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• We related stream macroinvertebrate abundance to carbamazepine concentrations.
• Macroinvertebrate richness was positively correlated with carbamazepine.
• Carbamazepine influenced macroinvertebrates through indirect effects on Baetidae.
⁎ Corresponding author.
E-mail address: mjbernot@bsu.edu (M.J. Bernot).

http://dx.doi.org/10.1016/j.scitotenv.2014.07.086
0048-9697/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 19 June 2014
Received in revised form 21 July 2014
Accepted 21 July 2014
Available online xxxx

Editor: D. Barcelo

Keywords:
Trace organic pollutants
PPCPs
Species diversity
Species richness
Streams
Wastewater
Pharmaceutical pollutants are commonly detected in surface waters and have the potential to affect non-target
organisms. However, there is limited understanding of how these emerging contaminants may affect macroin-
vertebrate communities. The pharmaceutical carbamazepine is ubiquitous in surface waters around the world
and is a pollutant of particular concern due to its recalcitrance and toxicity. To better understand the potential
effects of carbamazepine on natural macroinvertebrate communities, we related stream macroinvertebrate
abundance to carbamazepine concentrations. Macroinvertebrate and water samples were collected from 19
streams in central Indiana in conjunction with other stream physiochemical characteristics. Structural equation
modeling (SEM)was used to relatemacroinvertebrate richness to carbamazepine concentrations. Macroinverte-
brate richnesswas positively correlatedwith increasing concentrations of carbamazepine. From the SEMwe infer
that carbamazepine influences macroinvertebrate richness through indirect pathways linked to Baetidae
abundance. Baetidae abundance influenced ephemeropteran abundance and FBOM percent organic matter,
both of which altered macroinvertebrate richness. The pharmaceutical carbamazepine may alter freshwater
macroinvertebrate species composition, which could have significant consequences to ecosystem processes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The integrity of freshwater ecosystems is dependent on the biodiver-
sity of macroinvertebrates. Macroinvertebrates play key roles in fresh-
water ecosystems, by cycling nutrients, aerating sediments, and serving
as conduits of energy flow in food webs (Covich et al., 1999; Clements
and Rohr, 2009). Anthropogenic stressors associated with an increasing
human population threaten biodiversity and reduce services provided
by freshwater ecosystems (Vörösmarty et al., 2010; Dodds et al., 2013).
Freshwater pollutants degrade habitat quality (Schulz et al., 2002;
Clements et al., 2013), alter species composition (Muñoz et al., 2009;
Beketov et al., 2013), and reduce macroinvertebrate richness, which is
related to the pollution tolerance of taxa (Fig. 1; Wogram and Liess,
2001).With the global human population anticipated to reach 9.6 billion
in 2050, freshwater ecosystems will experience continued and elevated
stressors, mostly from nutrient and organic pollution (Vörösmarty
et al., 2010; UN, 2013).

Pollutants such as heavymetals, nutrients and organic contaminants
have been detected in freshwater ecosystems for decades (Murray et al.,
2010; Larsson et al., 1999). Research has illuminated the source, fate
and effects of some of these emerging contaminants (e.g., nutrients
Carpenter et al., 1998; pesticides Relyea, 2005; heavy metals Runck,
2007); however, less is understood about pharmaceuticals and personal
care products (PPCPs) pollutants (Rosi-Marshall and Royer, 2012;
Hughes et al., 2013). Abiotic factors such as pH, dissolved oxygen and
temperature have an effect on the fate of PPCPs and macroinvertebrate
communities (Muñoz et al., 2009; Ferguson et al., 2013). Additionally,
contaminants such as PPCPs influence macroinvertebrate community
structure through changes in the habitat quality of freshwater ecosys-
tems (Schulz et al., 2002; Muñoz et al., 2009; Clements et al., 2013).
Therefore macroinvertebrate richness and diversity are dependent on
the tolerance of the taxa present (Wogramand Liess, 2001). An increase
in concentrations of PPCPs leads to habitat degradation,which alters the
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Fig. 1. Conceptual model of potential factors influencing macroinvertebrate community
structure.
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abundance of pollution sensitive (Ephemeroptera and Trichoptera) and
tolerant taxa (Chironomidae and Oligochaeta), thereby changing the
macroinvertebrate community.

Pharmaceuticals continuously enter freshwater ecosystems most
commonly through effluent from wastewater treatment plants
(WWTPs; Rosi-Marshall and Royer, 2012). However, septic tank
leaching and agricultural runoff are also substantial contributors
(Godfrey et al., 2007; Bunch and Bernot, 2011; Bernot et al., 2013;
Du et al., 2014). This chronic exposure topharmaceuticals has thepoten-
tial to influence non-target organisms in unintended ways throughout
their life cycles (Hughes et al., 2013). Thus, ecosystem-level assessments
investigating the influence of pharmaceuticals on aquatic communities
and ecosystems are critically needed (Rosi-Marshall and Royer, 2012).

