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Abstract
Chemical pollutants enter aquatic systems through numerous pathways (e.g., surface runoff and ground water contamina-
tion), thus associating these contaminant sources with varying hydrodynamic environments. The hydrodynamic environment 
shapes the temporal and spatial distribution of chemical contaminants through turbulent mixing. The differential dispersal of 
contaminants is not commonly addressed in ecotoxicological studies and may have varying implications for organism health. 
The purpose of this study is to understand how differing routes of exposure to atrazine alter social behaviors and physi-
ological responses of aquatic organisms. This study used agonistic encounters in crayfish Orconectes virilis as a behavioral 
assay to investigate impact of sublethal concentrations of atrazine (0, 40, 80, and 160 µg/L) delivered by methods mimick-
ing ground water and surface runoff influx into flow-through exposure arenas for a total of 23 h. Each experimental animal 
participated in a dyadic fight trial with an unexposed opponent. Fight duration and intensity were analyzed. Experimental 
crayfish hepatopancreas and abdominal muscle tissue samples were analyzed for cytochrome P450 and acetylcholinesterase 
levels to discern mechanism of detoxification and mode of action of atrazine. Atrazine delivered via runoff decreased cray-
fish overall fight intensity and contrastingly ground water delivery increased overall fight intensity. The behavioral differ-
ences were mirrored by increases in cytochrome P450 activity, whereas no differences were found in acetylcholinesterase 
activity. This study demonstrates that method of delivery into fluvial systems has differential effects on both behavior and 
physiology of organisms and emphasizes the need for the consideration of delivery pathway in ecotoxicological studies and 
water-impairment standards.

Anthropogenic contaminants are introduced to aquatic sys-
tems via multiple pathways or modes of delivery, including 
ground water contamination, overland runoff, release from 
sediments, and spray drift following application (Davies 
et al. 2003; Long et al. 1995; Schulz 2001; Zoumis et al. 
2001). Ground water contamination occurs due to leaching 

or percolation of pollutants vertically downward through the 
soil until the water table is reached (Doležal and Kvi´tek 
2004; Reichenberger et al. 2007). Ground water not only 
often sustains river flow and depth but also is an important 
source of drinking water, making contamination of these 
sources of growing concern (Lapworth et al. 2012). Ground 
water mainly supplies baseflow to streams, baseflow being 
water that persistently enters river systems. This flow char-
acterization differs from event flow or water that enters 
systems swiftly in response to a water input event (e.g., 
rainfall). Runoff serves as an example of event flow (Sopho-
cleous 2002). Runoff, specifically infiltration runoff, occurs 
when the infiltration or soil saturation capacity is exceeded 
by precipitation events, causing water to immediately run-
off the soil into surface waters of aquatic systems (Garen 
and Moore 2005). When applied to agricultural fields, pes-
ticides can adsorb to soil or be dissolved into runoff water 
(Krutz et al. 2005; Leonard 1990). Contaminants also can be 
absorbed to substrate particles once within aquatic systems 
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and then be subsequently released back into the system with 
the occurrence of changes in geochemical parameters, such 
as pH. Sediments, depending on sorption capabilities, can be 
considered as major repositories for anthropogenic contami-
nants and serve as a significant route of exposure for some 
species (Zoumis et al. 2001). Contaminants can be more 
directly deposited to aquatic systems through spray drift 
or the unintentional deposition of application to nontarget 
areas, such as surface water of aquatic environments (Hilz 
and Vermeer 2013). Due to the hydrodynamic variation in 
fluvial environments with these sources of contaminants, 
the spatial and temporal dynamics of toxicant concentra-
tions will be different according to origin of the contaminant 
(Edwards and Moore 2014; Nikora 2010; Wolf et al. 2004).

Considerations of exposure paradigms and contaminant 
distribution should be based on the characteristics of flow an 
organism encounters in nature. The hydrodynamic character 
of flow regimes can be described by the Reynolds number, 
a ratio of inertial to viscous forces (Vogel 1994). At most 
biologically relevant spatial scales, inertial forces dominate 
flow regimes and natural flow systems are typically turbulent 
(Sanford 1997). Similarly, the Péclet number describes the 
relative contribution of the processes of flow (i.e., advec-
tion) and diffusion to the spatial and temporal distribution 
of toxicants within a fluid medium (Vogel 1994). These two 
numbers demonstrate that the degree of spatial and tem-
poral distribution of a toxicant plume is shaped by mixing 
that occurs within turbulent flows. Furthermore, this mix-
ing determines the magnitude (intensity or concentration of 
exposure), frequency (rate or number of exposure events), 
and duration (total time of exposure) of the pulsatile nature 
of exposure in flowing systems (Gordon et al. 2012). Thus, 
characteristics of the hydrodynamic environment shape the 
characteristics of exposure that organisms experience.

The dependency of toxicant distribution on hydrody-
namic regimes is demonstrated further when considering 
smaller scale organisms (e.g., caddisflies, stoneflies, algae, 
and fungi) that are either attached to or reside on benthic 
substrates in aquatic habitats. Aside from turbulence, a spe-
cific aspect of the hydrodynamic environment that may be 
particularly influential for the dispersion of chemical con-
taminants is the boundary layer. A boundary layer exists 
against any solid surface in a flowing fluid medium. The 
boundary layer occurs between the free stream velocity (at 
some distance away from the surface) and a stagnant layer 
of flow directly in contact with this surface (Nikora 2010). 
Because the velocity within the boundary layer decreases, 
the Reynolds number also decreases indicating that vis-
cous forces become more important near the solid surface 
(Jørgensen and Des Marais 1990; Moore et al. 1994; Vogel 
1994). Therefore, as the relative contributions of inertial and 
viscous forces change, so too does the amount of mixing that 
occurs (Nowell and Jumars 1984; Sanford 1997). Chemicals 

released within an area where a boundary layer has formed, 
such as from a ground water source, will result in lower 
intensity fluctuations in magnitude, frequency, and duration 
(Moore and Crimaldi 2004). A more detailed discussion of 
the dispersal of chemicals in turbulence and flow has been 
reported by Moore and Crimaldi (2004) and Webster and 
Weissburg (2009). Therefore, while seldom considered 
within ecotoxicological studies, the mode of delivery of 
contaminants into an aquatic ecosystem may have profound 
effects on the influence of toxicant exposure on the behavior 
and physiology of animals within a habitat.

