentrations are tenable, but these comparisons serve as a screening tool and highlight the need
for establishing ammonia and nitrate sediment quality benchmarks. Copper and zinc concentrations
from our study never exceeded 1 mg/kg and were well below their sediment quality benchmarks [52]
and average concentrations observed by Moran et al. [15] in 99 streams in the Midwestern United
States. Our documentation of herbicides in the sediments is consistent with Pappas and Smith [53]
who confirmed the presence of atrazine, metolachlor, and glyphosate in the sediments of one of our
SJR sites. Our herbicide results were also consistent with Moran et al. [15], who documented that
atrazine, metolachlor, and simazine concentrations were below their sediment quality benchmarks in
agricultural streams in the Midwestern United States. Additionally, we documented that increases in
nutrients occurred with increases in fine sediments, which aligns with expected association between
nutrients and fine sediments in agricultural streams [12].
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We also found that the Invertebrate Community Index was influenced by a chemical gradient of
a herbicide and a nutrient and a physical gradient of percent sand and substrate heterogeneity,
which highlights the joint influence of chemical and physical characteristics of sediment on
macroinvertebrates within agricultural headwater streams in the Midwestern United States. Although
simazine concentrations in the sediment were below sediment quality benchmark levels for
macroinvertebrates, we documented decreases in Invertebrate Community Index scores with increasing
simazine concentrations and decreasing calcium concentrations in the sediments. Past laboratory
bioassays have documented the toxicity of simazine on macroinvertebrates [54]. Lethal effects have
occurred in water concentrations as low as 20 µg/L [55], which is below the chronic macroinvertebrate
aquatic life benchmark of 40 µg/L for simazine [56]. Other triazine herbicides at concentrations below
the aquatic life benchmarks have decreased diversity, decreased abundance, and changed the timing of
adult emergence [18,19]. However, our results differ from these results because we observed reductions
in macroinvertebrate biotic integrity to a chemical gradient of increasing simazine concentrations
and decreasing calcium concentrations, not increasing simazine concentrations alone or decreasing
calcium concentrations alone. In SJR and UBWC we also observed decreases in amphibian diversity
and abundance with a chemical gradient of increasing acetochlor concentrations and decreasing
nitrate + nitrite concentrations (i.e., combined concentration of nitrate and nitrite) in the water [25].
Others [18,19] have noted that triazine herbicides may have indirect effects on macroinvertebrates by
reducing food resources and/or loss of aquatic plants that are an important habitat resource. Calcium is
an important nutrient for insects and plants [57,58]. Our results suggest an indirect effect of simazine
and calcium where increases in simazine and decreases in calcium may have reduced algae and
macrophytes, which contributed to decreased Invertebrate Community Index scores.

The observed decreases in Invertebrate Community Index scores with increasing grain size
diversity and decreasing percent sand were unexpected because others have documented increases
in diversity, abundance, and increases in the abundance of sediment-sensitive taxa with increases
in grain size diversity and/or decreases in fine sediments [1,59–61]. Additionally, Hrodey et al. [62]
documented that decreases in Invertebrate Community Index scores with increasing fine sediment in
Indiana warmwater streams were best predicted by the substrate scores of the Qualitative Habitat
Evaluation Index, which is based on substrate richness, dominance of large substrate types, amount of
silt, and degree of embeddedness. Our Pearson correlation tests found that increases in grain size
diversity and decreases in percent sand were associated with increases in simazine concentrations and
decreases in calcium concentrations. Thus, we conclude that our results indicate a combined effect of
grain size diversity, percent sand, simazine concentrations, and calcium concentrations on Invertebrate
Community Index scores.

The relationships between physical and chemical characteristics of sediment also reflect differences
in habitat conditions between watersheds as UBWC sites exhibited greater simazine concentrations,
lower calcium concentration, greater grain size diversity, and lower percent sand than SJR sites
(Table 2). The se trends in physical and chemical characteristics of sediment between SJR and UBWC
may be reflective of the difference in size between watersheds as SJR sites had larger watershed
sizes than UBWC sites (Table 1). Invertebrate Community Index scores were positively correlated
with watershed size in Ohio [63]. Thus, watershed size may be an underlying factor influencing our
macroinvertebrate-sediment relationships. Piliere et al. [63] found that Invertebrate Community Index
scores in Ohio streams were influenced by a combination of physical habitat quality, pH, and nutrients
in the water. Sanders et al. [26] documented that fish community structure in SJR and UBWC was
correlated with instream habitat and watershed size and that instream habitat and watershed size were
correlated with each other. Our findings and those of Piliere et al. [63] and Sanders et al. [26] confirm
that macroinvertebrate and fish–habitat relationships in agricultural watersheds in the Midwestern
United States are complex and influenced by correlated habitat factors. Despite the potential influence
of watershed size on our results, the association of macroinvertebrate biotic integrity with simazine
and calcium concentrations is not likely influenced by watershed size. Subsequently, the potential
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remains that macroinvertebrate responses to the combined changes in simazine and calcium may be an
indirect effect.