Hundreds of pharmaceutical compounds ranging from antibiotics to
hormones are commonly found in surface waters. Recent reviews have
highlighted specific pharmaceutical compounds of concern due to their
abundance, recalcitrance, and potential for toxicity (Murray et al., 2010).
Among these is carbamazepine (5H-dibenz[b,f]azepine-5-carboxamide),
which is one of the most commonly detected contaminants globally
(Hughes et al., 2013). Worldwide concentrations of carbamazepine
range from 0.5 to 11,561 ng/L (Loos et al., 2009; Ferguson et al., 2013)
with a global median of 174 ng/L and a detection frequency of 85%
(Hughes et al., 2013). Carbamazepine is a psychiatric drug that blocks
sodium channels and reduces the firing of neurons and therefore is
used to treat epilepsy, bipolar disorder, chronic nerve pain and addiction
(Porter andMeldrum, 2012). Global human consumption of carbamaze-
pine is estimated to be 1014 tons per year, with lower usage occurring in
theU.S. compared to other countries (35 tons; Zhang et al., 2008). Carba-
mazepine is recalcitrant in freshwater (half-life = 82 days; Lam et al.,
2004) and minimally removed during wastewater treatment (5–26%
removal; Miao et al., 2005). Further, carbamazepine has a moderate
affinity for binding to sediments (log KOW = 2.25; Löffler et al., 2005).
The high usage rates, limited removal from wastewater treatment
processes and chemical properties, suggest that freshwater ecosystems
are persistently exposed to carbamazepine.

Carbamazepine has limited acute effects on freshwater organisms due
to high lethal concentrations (LC50 N 4 mg/L in Lumbriculus variegatus
and Chironomus riparius), above environmental-relevance (Nentwig
et al., 2004). However, carbamazepine canhave chronic effects on aquatic
organisms. Specifically, Oetken et al. (2005) found that sediments with
carbamazepine reduced the emergence of C. riparius at 0.16 mg/kg dry
weight and yielded no emergence at 20 mg/kg dry weight. Further,
reduced feeding and hydranth attachment of Hydra attenuata has been
observed at carbamazepine concentrations of 50 and25mg/L, respective-
ly (Quinn et al., 2008).While previous studies have assessed the effects of
carbamazepine at concentrations higher than those measured in situ,
these studies indicate that exposure to carbamazepine may influence
the emergence, feeding, reproductive success and behavior of freshwater
invertebrates through altering physiological functions. Therefore, nonle-
thal concentrations of carbamazepine could adversely affect freshwater
macroinvertebrates in natural ecosystems.

The objectives of this study were to quantify the concentrations of
carbamazepine in theUpperWhite River andMississinewa Riverwater-
sheds and to determine the influence of carbamazepine onmacroinver-
tebrate community structure. In this study, we use carbamazepine as a
surrogate of wastewater input over time due to its persistence in fresh-
water ecosystems and range of concentrations measured across sites.
We hypothesized that carbamazepine would reducemacroinvertebrate
richness and change community structure. Specifically, sites with high
concentrations of carbamazepine were expected to have lower Ephem-
eroptera and Trichoptera abundance and higher Oligochaeta and Chi-
ronomidae abundance.

2. Materials and methods

Nineteen sites, encompassing a gradient of land use types, were
sampled along the Upper White and Mississinewa River watersheds
over two weeks in July 2012 (Fig. 2). The Upper White River flows
through central Indiana and is 104 km in length (USGS, 2013). The
Mississinewa River is 190 km in length and a tributary of the Wabash
River running through western Ohio and eastern Indiana. The Upper
White andMississinewa Riverwatersheds are dominated by agricultur-
al land use (75% and 88% of the area, respectively) with relatively low
urban development (15% and 1.9% of the area, respectively; IDEM,
2001; Lanthrop et al., 2011). All sites were influenced either by WWTP
effluent upstream or septic wastewater to various degrees although
only one site (denoted “Down Muncie WWTP”; Table 1) had point
WWTP effluent discharge immediately upstream of the collection site
(~300 m). At each site, stream physiochemical characteristics were
measured as well as primary producer and benthic organic matter
biomass and macroinvertebrate diversity and abundance. Additionally,
dissolved nutrient and carbamazepine pharmaceutical concentrations
were measured.

For pharmaceutical analyses, compositewater sampleswere collected
simultaneously at multiple points across the thalweg and filtered in the
field, using a 60 mL syringe fitted with a glass fiber filter (pore size =
0.7 μm) into a 1 L amber glass bottle containing the dechlorinating sodi-
um thiosulfate preservative. All samples were immediately placed on ice
for transport to the laboratory. Individuals collecting samples did not
ingest or apply any of the target pharmaceutical analytes for a minimum
of 24 h prior to sampling and individualswore latex gloves during sample
collection. At each sampling event, field blanks andmatrix samples were
collected to ensure robust chemical analyses. All water samples were
transported on ice to the Indiana State Department of Health (ISDH)
Chemical Laboratories in Indianapolis, Indiana within 6 h of collection
for measurement of pharmaceutical concentrations via solid-phase
extraction liquid chromatography tandem mass spectrophotometry
(SPE/LC/MS/MS) using an Applied Biosystems triple quad API 4000
equipped with an Agilent 1200 high performance liquid chromatograph.
Compounds measured (N = 19) included acetaminophen, caffeine,
carbamazepine, cotinine, DEET, gemfibrozil, ibuprofen, lincomycin,
naproxen, paraxanthine, sulfadimethoxine, sulfamerazine, sulfametha-
zine, sulfamethoxazole, sulfathiazole, triclocarban, triclosan, trimetho-
prim, and tylosin. Detection limits varied for each tested compound
and ranged from 0.5 to 25 ng/L (Ferguson et al., 2013; Bernot et al.,
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Fig. 2. Sampling sites in the Upper White and Mississinewa River watersheds of central Indiana.
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2013). A calibration curvewas constructed from the peak area response
ratio of each compound to a corresponding labeled internal standard
and was used to determine all pharmaceutical concentrations. No
Table 1
Physiochemical parameters and nutrient concentrations (mg/L) from study sites in the Upper