The dynamics of plume structures and contaminant dis-
tribution in flowing systems has been addressed by few 
ecotoxicological studies (Edwards and Moore 2014; Neal 
and Moore 2017; Pedersen and Friberg 2009; Rasmussen 
et al. 2012; Thorp et al. 2006). Instead, time-average static 
models (Ehrsam et al. 2016; Glusczak et al. 2007; Williams 
and Dusenbery 1990) or pulsed exposures to fixed contami-
nant concentrations (Ashauer et al. 2006; Handy 1994) often 
are used to expose organisms in a laboratory setting. These 
studies are important in understanding how different toxi-
cants can influence the health and physiology of organisms. 
However, these exposure models and resultant definitions of 
toxicity fail to reflect the dynamic exposure conditions expe-
rienced under realistic ecological conditions (Gordon et al. 
2012). Furthermore, ecotoxicological research has yet to 
address the effect of the differential distribution of contami-
nants due to their mode of delivery on organisms. To reduce 
the gap in knowledge that currently exists in understanding 
the implications of dynamic exposure paradigms, the mode 
of delivery of contaminants is specifically addressed in this 
research.

The purpose of this study was to understand how dif-
fering modes of delivery of a contaminant alter multi-
level responses in organisms. Previous work on sublethal 
exposure to atrazine, a surface water and ground water 
contaminant, has shown physiological and behavioral 
changes in aquatic organisms as a result of exposure (Bel-
anger et al. 2015, 2016; Diana et al. 2000; Graymore et al. 
2001; Hayes et al. 2002; Jablonowski et al. 2011; Lesan 
and Bhandari 2003; Pionke and Glotfelty 1990; Steinberg 
et al. 1995). In this study, organismal responses examined 
included both behavioral, in the form of agonistic encoun-
ters (i.e., fighting behaviors) displayed by crayfish, and 
physiological responses, in the form of cytochrome P450 
expression and activity of acetylcholinesterase (AChE) 
within crayfish tissues. Crayfish have been studied as a 
model organism with assays used ranging from behavioral 
to physiological biomarkers (e.g., cytochrome P450 and 
AChE) that have been shown to be sensitive to a variety of 
pollutants (review by Belanger et al. 2017). Additionally, 
crayfish serve as a keystone species in aquatic systems due 
their role as a link for energy transfer between terrestrial 



438 Archives of Environmental Contamination and Toxicology (2018) 75:436–448

1 3

and aquatic food chains as well as their multitrophic role 
in aquatic food web dynamics (Hill and Lodge 1999). This 
ecological role of crayfish species creates an imperative to 
understand factors that may influence the health of these 
organisms. Preceding research has shown that agonis-
tic behavior is important in the ecology and allocation 
resources for these animals and thus serves as a signifi-
cant behavior to examine in relation to contaminant effects 
(Bovbjerg 1953; Martin and Moore 2010; Wofford et al. 
2015). Previously studied physiological reactions range 
from inspecting variables within the removal of contami-
nants from the body to alterations in neurological function. 
Cytochrome P450 is an enzyme involved in the first phase 
of detoxification within animals. An additional enzymatic 
biomarker used is the activity of AChE, an important 
enzyme in the nervous systems of both vertebrates and 
invertebrates (Aksu et al. 2015). These informative bio-
markers were examined along with agnostic behaviors to 
determine the effects of mode of delivery and differential 
contaminant distribution on aquatic organisms. Due to 
variation in hydrodynamic environments applied to each 
contaminant source, mid-water contaminant sources will 
have highly variant chemical plume structure compared 
to boundary layer ground water sources. Therefore, we 
predicted that mid-water delivery would significantly alter 
crayfish behavior and physiology due to increased peaks 
surpassing the mean concentration as a result of increased 
turbulence.

Methods

Animal Collection and Holding

Nonreproductive, female Orconectes virilis (3.3 ± 0.03 cm, 
mean postorbital carapace length ± SEM; 2.8 ± 0.04 cm, 
chelae length ± SEM) were hand collected from Maple 
Bay of Burt Lake located in Cheboygan County, Michi-
gan (45.4873°N, 84.7065°W). Only crayfish with intact 
appendages were used in this study. Animals were 
mechanically and visually isolated in plastic containers 
(15 × 10 × 10 cm) for at least 7 days before the trial to 
minimize the effect of previous social status (Bergman 
et al. 2003; Guiasu and Dunham 1997; Karavanich and 
Atema 1998; Zulandt Schneider et al. 2001). Isolation con-
tainers were held in artificial streams constructed of cin-
der blocks (20.3 × 20.3 × 40.6 cm) and 4-mil polyethylene 
sheeting and located at the University of Michigan Bio-
logical Station Stream Research facility, Pellston, Michi-
gan. Unfiltered water from the East Branch of the Maple 
River was pumped into the holding streams and crayfish 
fed on naturally occurring detritus. During the holding 

period, crayfish were exposed to ambient water tempera-
ture (~ 19 °C) and a natural light:dark cycle (15:9 h).