Given the importance of physical and chemical characteristics of sediment on macroinvertebrates
we were surprised that only one of eight macroinvertebrate response variables exhibited a significant
correlation with sediment characteristics. Longing et al. [64] also observed a limited macroinvertebrate
response to increasing particle size, percent fine sediment, and percent embeddedness within
second- and third-order streams in a national forest in Georgia (United States). We postulate
our limited macroinvertebrate responses to sediment characteristics is a result of: (1) Chironomidae
dominance; (2) reach scale sampling; (3) small sample size; or (4) a combination of these factors.
Our sites were numerically dominated by Chironomidae, which is consistent with others evaluating
macroinvertebrate-habitat relationships in agricultural streams in the Midwestern United States [59–62].
Many of the well-documented macroinvertebrate responses to agriculture induced changes in sediment
composition involved reductions in the sediment sensitive taxa, and not changes in the abundance of
Chironomidae and other tolerant taxa. Some investigators omitted Chironomidae from their assessments
of macroinvertebrate responses to sedimentation [65] likely due to its insensitivity to physical
characteristics of sediment. Longing et al. [64] conducted reach scale sampling of sediment and
macroinvertebrates from multiple microhabitat types over a 100 m reach. We also used reach scale
sampling to collect macroinvertebrates and sediment from multiple microhabitat types over a 25 m reach.
Longing et al. [64] suggested that the compositing of information from multiple microhabitat types
might limit the ability to detect macroinvertebrate responses to sediment characteristics. We concur with
this suggestion because macroinvertebrates within different microhabitats can respond differently to
disturbances [66]. Thus, agriculturally-induced sediment disturbances might affect macroinvertebrates
differently in microhabitats dominated by larger sediment sizes (riffles) than microhabitats dominated
by fine sediments (pools). Although we purposefully selected streams to ensure a gradient of physical
and chemical characteristics of sediment, our sampling was only conducted in eight streams. Sampling
more streams over a larger area would increase the variation in physical and chemical characteristics of
sediment and increase the sample size, which would increase the probability of detecting a statistically
significant macroinvertebrate response.

In conclusion, our measurements of nutrients, trace metals, and pesticides provided a
comprehensive assessment of the sediment conditions within our study streams that indicated
that concentrations of trace metals and herbicides were below established sediment quality benchmarks
for macroinvertebrates. Our results, a previous study in SJR [53], and a regional Midwestern United
States study [15] suggest the potential for herbicide accumulation within the sediments of agricultural
headwater streams. As a precaution we recommend that watershed managers, soil and water
district personnel, and farmers limit channel maintenance activities within channelized agricultural
headwater streams to periods when discharge is below baseflow to reduce the potential of downstream
transport of sediment-bound herbicides. Additionally, our novel assessment of the relationships of
macroinvertebrate communities with physical and chemical characteristics of sediment in agricultural
headwater streams in Indiana, Michigan, and Ohio found that macroinvertebrate biotic integrity was
influenced by a herbicide and nutrient gradient and a physical gradient of substrate heterogeneity
and percent sand. To our knowledge we are the first to assess the responses of macroinvertebrates to
both physical and chemical characteristics of sediment. Our observed macroinvertebrate-sediment
relationships suggest that watershed management plans need to address physical and chemical
degradation within agricultural headwater streams in the Midwestern United States.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/11/2976/s1:
Supplementary Text: Additional details related to laser diffraction particle size, physicochemical, nutrient,
trace metal, and pesticide analyses. Table S1: Loadings from principal components analysis of physical
characteristics of sediment from eight agricultural headwater streams in Indiana, Michigan, and Ohio. Table S2:
Loadings from principal components analysis (PCA) of 20 chemical characteristics of sediment from eight
agricultural headwater streams in Indiana, Michigan, and Ohio. Table S3: Best identified random effect and p
values from linear mixed effect model analysis of the relationships of site scores from the first three principal
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components axes of chemical characteristics and the first two principal components axes of physical characteristics
of sediment within eight agricultural headwater streams in Indiana, Michigan, and Ohio. Table S4: Number of
individuals and relative abundances (percent) of aquatic macroinvertebrates captured from eight agricultural
headwater streams in Indiana, Michigan, and Ohio. Table S5: Best identified random effect and p values from
linear mixed effect model analysis of the macroinvertebrate-sediment relationships within eight agricultural
headwater streams in Indiana, Michigan, and Ohio. Table S6: Best identified random effect and p values from
linear mixed effect model analysis of the relationships of macroinvertebrate community response variables with
chemical characteristics of sediment within eight agricultural headwater streams in Indiana, Michigan, and Ohio.
Table S7: Best identified random effect and p values from linear mixed effect model analysis of the relationships of
macroinvertebrate community response variables physical characteristics of sediment within eight agricultural
headwater streams in Indiana, Michigan, and Ohio. Figure S1: Map depicting the locations of sampling sites in
the Saint Joseph River watershed, Indiana and Michigan. Figure S2: Map depicting the locations of sampling sites
in Upper Big Walnut Creek watershed in Ohio. Figure S3: Depiction of stratified random sampling scheme used
for collecting sediment samples.
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