Site name Discharge
(L/s)

pH Temperature
(°C)

Upper White River watershed
White River Chesterfield 5695.2 7.9 23.1
Buck Creek 1 420.2 7.92 22.9
Buck Creek 2 429.3 7.89 22.1
Up Muncie WWTP 813.8 7.96 26.5
Muncie WWTP 1577.2 7.91 24.6
Down Muncie WWTP 1144.0 7.86 23.8
Yorktown Park 370.1 8.1 23.5
White River down Buck Creek 2544.2 8.04 23.0
White River Daleville 3113.6 8.12 23.0
White River and Burlington 795.0 8.19 28.7
Muncie Creek 145.8 8.19 29.5
Jakes Creek 111.2 8.64 26.0

Mississinewa River watershed
Campbell Creek 1 28.4 8.33 27.5
Campbell Creek 2 23.2 8.2 26.2
Mississinewa 1 230.9 8.38 28.5
Mississinewa 2 1010.1 8.47 29.0
Mississinewa 3 368.7 8.53 27.8
Mississinewa 4 1245.3 8.41 26.8
Walnut Creek 5.1 8.21 29.8
contamination of analytes was detected in field blank samples during
any of the sampling events. No matrix effects were observed for any
of the analytes measured.
White and Mississinewa River watersheds.

Salinity
(ppt)

Dissolved oxygen
(mg/L)

NO3 PO4
3 NH4

0.26 5.09 8.51 1.05 0.34
0.27 7.67 3.00 0.04 0.04
0.27 6.83 3.05 0.10 0.06
0.16 6.17 1.12 0.15 0.11
0.31 7.16 1.92 0.41 0.11
0.33 6.17 11.83 1.17 0.12
0.33 5.86 10.60 0.64 0.14
0.29 5.61 5.78 0.07 0.16
0.27 5.42 1.59 0.45 0.26
0.22 8.66 10.25 1.05 0.11
0.34 8.23 3.25 0.18 0.20
0.14 5.15 1.66 0.36 0.13

0.24 6.14 0.11 0.37 0.09
0.25 4.00 0.06 0.45 0.08
0.28 8.35 0.25 0.14 0.08
0.28 6.91 1.12 0.45 0.09
0.3 8.90 0.18 0.14 0.08
0.24 5.34 0.26 0.62 0.09
0.21 6.19 0.14 0.27 0.15
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Dissolved nutrient concentrations were measured from 60 mL
filtered water samples collected from the thalweg of the stream
channel. Nutrient samples were frozen within 24 h of collection
until subsequent analysis. To quantify nitrate (NO3), phosphate (PO4

3)
and ammonium (NH4) concentrations, water samples were analyzed
by ion chromatography (DIONEX-ICS-3000) using standard protocols
(APHA, 2012).

Physiochemical measurements including flow, width, pH, turbidity,
dissolved oxygen (DO), temperature and depth were measured at each
site in the stream thalweg using a Hydrolab® MiniSonde with an LDO
sensor and Marsh-McBirney® flow meter. Cross-sectional depth data
from 10 equidistant locations were multiplied by measured stream
width and velocity to calculate discharge. Sediment percent organic
matter was quantified by collecting a homogenized sample of the top
5–10 cm of sediment at a minimum of 5 locations at each site. These
samples were combined in 125 mL specimen cups, dried and ashed
for calculation of percent organic matter.

Habitat surveys of each stream were based on stratified random
sampling using standard techniques (Bernot et al., 2010). Briefly, to
calculate organic matter abundance, samples of each organic matter
type were collected and means of stock density (g/m2) for each organic
matter type wereweighted by the fractional contribution of the organic
matter type to the total stream area. Fractional contribution was deter-
mined by the presence or absence of each organic matter type at 10
points along each of 10 equidistant transects (N = 100). The relative
abundance of the organic matter type determined the number of sam-
ples collected for biomass estimates. Three samples were collected for
types that comprised b10% total stream cover and 6–8 samples were
collected for types that comprised N10% stream cover.

Biomass of each organic matter type was determined through repli-
cate sampling of known areaswith 100% cover. A 20 cm diametermetal
cylinder was placed into the stream for collection of fine (FBOM) and
coarse (CBOM) benthic organic matter samples. CBOM was removed
and placed into a container. FBOM was then collected by agitating
surface sediment to approximately 10 cmdepth and collecting a sample
of the suspension. To calculate the ash free dry mass (AFDM), a volume
of FBOM suspension was filtered through a glass fiber filter (Whatman
GFF, 49 mm) and dried (60 °C), weighed, combusted at 500 °C, and
re-weighed in the laboratory. The collected CBOM was separated
into wood and leaf categories then dried, weighed, combusted and
re-weighed. Standing stock (g/m2) was then calculated by multiplying
the total cylinder volume by themass divided by the suspension volume
and then dividing by the area of the cylinder.

For epilithon biomass, a cylinder (4.5 cm diameter) equipped with a
foam gasket was pressed firmly on a rock substrate and the sequestered
epilithon was scraped with a wire brush and the material was then
suctioned from the area (3 replicates per site). For sites with smaller
rock substrates, 3–5 rocks were collected and rock surfaces were
scrubbed with a wire brush and epilithic slurry was collected. Less
than 6 h after collection, the epilithon slurrywas returned to the labora-
tory to be filtered, dried, weighed, combusted and re-weighed as above.
The scrubbed rocks were returned to the laboratory and the planar area
was measured using tracing paper (in cm) to relate mass to the total
area. The biomass of filamentous algae andmacrophyteswas calculated
for each site by collecting all organic material within a known area
(20 cm diameter cylinder; 3 replicates per site) characterized by 100%
cover of the target organic matter type. Collected material was then
dried, weighed, combusted and re-weighed as above for calculation
of biomass. The epilithon, filamentous green algae and macrophyte
biomass were summed for total autotrophic biomass.