Experimental Design

A 2 × 4 fully factorial experiment was designed to inves-
tigate the differential effects of ground water and surface 
runoff (i.e., mid-water column delivery) of the contaminant 
atrazine on freshwater crustaceans. The first factor being 
mode of exposure (mid-water column exposure or ground 
water exposure) and the second factor being concentration 
of atrazine at the animal (control: 0, low: 40, medium: 80, 
and high: 160 µg/L). A total of 120 trials were analyzed in 
this study. Each animal was used only once during trials 
(Table 1).

Exposure Arenas

An artificial stream system consisting of six flow-through 
streams (160 × 40.6 × 40.6 cm, interior L × W × H) was con-
structed (Fig. 1). Streams were created using cinder blocks 
lined with 4-mil polyethylene sheeting and utilized as expo-
sure arenas to subject crayfish to various atrazine exposure 
regimes. Minimally filtered water was pumped from the East 
Branch Maple River into 208-L reservoir tanks and distrib-
uted to each stream using 1-cm inner diameter garden hosing 
at a constant flow of 0.19 ± 0.01 L/s (mean flow ± SEM). 
Water was minimally filtered through nylon mesh (0.01 cm2 
holes) to remove large debris that may impact water flow 
into artificial streams. Collimators constructed of 1.7 cm2 
acrylic egg crating covered with fiberglass window screen-
ing were placed 30.5 cm downstream to regulate flow pat-
tern of water entering the exposure arenas. The bottom of 
each stream was filled with sand substrate (~ 4.2 × 10−2 cm 
diameter) to a depth of approximately 3 cm. The boundary 
layer thickness at the location of the crayfish was approxi-
mately 1.3 cm as calculated from the roughness Reynolds 
number. Water depth and outflow of water from the artificial 

Table 1  Number of crayfish fight trials separated by two factors of 
interest (concentration and exposure type) analyzed with MANCOVA

Concentration Exposure type Number of 
crayfish

Control (0 µg/L) Ground water 12
Mid-water 17

Low (40 µg/L) Ground water 17
Mid-water 14

Medium (80 µg/L) Ground water 13
Mid-water 17

High (160 µg/L) Ground water 15
Mid-water 14
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streams were controlled through the placement of outflow 
blocks at the downstream end. Outflow blocks consisted of 
a cinder block with window screening attached to outflow 
holes to control volume of water leaving the stream. Water 
level in each arena was held at a depth of 26 ± 2 cm (mean 
water depth ± SEM) throughout the data collection period. 
Atrazine or control solution was held in 22.7-L reservoir 
buckets located at the upstream end of each exposure stream 
and was delivered to the streams via 0.4-cm interior diameter 
aquarium tubing. Tubing was attached to a 22.7-L reser-
voir via a plastic connector adhered to bottom of reservoir. 
Opaque bucket lids were fastening on reservoirs to prevent 
dilution due to precipitation, contamination of atrazine solu-
tion, and to reduce the possibility of photolytic degrada-
tion of atrazine. Flow rate of chemical input was controlled 
by 1.9-cm open Hoffman compressor clamps placed on 
aquarium tubing input. Input tubing of atrazine was placed 
53.3-cm upstream of animal location. Placement of input 
tubing within water column was dependent upon treatment 
(see Exposure Paradigm section). Animals were restricted to 
one location in each stream by use of tethers consisting of a 

0.64 cm2  Velcro® square attached to a tile weight via fishing 
line. The opposite  Velcro® piece was fastened to the cara-
pace of each animal using superglue to secure the animal’s 
position in exposure arenas (Ludington and Moore 2017; 
Neal and Moore 2017). During the 23-h exposure period, 
crayfish were subject to a natural light:dark cycle of approxi-
mately 15:9 h and water temperature of ~ 19 °C.

Electrochemical Measurement of Dilution

An Epsilon electrochemical detection system (Epsilon; Bio-
analytical Systems, West Lafayette, IN) was used to calcu-
late dilution based on the hydrodynamic characteristics of 
the artificial stream system. A microelectrode consisting of 
three, 30-µm carbon fibers was mounted to the system to 
measure oxidation–reduction reactions in the water column 
5 cm above the sand substrate (Edwards and Moore 2014; 
Harrigan and Moore 2017; Ludington and Moore 2017). The 
oxidative reaction of chemical tracer, dopamine, was used to 
measure dilution. Dopamine is an appropriate tracer to dem-
onstrate the distribution of the toxicant within the stream 
system due to the similar diffusion coefficient of dopamine 
and atrazine in water (6.0 × 10−6 and 5.579 × 10−6 cm2/s 
respectively) and the relative ratio of advection and diffu-
sion, i.e., Péclet number (Gerhardt and Adams 1982). The 
Péclet number for this flowing system shows that advection 
is more important in the dispersal of the chemical rather than 
diffusion (Denny 1993). This system has been repeatedly 
used to model toxicant (and odorant) movement in differ-
ent flowing systems and, given the relative contributions of 
diffusion and advection to the movement of toxicants, can 
accurately measure these dilutions at the scale of the organ-
isms under consideration here (Moore et al. 1994, 2000; 
Moore and Crimaldi 2004).