For macroinvertebrate sampling, a Surber sampler was placed in
10–30 cm ofwater, perpendicular to flow. An area of 1m2was disturbed
for 1 min and contents were collected by the sampler and placed into a
plastic container after rinsing. Any large debris was removed and the
remaining contents were poured into a sieve (pore size b 125 μm). The
sample was then placed into a glass jar containing 95% ethanol and 2–3
drops of rose bengal dye (5 mL of rose bengal powder to 100 mL of tap
water). In the laboratory, macroinvertebrates were separated from
debris and identified to genus, with the exception of Chironomidae and
Oligochaeta, which were characterized to family and subclass, respec-
tively. Additionally, the functional feeding group diversity (number of
different functional feeding groups per site) was determined based on
feeding ecology and food type preference of each taxon. These groups
were scrapers (Heptageniidae, Helicopsychidae, Psephenidae and
Elmidae), shredders (Micrasema spp., Caecidotea spp.) predators
(Odonata, Hirudinea, Megaloptera, Tabanidae, Empididae, Hyrdrochus
spp., Gyrinus spp., Berosus spp. and Peltodytes spp.), omnivores
(Decapoda) and filter feeders (Ephemera spp., Caenis spp., Tricorythodes
spp., Baetidae, Leptoceridae, Polycentropodidae, Hydroptilidae, Chirono-
midae and Oligochaeta; Hershey and Lamberti, 2001; Merrit and
Cummins, 2006).

2.1. Statistical analyses

In this study, we report only carbamazepine results due to both the
concentration range and variability among streams sampled relative
to other compounds measured. Further, other pharmaceutical com-
pounds measured were not related to any metric associated with mac-
roinvertebrate communities (data not shown). Because carbamazepine
is recalcitrant and persists in freshwater longer relative to other organic
contaminants, it may serve as a surrogate of wastewater impact on the
stream.

Differences in carbamazepine, water quality parameters and
macroinvertebrate community characteristics between the water-
sheds were analyzed independent t-tests. Data were analyzed for bi-
variate relationships between pharmaceutical concentrations and
abiotic factors as well as taxa abundance and species richness using
correlation analysis (Pearson's r). A significance level of 0.05 was
used for all analyses. Additionally, Hilsenoff Biotic Index (HBI) was
calculated for each site. A conceptual model (Fig. 1) guided these
analyses. The linear relationships from these analyses informed an
a priori model for testing factors controlling carbamazepine and
the macroinvertebrate community using structural equation model-
ing (SEM). The SEM was evaluated using the model chi-square and
associated P value. These statistical analyses were performed using
IBM SPSS 21.0 and AMOS statistical software.

Canonical Correspondence Analysis (CCA) was used to determine
the relationship between environmental variables and macroinverte-
brate communities using constrained ordination. We used the vegan
package in R 3.0.2 (R Development Core Team, 2013) to conduct CCA.
We used a stepwise procedure to remove correlated environmental
variables. We used a Monte Carlo permutation test with 999 iterations
to test the null hypothesis that macroinvertebrate communities were
not related to the environmental variables.

3. Results

3.1. Carbamazepine concentrations

Carbamazepine was ubiquitous in our study streams (100% detec-
tion frequency), but varied an order of magnitude (1–88 ng/L). Carba-
mazepine was measured at higher concentrations in the Upper White
River watershed (mean = 26.73 ± 29.5 ng/L, N = 12) compared to
the Mississinewa River watershed (mean = 8.66 ± 8.5 ng/L, N = 7);
however, this difference was not statistically significant (P = 0.067).

3.2. Environmental parameters

Across sites, pH (7.86–8.64) and temperature (22.1–29.8 °C) varied
b30% while, salinity (0.14–0.34 ppt) and dissolved oxygen (4.00–
8.90 mg/L) varied N100%. In contrast, discharge varied by 3 orders
of magnitude (5.1–5,695 L/s; Table 1). Between watersheds, pH
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(P= 0.004) and temperature (P= 0.005) differedwith theMississinewa
characterized by 4% higher pH (mean = 8.36 ± 0.12, N = 7), and 13%
higher temperature (mean = 27.94 ± 1.37 °C, N = 7) relative to the
Upper White (mean = 8.06 ± 0.22 and 24.73 ± 2.42 °C, respectively,
N=12). However, therewas no difference in salinity (P= 0.946) or dis-
solved oxygen concentrations (P= 0.743) between the twowatersheds.
Additionally, there was no difference in stream discharge between sites
sampled in the two watersheds (P= 0.067).

Dissolved nutrient concentrations varied 1–2 orders of magnitude
across sites. Specifically, nitrate ranged from 0.11 to 11.83 mg/L
(mean = 3.4 ± 3.99 mg/L, N = 19), phosphate ranged from 0.07 to
1.17mg/L (mean= 0.43 ± 0.35 mg/L, N= 19) and ammonium ranged
from 0.04 to 0.34 mg/L (mean = 0.13 mg/L; Table 1). Nitrate differed
among watersheds and was 94% lower (mean = 0.3 ± 0.37 mg/L, N =
7) in the Mississinewa relative to the Upper White (mean = 5.21 ±
4.00 mg/L; P = 0.001, N = 12). There were no differences in phosphate
or ammonium concentrations between study sites in the twowatersheds
(P= 0.388 and 0.052, respectively).