The Epsilon system was set to record at a sample inter-
val of 0.05 s with a 100-Hz noise filter for a total of 300 s. 
The applied potential of the system was set at 500 mV. The 
microelectrode used to calculate dilution factor was cali-
brated using 5 known concentrations of dopamine (2, 4, 
6, 8, and 10 µM). The concentration of the stock solution 
delivered to the artificial streams during Epsilon recordings 
was 31.16 µM. The dilution factor was calculated as 25 at 
the location 53.3-cm away from the chemical source and 
used to create appropriate stock solution concentrations of 
atrazine. Each experimental animal was placed in this loca-
tion in each of the following trials. Fine-scale distribution of 
a toxicant in a flowing system may differ in frequency and 
magnitude of the chemical signal due to the hydrodynamic 
characteristics of the flowing environment. Overall average 
concentration in each control, low, medium, and high treat-
ment remained constant; however, the fine-scale distribution 
of atrazine throughout the stream may vary depending on the 
route of entry of the toxicant, i.e., differing hydrodynamic 

Fig. 1  Diagram of artificial stream exposure arenas 
(160 × 40.6 × 40.6  cm, interior L × W × H) constructed at University 
of Michigan Biological Station Stream Research Facility. Crayfish 
(solid black star) were placed 53.3  cm from atrazine source input 
(solid black circle). Black arrows indicate flow direction. Flow pat-
tern of water entering stream was regulated by a collimator
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environments experienced by a ground water and mid-water 
column chemical source (Finelli et al. 1999; Hart et al. 1996; 
Lahman and Moore 2015; Moore et al. 2000; Rahman and 
Webster 2005; Webster and Weissburg 2009).

Exposure Paradigm

Environmentally relevant concentrations of atrazine (0, 40, 
80, 160 µg/L) were used throughout this experiment (Gray-
more et al. 2001; USEPA 2014). The herbicide product Hi-
Yield Atrazine Weed Killer was used to create stock solu-
tions for all experimental trials. Hi-Yield Atrazine Weed 
Killer contains 4.00% w/w of atrazine. This w/w ratio was 
considered in calculating the concentration of atrazine in 
stock solutions and that experienced by the animal. The 
nominal concentrations of stock solutions created were 0, 
1000, 2000, or 4000 µg/L, in accordance with the dilution 
factor measured as 25 for the stream systems, to allow the 
test animals to experience an average concentration of 0, 40, 
80, or 160 µg/L of atrazine solution depending on the treat-
ment the crayfish was assigned. Stock solutions were pre-
pared in reservoir buckets by diluting appropriate amount of 
Hi-Yield Atrazine Weed Killer with 20 L of river water. For 
mid-water column exposures, input tubing was suspended 
in the center of the water column, 13 cm below surface 
of water. Tubing was attached via cable ties to hard wire 
cloth braces to ensure opening of tubing remained paral-
lel to stream substrate and at fixed height in water column. 
At this water depth, the mid-water column chemical output 
experienced free stream velocity and correspondingly, was 
within an area with a greater Reynolds number relative to the 
ground water chemical source. Therefore, atrazine released 
from this mid-water column source was subject to a higher 
degree of turbulent mixing, creating fluctuating chemical 
plume structures. For the ground water exposure regime, 
tubing was buried 2.5 cm beneath the substrate (Edwards 
and Moore 2014). The introduction of ground water to a 
stream system occurs by multiple pathways and is thereby 
complex (Brunke and Gonser 1997; Doležal and Kvi´tek 
2004). The methodology chosen represents one possible 
model of ground water introduction. Being introduced at the 
substrate-fluid interface, the ground water chemical source 
interacted with the boundary layer and therefore atrazine 
released was more greatly influenced by viscous forces, rela-
tive to inertial forces, compared with the mid-water column 
source. The ground water contaminant source was thereby 
subject to a lesser degree of turbulent mixing, influencing 
the degree of fluctuations within the resulting chemical 
plume structure. Each experimental crayfish was placed in 
an exposure arena for 23 h before removal for behavioral 
assay. Total volume of atrazine or control solution enter-
ing streams during the 23-h exposure period was recorded. 
Experimental streams were allowed to flush for a total of 1 h 

between trials to rid streams of remaining atrazine or odors 
from previous trials.

Behavioral Analysis

Immediately following removal from the exposure arena, 
fight trials with experimental crayfish and unexposed, 
socially naïve crayfish occurred for each exposure treatment 
(Cook and Moore 2008; Neal and Moore 2017). Opponents 
were sized matched within a maximum of 10% difference in 
post orbital carapace length. Fights occurred in an opaque 
Plexiglas fight arena (39 × 39 × 14 cm: L × W × H) filled 
with 13.8 L of water from the East Branch Maple river 
and divided into four equal quadrants by retractable Plexi-
glas walls. The fight tank design allowed for animals to be 
mechanically, visually, and chemically isolated until start of 
fight trial. Crayfish were initially separated in each quadrant 
and allowed to acclimate for 15 min. After the acclimation 
period, the retractable wall of two quadrants was removed 
and crayfish were allowed to interact for a total of 15 min 
(Wofford et al. 2015). Each fight trial was video recorded 
using a Panasonic (Model # HDC-HS250) or Sony (Model 
# HDR-CX405) handheld camera. Duration, intensity (esca-
lated or nonescalated), time to reach each intensity level, and 
time spent at each intensity level were analyzed. Intensity 
levels were determined using a pre-established ethogram 
(Table 2; adapted from Wofford et al. 2017). Initiation of 
a fight was defined as the time at which a crayfish aggres-
sive contest begins (i.e., when one animal approaches the 
other within one body length). End of a fight was defined 
as opponents remaining approximately two body lengths 
away for a minimum of 10 s. Duration was defined as dif-
ference in seconds between the time at which a fight ended 
and time at which a fight was initiated. Agonistic behavior 
was compared between treatments to determine if route of 
exposure to toxicants differentially affects fighting behavior 
in crayfish.

Enzyme‑Linked Immunosorbent Assays (ELISA)

After dyadic fight trials, five crayfish from each treatment 
were immediately dissected. Mass of total crayfish was 
taken before dissections (20.4 ± 0.9 g, mean mass ± SEM). 
Hepatopancreas and abdominal muscle tissue were har-
vested from each experimental animal. Tissue mass was 
recorded, and each tissue sample was frozen in liquid 
nitrogen (0.04 ± 0.020 g, mean hepatopancreas mass/total 
mass ± SEM; 0.08 ± 0.003  g, mean abdominal muscle 
mass/total mass ± SEM). Frozen tissues were placed in a 
− 80 °C freezer until further tissue preparation. Tissues 
were prepared for analysis using methods described in 
Cusabio ELISA Fish Acetylcholinesterase and Cytochrome 
P450 1A1 kits (Cusabio Technology LLC, College Park, 
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MD). Tissue (100 mg) was extracted from each sample, 
rinsed with 0.1 M of phosphate-buffered saline (PBS) 
solution (pH 7.4), and then homogenized on ice in 1 mL of 
PBS solution. Samples were frozen overnight at − 20 °C. 
Homogenized samples were subject to two freeze–thaw 
cycles and were then centrifuged in a refrigerated centri-
fuge (Axygen Axyspin R Refrigerated Centrifuge, Thermo 
Fisher Scientific, Waltham, MA) at 4 °C for 5 min at 5000 
RPMs. Supernatant was removed and stored at − 80 °C 
until ELISA testing. Supernatant samples were thawed, 
centrifuged, and then subject to a Pierce BCA Protein 
Assay (Thermo Fisher Scientific, Waltham, MA) to con-
trol for total protein content among samples. The lowest 
concentration of total protein was determined, and all sam-
ples were diluted to this concentration using 0.1 M of PBS 
solution before the ELISA. Optical density for each sample 
was obtained using a Versa max microplate reader (Molec-
ular Devices LLC, Sunnyvale, CA) with Softmax Pro 5 
software measuring absorbance at 450 nm. All standards 
and samples were analyzed in duplicate, and the average 
optical density reading for each trial was calculated. The 
average optical density of the blank wells was subtracted 
from each trial reading. This final optical density was then 
converted to enzyme concentration using the line of best 
fit equation obtained from plotting standard readings. Line 
of best fit equations were generated using a four-parameter 
logistic curve-fit with XLStat software.

Statistical Analysis

Measurements of start time, intensity, and end time of first 
fight were extracted from the video footage of each trial by a 
single observer blind to treatment. Dependent variables were 
calculated from these measurements including: time to initi-
ate, time to each intensity level (see ethogram Table 2), time 
at each intensity level (see ethogram Table 2), and duration 
of fight. Measurements of cytochrome P450 concentrations 
(pg/mL) and acetylcholinesterase (ng/mL) were extracted 
from ELISA results. Agonistic behaviors and enzymatic 
responses were analyzed using R statistical software (ver-
sion 3.3.0) (R Core Development Team 2016). All depend-
ent variables were assessed for outliers and collinearity 
through the implementation of methods described in Zuur 
et al. (2009). A total of 11 agonistic behavior trials were 
consistently identified as outliers across multiple dependent 
variables and consequently removed from analysis (Table 1). 
A total of four pairs of variables showed collinearity thus 
dependent variables time at intensity − 1, time at intensity 
4, time at intensity 8, and time to intensity 6 were removed 
from analysis. Regression analysis was implemented to 
examine the relationship of liters of solution (atrazine or 
control solution) entering stream during exposure period 
and dependent variables. Effect of independent variables 
were compared using a multivariate analysis of covariance 
(MANCOVA) to determine differences in adjusted means for 

Table 2  Ethogram of crayfish agonistic behaviors adapted from Wofford et al. 2017 used in video analysis

Numerical intensities listed represent the intensity of behavior displayed. Intensity levels − 2 through 6 represent nonescalated behaviors, 
whereas intensity levels 7 through 11 represent escalated agonistic behaviors

Behavior name Intensity level Behavior description

Tailflip − 2 Rapid retreat from opponent made by quickly flicking tail in reverse direction
Slow retreat − 1 Low intensity, slow walking away from opponent
Slow approach 1 Low intensity, slow walking toward opponent without threat display
Rapid approach 2 Quick high intensity approach towards opponent with major chelae raised in meral spread threat 

display
Closed Chelae touch 3 Non-forceful contact made with opponent using closed major chelae. Chelae are not used to push or 

box with opponent or grab or hold opponent
Antennal whipping 4 Rapid flicking of antennae used to hit opponent
Stiff arm 5 Holding opponent away by presenting closed major chelae straight out in front of body
Closed claw boxing 6 Forcefully pushing opponent using closed major chelae. Chelae are not used to grab or hold opponent
Open claw touching 7 Non-forceful contact made with opponent using open major chelae. Chelae are not used to push or box 

with opponent or grab or hold opponent
Open claw boxing 8 Forcefully pushing opponent using open major chelae. Chelae do not close and are not used to grab or 

hold opponent
Grabbing at appendages 9 Major chelae grasp by closing chelae on appendages of opponent. Force is not used to pull or rip 

appendages of opponent
Tearing of appendages 10 Major chelae used to grasp appendages of opponent while forcefully pulling or tearing opponent’s 

appendages
Inversion 11 Major chelae grasp appendages of opponent and with forcefully pulling, tearing, or manipulation invert 

body of opponent
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variables between treatments with liters of solution enter-
ing the stream defined as the covariate. A Tukey Multiple 
Proportions test was used to determine differences in winner/
loser outcome of agonistic fight trials (Hothorn et al. 2008).

Results

Fight Intensity and Dynamics

The interaction of atrazine concentration and mode of deliv-
ery significantly altered the dynamics of dyadic fights among 
crayfish. Specifically, time at intensity level 2 (MANCOVA: 
 F8, 111, 0.05 = 6.46, p < 0.001) and time at intensity level 3 
(MANCOVA:  F8, 111, 0.05 = 3.53, p = 0.016) were significantly 
impacted by the interaction of atrazine concentration and 
mode of delivery.