3.3. Biological community structure

The macroinvertebrate communities observed in this study were
consistent with a moderately perturbed lotic ecosystem with a fairly
significant degree of organic pollution (mean HBI = 6.02 ± 3.71, N =
19, Hilsenoff, 1988). There were no differences in the Hilsenoff Biotic
Index (HBI), richness or total abundance ofmacroinvertebrates sampled
from the Upper White and Mississinewa River watersheds (P N 0.05).
Overall, 62 macroinvertebrate taxa were identified across the study
sites. Macroinvertebrate richness across the sites ranged from 4 to 27
taxa present. Additionally, total densities ranged from55 to 802 individ-
uals per m2 sampled per site (Table 2). Total macroinvertebrate density
was positively correlatedwith overall ephemeropteran and chironomid
density (r = 0.72, P = 0.001 and r = 0.05, P = 0.029, respectively).
Overall ephemeropteran (2–221 individuals) and chironomid (12–265
individuals) density varied N95% among sites (Table 2). Macroinver-
tebrate richness was correlated with overall ephemeropteran density
(r = 0.48, P = 0.037, Fig. 4) and the number of functional feeding
groups (r = 0.458, P = 0.049; Fig. 6).

The ephemeropterans identified across study sites belonged to 13
genera (predominately Ephemera, Caenis and Baetis) as well as the
Heptageniidae and Trichorythidae. The trichopterans belonged to 14
Table 2
Species richness and taxa abundance at each site.

Site name Richness Total Odanata

Upper White River watershed
White River Chesterfield 18 260 3
Buck Creek 1 17 360 0
Buck Creek 2 13 513 0
Up Muncie WWTP 14 498 5
Muncie WWTP 13 262 2
Down Muncie WWTP 21 464 7
Yorktown Park 11 147 1
White River down Buck Creek 27 429 2
White River Daleville 15 319 2
White River and Burlington 17 421 6
Muncie Creek 12 412 3
Jakes Creek 4 201 0

Mississinewa River watershed
Campbell Creek 1 8 55 1
Campbell Creek 2 8 411 2
Mississinewa 1 20 316 2
Mississinewa 2 13 363 0
Mississinewa 3 11 359 1
Mississinewa 4 15 802 1
Walnut Creek 5 155 0
genera, a majority of which were members of the Hydropsychidae
and Hydroptillidae. However, no further analyses of any Trichoptera
abundance were done due to a lack of correlation with FBOM percent
organic matter (r = −0.432, P = 0.065), macroinvertebrate richness
(r = 0.373, P = 0.116) or carbamazepine (r = 0.071, P = 0.773).

3.4. Bivariate relationships

Temperaturewas positively correlatedwithpH (r= 0.643, P= 0.003)
and negatively correlated with discharge (r=−0.488, P= 0.034) across
all study sites. Discharge was positively correlated with ammonium con-
centrations across sites (r = 0.801, P b 0.001). Nitrate concentrations
were negatively correlated with pH across study sites (r = −0.492,
P = 0.032). No other physiochemical parameters were correlated
with dissolved nutrient concentrations. Phosphatewas positively corre-
lated with nitrate concentrations (r =0.7, P = 0.001); however, there
was no correlation between phosphate and ammonium concentrations
(r = 0.389, P = 0.1) nor nitrate and ammonium concentrations
(r = 0.332, P = 0.164) across sites.

Carbamazepinewas positively correlatedwith dissolved inorganic ni-
trogen (DIN; sumofNH4 andNO3) concentrations (r= 0.713, P= 0.001)
and salinity (r = 0.51, P = 0.027) and negatively correlated with tem-
perature (r = −0.49, P = 0.033; Fig. 3). Additionally, carbamazepine
was correlated with nitrate (data not shown; r = 0.711, P = 0.001) and
phosphate concentrations (data not shown; r= 0.456, P= 0.05); howev-
er, there was no correlation with ammonium concentrations (data not
shown; r= 0.364, P= 0.126). Carbamazepinewas also not significantly
correlated with discharge (r = 0.374, P = 0.115), pH (r = −0.326,
P = 0.174) or dissolved oxygen (r = −0.217, P = 0.373).

Macroinvertebrate richnesswas positively correlatedwith discharge,
salinity and DIN and negatively correlated with temperature and FBOM
percent organic matter (Fig. 4). Specifically, richness was greater where
salinity (r = 0.49, P = 0.034), DIN (r = 0.463, P = 0.046) and dis-
charge (r = 0.47, P = 0.042) were high as well as where temperature
(r=−0.403, P= 0.087) and FBOM percent organic matter (r = 0.62,
P = 0.005) were low. Macroinvertebrate richness was not signifi-
cantly correlated with dissolved oxygen (r = 0.228, P = 0.348), pH
(r = −0.426, P = 0.069) Chironomidae (r = −0.123, P = 0.617)
or Oligochaeta abundance (r= 0.061, P= 0.804). Additionally, pos-
itive correlations were found between macroinvertebrate richness,
Baetidae abundance and carbamazepine (Fig. 5). Macroinvertebrate
Ephemeroptera Trichoptera Chironomidae Oligochaeta

53 3 35 117
24 64 82 60
10 3 228 19
98 2 46 196
67 2 74 34
92 20 67 75
22 2 39 36