Crayfish, exposed to 40-µg/L concentration of atrazine 
through mid-water column delivery, spent a significantly 
longer time at intensity level 2 compared with control, 80, 
and 160 µg/L mid-water delivery treatments (Tukey-HSD: 
Table 3; Fig. 2). Additionally, in this 40-µg/L concentration 
mid-water delivery treatment, crayfish also spent a longer 
time at intensity level 2 compared with 40 µg/L ground water 
delivery treatment (Table 3). Crayfish, exposed to 80-µg/L 
concentration via ground water delivery, had shorter times 
at intensity 3 compared with controls (Tukey-HSD: Table 4; 
Fig. 3).

Fight Initiation

The main effect of atrazine concentration delayed the 
time at which dyadic fights were initiated (MANCOVA: 
 F8, 111, 0.05 = 3.17, p = 0.018). Crayfish, exposed to 40-µg/L 
concentration of atrazine, took longer to initiate in a fight 
compared with crayfish subjected to the control concentra-
tion (Tukey-HSD: p = 0.014; Fig. 4).

Fight Outcome and Duration

The concentration of atrazine and mode of delivery did not 
significantly impact the winner/loser outcome of agonis-
tic interactions (Tukey Multiple Proportions: Concentra-
tion, �2

4,114
 = 0.72, p > 0.05; Mode of delivery, �2

1,115
 = 0.30, 

p > 0.05). Furthermore, total duration of agonistic contests 
was not altered due to concentration of atrazine (MAN-
COVA:  F3, 111, 0.05 = 0.238, p > 0.05) or mode of delivery 
(MANCOVA:  F1, 111, 0.05 = 0.026, p > 0.05).

Table 3  Tukey-HSD post hoc output for interaction of atrazine concentration (µg/L) and mode of delivery on time at intensity 2

GW indicates ground water mode of delivery, whereby MW indicates mid-water mode of delivery. Significant p values (p < 0.05) are shown in 
bold face

Groups 0 µg/L GW 0 µg/L MW 40 µg/L GW 40 µg/L MW 80 µg/L GW 80 µg/L MW 160 µg/L GW 160 µg/L MW

0 µg/L GW – 0.998 0.432 < 0.001 0.998 1.000 1.000 1.000
0 µg/L MW – 1.000 < 0.001 1.000 0.974 1.000 0.995
40 µg/L GW – < 0.001 1.000 0.993 1.000 1.000
40 µg/L MW – < 0.001 < 0.001 < 0.001 < 0.001
80 µg/L GW – 0.973 1.000 0.995
80 µg/L MW – 0.994 1.000
160 µg/L GW – 1.000
160 µg/L MW –

Fig. 2  Mean (± SEM) time spent at intensity level 2 (s) (see etho-
gram, Table 2) for ground water (solid black squares) and mid-water 
column (hollow red circles) modes of delivery for crayfish exposed 
to varying concentrations of atrazine (0, 40, 80, 160 µg/L). A MAN-
COVA with Tukey-HSD post hoc test was used to assess significant 
differences (p < 0.05) between exposure treatments
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Enzymatic Response

The interaction of atrazine concentration and mode of 
entry significantly affected the levels of cytochrome P450 
detected in crayfish hepatopancreas samples (MANCOVA: 
 F7, 24, 0.05 = 11.00, p < 0.001). Tissue from crayfish exposed 
to 40-µg/L concentration of atrazine through mid-water 
column delivery exhibited elevated cytochrome P450 levels 
relative to other treatments (Fig. 5). Specifically, cytochrome 
P450 levels were increased in 40-µg/L mid-water column 
crayfish compared with crayfish exposed to control, 80-, and 
160-µg/L concentration via mid-water delivery exposure 
(Tables 5 and 6). Acetylcholinesterase activity was not signif-
icantly impacted by atrazine concentration or exposure type 

(MANCOVA: Concentration,  F3, 24, 0.05 = 0.345, p > 0.05; 
Mode of delivery,  F1, 24, 0.05 = 2.527, p > 0.05; Table 6).

Discussion

This study demonstrated three main findings regarding 
dynamic exposure to atrazine to benthic crustaceans. First, 
the intensity of fighting behaviors displayed by the cray-
fish is significantly affected by the interaction between the 
mode of delivery and concentration of atrazine. Specifically, 
40 µg/L of atrazine through mid-water column delivery 
resulted in increased time spent at nonescalated behaviors, 
whereas 80 µg/L of atrazine through ground water delivery 
led to decreased time spent at nonescalated behaviors. Sec-
ond, the temporal dynamics of crayfish agonistic interactions 

Table 4  Tukey-HSD post hoc output for interaction of atrazine concentration (µg/L) and mode of delivery on time at intensity 3

GW indicates ground water mode of delivery, whereby MW indicates mid-water mode of delivery. Significant p values (p < 0.05) are shown in 
bold face

Groups 0 µg/L GW 0 µg/L MW 40 µg/L GW 40 µg/L MW 80 µg/L GW 80 µg/L MW 160 µg/L GW 160 µg/L MW

0 µg/L GW – 0.041 0.082 0.351 0.006 0.119 0.084 0.045
0 µg/L MW – 1.000 1.000 0.957 0.999 1.000 1.000
40 µg/L GW – 1.000 0.974 0.999 1.000 1.000
40 µg/L MW – 0.986 0.999 1.000 1.000
80 µg/L GW – 0.999 0.994 0.991
80 µg/L MW – 1.000 1.000
160 µg/L GW – 1.000
160 µg/L MW –

Fig. 3  Mean (± SEM) time spent at intensity level 3 (s) (see etho-
gram, Table 2) for ground water (solid black squares) and mid-water 
column (hollow red circles) modes of delivery for crayfish exposed 
to varying concentrations of atrazine (0, 40, 80, 160 µg/L). A MAN-
COVA with Tukey-HSD post hoc test was used to assess significant 
differences (p < 0.05) between exposure treatments

Fig. 4  Mean (± SEM) time spent to initiation of fight (s) for crayfish 
exposed to varying concentrations of atrazine (0, 40, 80, 160  µg/L) 
(solid black squares). A MANCOVA with Tukey-HSD post hoc test 
was used to assess significant differences (p < 0.05) between exposure 
treatments
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were significantly altered by concentration of atrazine, with 
the 40-µg/L exposed crayfish displaying a delay in time to 
initiate a fight. Third, alterations of fighting intensity, spe-
cifically that of crayfish displaying lower intensity fights, is 
mirrored in the physiological enzymatic response displayed. 
Crayfish exposed 40-µg/L concentration of atrazine through 
mid-water delivery also had increased cytochrome P450 
expression within the hepatopancreas tissue; however, these 
exposures did not alter AChE activity. These results demon-
strated both behavioral and physiological alterations in cray-
fish that are dependent on both source and concentration.