104 14 104 31
125 10 46 67
189 3 87 32
17 0 129 119
5 0 80 34

2 1 12 25
14 0 107 173
70 6 97 7

112 50 26 7
63 1 67 69

221 13 265 23
2 0 66 16



Fig. 3. Abiotic factors correlated with carbamazepine (CBZ; ng/L) across study sites, N = 19.
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richness (r = 0.48, P = 0.037) and Baetidae abundance (r = 0.52,
P = 0.022) increased with carbamazepine concentrations. Carba-
mazepine was not significantly correlated with ephemeropteran
(r= 0.17, P= 0.48), chironomid (r=−0.311, P= 0.194) or oligo-
chaete abundance (r = −0.054, P = 0.827).
3.5. SEM results

Structural equation models (SEM) identified several significant
casual relationships between carbamazepine (a surrogate of waste-
water input) and the macroinvertebrate community with a signifi-
cant fit to the covariance matrix (Fig. 7). However, the initial and
intermediate models (Fig. 7A and B) did not account for a signifi-
cant proportion of variability in the macroinvertebrate community
(r b 0.05). In the initial model, pathways linking carbamazepine to
Trichoptera, Chironomidae and Oligochaeta abundance were eliminat-
ed due to non-significant pathways (P N 0.05). The inclusion of Baetidae
abundance and FBOM percent organic matter in the final SEM (Fig. 7C)
accounted for a substantial portion of the variation in macroinverte-
brate richness (r= 0.78), with a significant fit to the covariance matrix
(χ2 = 8.954, df = 18, P = 0.961).

Significant pathways in the final model included the effects of DIN
(standardized path coefficient = 0.52) on carbamazepine; the effects
of carbamazepine on Baetidae abundance (0.52); and salinity, overall
ephemeropteran abundance and FBOM percent organic matter effects
on macroinvertebrate richness (0.39, 0.27 and −0.49, respectively).
However, the pathways linking temperature (−0.2), salinity (0.28)
and discharge (0.07) to carbamazepine (−0.2) were not significant.
Additionally, pathways linking temperature (−0.24), discharge (0.23),
carbamazepine (0.02) and DIN (0.07) to macroinvertebrate richness
were not significant.

The SEM showed that study sites with elevated DIN had higher car-
bamazepine concentrations. Additionally, sites with elevated carbamaz-
epine had higher Baetidae abundance. And lastly, ephemeropteran
abundance increased and FBOM percent organic matter decreasedmac-
roinvertebrate richness. Therefore,while thepathway linking carbamaz-
epine directly to macroinvertebrate richness was not significant (0.02),
there were significant indirect pathways from carbamazepine to macro-
invertebrate richness through Baetidae abundance. Further, the model
described a considerable amount of variability in both carbamazepine
concentrations (r = 0.63) and Baetidae abundance (r = 0.27) across
study sites. However, the model does not describe a substantial portion
of variability in ephemeropteran abundance (r= 0.13) or FBOM percent
organic matter (r= 0.07).

The CCA resulted in two significant axes that related macroinverte-
brate communities to environmental variables (Fig. 8). The first axis
explained 36% of the variation in macroinvertebrate communities and
the second axis explained 19% of the variation in macroinvertebrate
communities. Environmental variables that explained the most varia-
tion on CCAaxis 1were carbamazepine concentration (−0.66), chloride
concentration (−0.65), and discharge (−0.49). Macroinvertebrates
with CCA scores greater than 1.0 on axis 1 included Baetidae and
Anthopotamus sp. mayflies, Leucotrichia sp. caddisflies, Hemerodromia
sp., and Lirceus sp. of isopod. Variables that explained the most variation
on CCA axis 2werewater temperature (0.86) and salinity (0.44). Macro-
invertebrates with CCA scores greater than 1.0 on axis 2 included
Leucrocuta spp., Sialis sp., and Podura sp. Thus, carbamazepine concentra-
tionwas partially responsible for explaining differences inmacroinverte-
brate community structure among east-central Indiana streams.
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Fig. 4. Correlations between macroinvertebrate richness (number of taxa per site) and abiotic and biotic factors measured. DIN = dissolved inorganic nitrogen (NH4 + NO3), N = 19.
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4. Discussion