These findings show that exposure to atrazine does 
impact the social behaviors displayed by crayfish. Social 
interactions have been shown to be impacted by atrazine in 
other aquatic organisms subject to static exposure regimes 

(Saglio and Trijasse 1998; Schmidel et al. 2014; Shenoy 
2012). It is important to point out that in this study expo-
sure was dynamic in nature to mimic the fluctuating spatial 
and temporal distributions of chemicals in flowing systems. 
Moreover, exposure alters the temporal dynamics and overall 
intensity of agonistic interactions between animals. Delivery 
of low concentrations of atrazine via contaminated run-off 
cause more time spent at lower intensity behaviors, thus 
driving down the overall intensity of the interaction. Con-
trastingly, higher concentrations delivered through contami-
nated ground water cause the overall intensity of fights to 
increase, with less time dedicated to low intensity behaviors. 
These results do not exhibit a clear, linear dose–response to 
the contaminant. Furthermore, due the complexity of tur-
bulent dispersion of chemicals within fluid systems, result-
ing toxicant plume structures are variant in magnitude, fre-
quency, and duration (Edwards and Moore 2014; Harrigan 
and Moore 2017). These dynamic chemical structures result 
in complex responses in exposed animals. In the current 
study, dynamic exposure to toxicants alter behaviors, but 
the precise nature of that dynamic exposure (ground water 
vs. mid-water) determines the type and extent of the impair-
ments seen.

Previous work on dynamic chemical dispersion has estab-
lished that exposure pattern of contaminants differs depend-
ing on the method on habitat characteristics and contaminant 
source (Edwards and Moore 2014; Ludington and Moore 
2017; Sanford 1997; Wolf et al. 2004). This is also seen 
by different distribution patterns of pollutants delivered to 
stream systems from point and non-point sources (Lahman 
and Moore 2015). The variation of chemical plume struc-
ture as a result of mode of delivery causes differing expo-
sure regimes to a contaminant instigating varying effects to 
responses of aquatic organisms. The differing hydrodynamic 
environments and resulting chemical signal patterns refer-
enced by this research aid in creating a clear and applicable 
definition for exposure for future ecotoxicological stud-
ies not currently captured by static exposure studies. The 

Fig. 5  Mean (± SEM) cytochrome P450 concentration (pg/mL) in 
hepatopancreas tissue for ground water (solid black squares) and 
mid-water column (hollow red circles) modes of delivery for crayfish 
exposed to varying concentrations of atrazine (0, 40, 80, 160 µg/L). 
A MANCOVA with Tukey-HSD post hoc test was used to assess sig-
nificant differences (p < 0.05) between exposure treatments

Table 5  Tukey-HSD post hoc output for interaction of atrazine concentration (µg/L) and mode of delivery cytochrome P450 concentration

GW indicates ground water mode of delivery, whereby MW indicates mid-water mode of delivery. Significant p values (p < 0.05) are shown in 
bold face

Groups 0 µg/L GW 0 µg/L MW 40 µg/L GW 40 µg/L MW 80 µg/L GW 80 µg/L MW 160 µg/L GW 160 µg/L MW

0 µg/L GW – 1.000 0.072 < 0.001 0.868 0.999 0.999 0.999
0 µg/L MW – 0.018 < 0.001 0.636 0.995 0.999 0.980
40 µg/L GW – 0.168 0.347 0.014 0.308 0.011
40 µg/L MW – < 0.001 < 0.001 0.002 < 0.001
80 µg/L GW – 0.452 0.995 0.378
80 µg/L MW – 0.997 1.000
160 µg/L GW – 0.992
160 µg/L MW –
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commonly used time-average static models do not appro-
priately capture the variations and episodic nature of natural 
exposure conditions in which create variable responses in 
exposed animals as exemplified in this study.

The dynamic nature of variation of chemical plume struc-
ture is highly dependent upon the presence or absence of 
turbulent mixing. The presence of turbulent eddies increases 
the temporal and spatial variation of the chemical plume as 
the chemical is carried, mixed, and dispersed by the eddy 
structures (Moore et al. 1994). Meanwhile, while approach-
ing the substrate solid surface, water velocity decreases 
reaching near zero at the surface where the boundary layer 
formed (Hart et al. 1996; Hart and Finelli 1999; Nikora 
2010). This boundary layer contains sublayers in which tur-
bulence is dampened or nearly not present as the power of 
viscous forces outweigh the inertial forces thus mixing of 
the chemical plume is reduced (Moore et al. 1994; Nikora 
2010). Contrastingly, the mid-depth in the water column 
offers a more chaotic environment with increasing veloci-
ties, where turbulence occurs thus causing swirling eddies 
and mixing of water molecules (Nikora 2010). These differ-
ences in hydrodynamic characteristics influence contaminant 
dispersion and change the expected paradigm of exposure 
resultant from ground water versus runoff sources. Thus, 
the differences found in exposure effects in this study are 
directly tied to differences in the physical forces associated 
with the different toxic plume dispersion.

Exposure has been shown to differentially impact agonis-
tic behaviors of organisms by a variety of studies (Alkahem 
1994; Cook and Moore 2008; Saglio et al. 1996, 2001; Slo-
man 2007; Sopinka et al. 2010). These varying effects could 
be explained by differences in exposure paradigms (e.g., tur-
bulent dispersion) or even within the concept of exposure 
itself (e.g., pulse lengths or intermittency). The present study 
offers insight into the importance of considering chemical 
dispersion dynamics in relation to toxic effects on organ-
isms. Currently, definitions of toxicant exposure focus on 
static concentration when measuring physiological (Aksu 
et al. 2015; Glusczak et al. 2007; Gluth and Hanke 1984) 
developmental (Choung et al. 2011; Hayes et al. 2002; John-
son et al. 2007), and behavioral effects of toxicant exposure 
(Ehrsam et al. 2016; Gaworecki and Klaine 2008; Sherba 
et al. 2000). These applications define toxicity based on a 
time-averaged concentration, which is a chemically based 
measure of concentration (e.g., molarity, ppt/ppb) over a 
measured time period (e.g., 24, 48, 72 h) within a static 
testing environment. Yet, the fluctuations of the fine scale 
chemical plume dispersion that occur in the environment 
are not captured in these commonly utilized time-averaged 
static exposure models. Toxicant plumes, whether terrestrial 
or aquatic, are dynamic in nature (Edwards and Moore 2014; 
Harrigan and Moore 2017). Concentrations of toxicants are 
time-dependent and are really fluxes moving past an organ-
ism (Finelli et al. 1999; Reinert et al. 2002). Moreover, 
subtle changes in environmental variables (e.g., flow speed, 
roughness elements) change the nature of those fluxes such 
that organisms residing in a similar region but experiencing 
hydrodynamically different regimes (such as in this study) 
will be exposed to different fluctuations of toxicants (Harri-
gan and Moore 2017). These results point to the need for an 
increased understanding of in situ chemical distribution and 
differences in this distribution due to contaminant source. 
The results of this study infer that the mode of delivery of 
the toxicant may impact the execution of ecologically impor-
tant behaviors in various ways.

From an ecological perspective, agonistic behaviors del-
egate the allocation of important resources, such as shel-
ter, food, and mates between competitors (Earley and Hsu 
2013; Fero et al. 2007; Martin and Moore 2010; Parker 
1974; Smith 1974). In addition, the behaviors displayed by 
animals serve to link physiological processes to ecologi-
cal consequences; therefore, the alterations to physiology 
likely result in important behavioral and ecological process 
changes (Scott and Sloman 2004). Toxicant exposure can 
result in increased maintenance cost of which, given the 
requirement of an energy budget by every animal, energy 
is then pulled from reserves used to fuel other processes 
such as behavior (Jager et  al. 2014). The physiological 
response of detoxification, i.e., levels of cytochrome P450, 
present within exposed animals, with an increase in the low 

Table 6  Mean (± SEM) cytochrome P450 (CYP1A1) concentration 
(pg/mL) in hepatopancreas tissue and acetylcholinesterase (AChE) 
concentration (ng/mL) in abdominal muscle of exposed crayfish

Groups indicate interaction of atrazine concentration (µg/L) and 
mode of delivery. GW indicates ground water mode of delivery, 
whereby MW indicates mid-water mode of delivery

Groups Parameters Mean concen-
tration ± SEM

0 µg/L GW CYP1A1 107.23 ± 4.93
AChE 4.72 ± 0.14

0 µg/L MW CYP1A1 108.83 ± 6.71
AChE 4.29 ± 0.19

40 µg/L GW CYP1A1 111.90 ± 4.69
AChE 4.25 ± 0.13

40 µg/L MW CYP1A1 200.81 ± 4.62
AChE 4.11 ± 0.13

80 µg/L GW CYP1A1 120.21 ± 4.66
AChE 4.24 ± 0.13

80 µg/L MW CYP1A1 106.43 ± 4.56
AChE 4.20 ± 0.13

160 µg/L GW CYP1A1 111.95 ± 5.60
AChE 4.42 ± 0.16

160 µg/L MW CYP1A1 110.31 ± 4.70
AChE 4.18 ± 0.13
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concentration runoff treatment, is mirrored in the agonistic 
behavioral responses observed. Induction of detoxification 
mechanisms in crayfish has been a documented response to a 
range of differing environmental contaminants (Ashley et al. 
1996; Snyder 2000). Differences in agonistic interactions 
may be influenced by the energetic cost of detoxification, 
rather than loss of motor control as displayed in crayfish 
exposed to other contaminants, because acetylcholinester-
ase levels did not differ across treatments due to atrazine 
exposure (Aksu et al. 2015, Fornstrom et al. 1997) (Table 6). 
Increased energy allocation in the process of detoxification 
may also impact the ability to maintain and/or manipulate 
resources obtained proceeding an agonistic interaction, such 
as a mating opportunity or defending a habitat/shelter used 
to protect oneself against predators. The evaluation of these 
survival and fitness impacts should include mode of delivery 
of contaminant, because these consequences may differ for 
various pollutant sources that create differing distribution 
patterns of contaminants.

The alarming increase of human impact on freshwater 
environments and the resulting effects of contaminant expo-
sure create an imperative to understand the distribution of 
chemical pollutants introduced to aquatic systems. Addition-
ally, regulatory target levels of a contamination within an 
environment rely on static-models addressing lethal concen-
trations (USEPA 2017). This study elucidates the impor-
tance of considering dynamic exposure, incorporating the 
pathway (i.e., ground water contamination or surface water 
run-off) that a contaminant enters an aquatic system, in 
future ecotoxicological studies as well as water-impairment 
standards.
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