Carbamazepine, a surrogate ofwastewater input, influenced themac-
roinvertebrate community (Fig. 7). However, contrary to our hypotheses,
carbamazepine was positively related to macroinvertebrate richness
(Fig. 4). Previous research on other freshwater anthropogenic inputs sug-
gests thatmacroinvertebrate richnesswould declinewith higher concen-
trations of carbamazepine (Muñoz et al., 2009; Beketov et al., 2013). This
inconsistency may be due to a lack of toxicity to freshwater organisms at
environmentally relevant concentrations of carbamazepine (Oetken
et al., 2005; Dussault et al., 2008; Quinn et al., 2008) or interacting effects
of other wastewater contaminants. Additionally, concentrations of carba-
mazepine detected in central Indiana were relatively low (median =
9 ng/L) compared to the global median (174 ng/L). However, previous
research in central Indiana stream has documented that pharmaceutical
concentrations are lower at baseflow (when this study was conducted)
relative to other times of the year (Veach and Bernot, 2011; Bunch and
Bernot, 2011). Thus, the macroinvertebrate community was likely
exposed to higher concentrations of pharmaceuticals over their life span.
The positive correlation between carbamazepine andmacroinverte-
brate richness may also have been facilitated by changes in species
composition potentially induced by sub-lethal effects in the community
(Nentwig et al, 2004; Oetken et al., 2005; Quinn et al., 2008;
Lamichhane et al., 2013). Carbamazepine concentrations in central
Indiana may have altered macroinvertebrate species composition
through sub-lethal effects, such as changes in behavior, molting and
reproductive patterns (Nentwig et al., 2004; Oetken et al., 2005;
Quinn et al., 2008). For instance, Oetken et al. (2005) found that sedi-
ments spiked with carbamazepine reduced the emergence of C. riparius
at sediment concentrations N70 μg/kg. Additionally, Lamichhane et al.
(2013) determined that Ceriodaphnia dubia exposed to carbamazepine
had reduced fecundity at 196.7 μg/L. While many studies have observed
lethal and sub-lethal effects of carbamazepine at concentrations that
were not environmentally relevant and proposed that carbamazepine
poses little risk to freshwater ecosystems, these toxicity data may under-
estimate the sensitivity of freshwater organisms to carbamazepine
(Cleuvers, 2003; Dussault et al., 2008; Quinn et al., 2008; Lamichhane
et al., 2013). Studies focused on heavy metal contaminants have
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Fig. 5. Bivariate correlations of carbamazepine (CBZ; ng/L), macroinvertebrate rich-
ness (# of taxa per site), and Baetidae and Ephemeroptera abundance (# of individ-
uals per site), N = 19.
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demonstrated how results obtained from laboratory experiments may
not reflect the actual sensitivity of freshwater organisms (Buchwalter
et al., 2007; Clements et al., 2013). Therefore, based on these results,
r = 0.485

P = 0.049

Fig. 6. Correlation between macroinvertebrate richness and functional diversity (# of
functional feeding groups per site).
macroinvertebrates may be more sensitive to lower concentrations of
carbamazepine than previously hypothesized and sub-lethal effects
may explain the observed changes in community structure.

Muñoz et al. (2009) found a negative causal association between the
concentrations of pharmaceutical mixtures in the Llobregat River basin
and the abundance and biomass of benthic macroinvertebrates. Higher
concentrations of pharmaceuticals (N10,000 ng/L) reduced macroinver-
tebrate richness and increased abundance of tolerant taxa (Chironomus
spp. and Oligochaeta).While this particular study did not focus on carba-
mazepine specifically, concentrations among these study sites were
higher (80–3090 ng/L) than those found in central Indiana (1–88 ng/L),
suggesting that different relationships may be observed at higher con-
centrations of carbamazepine. Alternatively, in the Llobregat River basin
a number of sites had higher total pharmaceutical concentrations
(roughly 1000–10,000 ng/L) and had increased macroinvertebrate rich-
ness. Additionally, these communities were characterized by the pres-
ence of mayflies. Thus, macroinvertebrate richness and community
structuremay be dependent on the additive and synergistic or antagonis-
tic effects of the total pharmaceutical concentrations as well as the
presence of other anthropogenic stressors though it is unclear if this
was captured in our measurements of carbamazepine.

4.1. Variability in carbamazepine

Carbamazepine was greater at sites below the Muncie wastewater
treatment plant (WWTP), with concentrations rising from 9 ng/L
above to 70 ng/L below theWWTP (Fig. 2). This trend suggests that carba-
mazepine varied based on WWTP effluent input into streams, which is
consistent with previous studies (Conley et al., 2008) and highlights the
potential for carbamazepine as a surrogate for wastewater. However,
carbamazepine was not directly associated with wastewater since the
SEMdid not yield a significantmodel fit with the inclusion of ammonium
nor was there a significant correlation between carbamazepine and am-
monium concentrations. Additionally, there was no significant difference
in carbamazepine concentrations detected between theUpperWhite and
Mississinewa River watersheds, which would be expected due to the dif-
ference in land use (Fig. 2).

Alternatively, carbamazepine may be associated with wastewater
pollution from both point and non-point sources since the SEM yielded
a good model fit with a significant path and a correlation between DIN
(NH4 + NO3) and carbamazepine (Figs. 3 and 7). The physiochemical
parameters of the study sites are consistent with agricultural streams
characterized by relatively high concentrations of nitrate and ammoni-
um (Bernot et al., 2013). Therefore, carbamazepine may be associated
with other anthropogenic stressors in freshwater ecosystems, which is
consistent with other pharmaceutical pollutants (Muñoz et al., 2009;
Rosi-Marshall et al., 2013). The spatiotemporal variability of carbamaz-
epine in surface waters is complex and likely depends on a number of
factors including differences in land use, usage rates among the popula-
tion, wastewater treatment, water chemistry and the physiochemical
characteristics of the ecosystem (Veach and Bernot, 2011).

4.2. Changes in community structure

The SEM demonstrated the pathways linking carbamazepine to
macroinvertebrate community structure (Fig. 7) that were not seen
with bivariate correlations alone (Fig. 5). Carbamazepine had little
direct effect onmacroinvertebrate richness, but did have indirect effects
on richness through two pathways both initiating with Baetidae abun-
dance (Fig. 7). Specifically, sites with elevated carbamazepine had
higher Baetidae abundance, which influenced overall ephemeropteran
abundance and FBOM percent organic matter, both of which were
significantly linked to macroinvertebrate richness.

Carbamazepinemay induce changes in species composition by facil-
itating the dominance of baetidmayflies in the community if this family
of ephemeropterans is better able to withstand the concentrations of
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Fig. 7. Initial (A), intermediate (B) andfinal (C) structural equationmodels describing the relationship between carbamazepine and themacroinvertebrate community. The initial (χ2= 23.124,
df= 24, P= 0.512) and intermediate (χ2= 3.722, df= 6, P= 0.714) SEM accounts for a relatively small portion (r b 0.5) of variability of macroinvertebrate species richness. The finalmodel
(χ2= 8.954, df = 18, P= 0.961) accounts for a substantial portion of the variability in macroinvertebrate richness (r= 0.78). Numbers are standardized path coefficients. Solid lines indicate
significant paths in the model (P b 0.05). Dashed lines are non-significant hypothesized pathways (P N 0.05).
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carbamazepine and outcompete other taxa. This family is commonly
found in lotic systems with moderately high levels of anthropogenic
stress (tolerance value = 4; Hilsenoff, 1988). The moderate tolerance of
baetid mayflies could be the reason they had high abundance among
Fig. 8. Canonical Correspondence Analysis ordination of macroinvertebrate communities in
19 east-central Indiana, USA streams. The first axis explained 36% of the variation in macro-
invertebrate communities and the second axis explained 19% of the variation inmacroinver-
tebrate communities. BAET = Baetidae, ANTH= Anthopotamus sp., LEUCO = Leucotrichia
sp., HEME = Hemerodromia sp., LIRC = Lirceus sp., SIAL = Sialis sp., PODU = Podura
sp. Temp = water temperature, CL = chloride concentration, SALIN = salinity,
DISCH = discharge, CBZ = carbamazepine.
the study sites, andmay have increased the abundance of Ephemeroptera
overall. Additionally, baetids are filter-feedingmacroinvertebrates, which
collect fine particulate organic matter from the water column. Therefore,
this taxon may influence FBOM percent organic matter in ecosystems
(Moulton et al., 2004). Both ephemeropteran abundance and FBOM
percent organic matter were linked to macroinvertebrate richness in the
SEM, yielding a positive relationship between carbamazepine andmacro-
invertebrate richness (Fig. 4).

4.3. Effects on ecological processes

Species composition can have an equal or larger effect on ecosystem
processes than those produced by richness alone (Hooper and Vitousek,
1997; Tilman et al., 1997; Downing and Leibold, 2002; Cardinale et al.,
2002; O'Connor and Crowe, 2005). Downing and Leibold (2002) dem-
onstrated in a mesocosm experiment the importance of composition
and diversity within functional groups, particularly to productivity, res-
piration and decomposition rates. Additionally, O'Connor and Crowe
(2005) found a relationship between ecosystem functioning and taxa
present wherein algal cover varied according to the identity of the
taxa present rather than overall invertebrate richness. Further, Jonsson
et al. (2002) found through an outdoor mesocosm experiment that de-
trital breakdown rates were dependent on complementary resource
use, which was determined by macroinvertebrate species composition.
These studies have consistently illustrated the importance of species
composition to ecosystem dynamics. Thus, future research is needed
to understand the functional role of species composition in ecosystem
processes and how anthropogenic stressors may alter these functions.

In this study, higher abundance of baetid mayflies may have altered
how the resource of fine particulate organic matter was divided among
filter feeding organisms, thereby influencing the macroinvertebrate
community through complementary resource use, believed to be a key
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mechanism linking biodiversity to ecosystem function (Hooper, 1998;
Cardinale et al., 2002). Cardinale and Palmer (2002) demonstrated that
simulated natural disturbances (flood and mortality) reduced the proba-
bility of dominance by a single taxon and therefore altered the effect offil-
ter feeder richness (net-spinning caddisflies) on resource use.
Alternatively, the anthropogenic stress of carbamazepine may have facil-
itated the dominance of baetid mayflies in the community potentially
through the tolerance level of this family and altered resource use in the
ecosystem (Fig. 7).

Additionally, the observed change in community structure may have
facilitated compositional changeswithin functional groups,which poten-
tially altered the competitive ability of taxa present (Loreau et al., 2001).
Predicting how ecosystem processes will respond to changes in diversity
and community structure is complicated due to differing phenological
and morphological characteristics of the taxa present (Hooper, 1998).
Therefore, the response of ecosystemprocesses to changes in community
structure is likely a complex function of the present taxa and the interac-
tions between them (Hooper et al., 2012). The changes in species compo-
sition potentially induced by the presence of carbamazepine may alter
the interactions of the taxa present and make predicting changes to eco-
logical processes more difficult.

4.4. Conclusion

The SEM in this study illustrates how carbamazepine may alter the
macroinvertebrate community structure of freshwater streams in
central Indiana, which could potentially lead to alterations in resource
availability (i.e., presence and use of FBOM; Fig. 7) and predator–prey
interactions (i.e., altered functional feeding groups present; Fig. 6).
However, more work is needed to fully understand the potential
hazards of this anthropogenic stressor, particularly changes to the phys-
iology of aquatic organisms and ecosystemprocesses need to be quanti-
fied. Additionally, in order to fully understand how humans affect
freshwater ecosystems, studies need to be conducted which focus on
mixtures of anthropogenic changes, instead of focusing on a single
stressor (Hooper et al., 2012; Rosi-Marshall et al., 2013) as it is unclear
if a single stressor can adequately represent a broad contaminant source
such as wastewater. Ecosystems today are bombarded by multiple
anthropogenic inputs, spanning a number of contaminant classes
(pesticides, nutrients, heavy metals and pharmaceuticals; Murray
et al., 2010). The SEM demonstrated the relative importance of two
anthropogenic stressors (carbamazepine and nutrients; Fig. 7) on
freshwater communities. However, to protect freshwater ecosys-
tems and the services they provide, a comprehensive understanding
of anthropogenic-induced changes is needed.
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