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ABSTRACT: Field-based ecotoxicology studies are invalu-
able for uncovering the effects of contaminants of emerging
concern (CECs) on aquatic organisms. However, large-scale
exposures are still very rare due to prohibitive costs, the
availability of replicated habitats, and the potential for
exposure to cause lasting damage to the environment. Here,
we evaluated the viability of internal slow-release implants as
an alternative method for manipulating CEC exposures in
aquatic wildlife using two fat-based carriers (coconut oil and
vegetable shortening). We treated roach (Rutilus rutilus) with
implants containing a high (50 μg/g), low (25 μg/g), or
control (0 μg/g) concentration of the behavior-modifying
pharmaceutical oxazepam. We then measured oxazepam
uptake in four tissues (plasma, muscle, liver, and the brain) over 1 month. The two carriers released oxazepam differently:
coconut oil was the superior implant type because it delivered a more consistent dose across time, while vegetable shortening
released oxazepam rapidly at the start of the exposure period. For both carriers and treatments, the brain and liver contained the
most oxazepam. Overall, the method is a promising technique for controlled manipulations of pharmaceuticals in fish, and we
have provided some of the first data on the suitability and contaminant release kinetics from different implant types.

1. INTRODUCTION

Recently, scientists have advocated for studies to “upscale”
their approach to measuring the effects of chemicals of
emerging concern (CECs) in the natural environment.1−4

CECs encompass a range of compounds (e.g., pharmaceuticals,
pesticides, perfluorinated alkylated substances) that have
diverse sources and fates in the environment (e.g., wastewater
treatment plants, manufacturing, animal husbandry).5,6 Upscal-
ing research on CECs broadly means increasing the study
complexity to, for instance, include multiple species,
incorporate natural environmental variability, or increase the
temporal or spatial scale at which studies are being
conducted.2,4 Environmental risk assessment for CECs relies
on extrapolating effects measured in individual-level laboratory
assays to population-level outcomes, even though these
extrapolations sometimes fail to accurately capture the effects
of CECs in the wild.7,8 Field-based, ecosystem-level, or whole-
lake exposure experiments are powerful tools for environ-
mental scientists, ecologists, and toxicologists to study the
effects of CECs in a way that dramatically increases the

environmental relevance of their findings. These experiments
yield valuable data on how CECs affect organisms across
temporal scales, alter trophic interactions among species,
impact survival, and ultimately determine population growth or
decline.9,10 However, despite these compelling arguments of
why field ecotoxicology is important, such studies are still
extremely rare. Several reasons may underlie the reluctance to
carry out such studies, such as limited access to replicate
habitats of optimal size and structure, these studies are often
prohibitively expensive, and the exposures may have long-
lasting effects that will limit the habitat’s use for future studies.
Here we test and suggest an exposure method for field
ecotoxicology studies that will allow researchers to overcome
these challenges to make exposure studies more feasible.
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Internal slow-release implants are one viable method to
manipulate CEC exposures in aquatic organisms for use in
large-scale experiments. In brief, this method involves
suspending a known concentration of a compound in a
liquefied vegetable fat-based carrier (e.g., coconut oil, cocoa
butter). This solution can then be injected into the
intraperitoneal (IP) cavity, where it solidifies. Injectable
implants have been used extensively in endocrinology research
to uncover how steroid hormones (e.g., cortisol, estradiol)
modulate fish physiology, behavior, and immune function.11,12

This technique has several clear benefits for large-scale
ecotoxicology experiments. First, an internal implant reduces
pollution caused by large-scale exposures, making the environ-
ment viable for reuse in future studies. Second, both control
and exposed organisms can be studied in the same lake or
habitat because the exposure is internal, eliminating the need
for replicated experimental habitats. Finally, the implants are
inexpensive and practical to prepare and administer in the
laboratory or field. To date, injectable implants have been used
in several laboratory-based studies focusing on CECs.13,14

However, there has been little to no research on the suitability
of different implant types, the release kinetics of contaminants
from the implants over time, or patterns of tissue-specific
uptake in exposed organisms.
The objective of this study was to evaluate slow-release

implants as a novel method for delivering an internal CEC
exposure in aquatic organisms. Specifically, we measured how
two different implants released a behavior-modifying pharma-
ceutical, the benzodiazepine oxazepam. Benzodiazepines are a
class of highly prescribed anxiolytic medications15,16 that are
widespread contaminants in treated wastewater effluents,
surface waters, and are persistent in aquatic sediments.17−19

Benzodiazepines can modulate fish physiology and behavior
important for fitness at relatively low concentrations (∼1 μg/
L,20−22 but see also ref 23). For example, fish exposed to
benzodiazepines exhibit reduced stress, are more active, more
bold or likely to take risks, and less social, and this has been
found in multiple fish species.20−22,24−26 We therefore selected
a benzodiazepine (oxazepam) as our model compound
because of the clear risk they pose to aquatic organisms.27

Benzodiazepines bioconcentrate in fish tissues,23,28 and their
chemical and physical properties (e.g., log P) are similar to
other behavior-modifying compounds, making our findings
widely applicable.29 To develop and validate our method, we
compared the effectiveness of two fat-based carriers at releasing
oxazepam. We measured the tissue-specific uptake of
oxazepam from the implants across four tissues (liver, brain,
muscle, plasma) over a month-long exposure period to
establish the time frame over which the implants are effective.
To the best of our knowledge, this is the first study to provide
comprehensive data on the release kinetics and tissue-specific
uptake for a pharmaceutical from slow-release implants in
aquatic organisms.

2. MATERIALS AND METHODS

2.1. Fish Collection and Housing. We collected wild
adult roach from Ume River near Umeå, Sweden, using
umbrella traps and transported them live to Umeå University.
Fish were housed in four aerated large, 1500 L, nonchlorinated
groundwater flow through tanks for the duration of the
experiment. Fish were fed a mixture of floating and sinking
pellets (BioMar Inicio) until satiation, once daily. All fish

handling and experimental procedures were approved under
animal ethics permit Dnr A-8-15 to T. Brodin.

2.2. Implant Preparation and Exposure. We prepared
the implants by dissolving oxazepam (CAS 604-75-1, Merck)
in one of two implant types, vegetable shortening (VS, Crisco,
https://www.crisco.com/, a blend of soybean and palm oils) or
coconut oil (CO, Kung’s Markatta Virgin Coconut Oil,
https://www.kungmarkatta.se/). These two substances were
chosen because they remain pliable and soft at low
temperatures characteristic of temperate freshwater environ-
ments, while other compounds (e.g., cocoa butter) harden and
can create brittle implants with sharp edges.30−32 These two
substances are also commercially available, easily acquired, and
cost-effective. We used three exposure treatments, a high dose
(50 μg/g of implant), low dose (25 μg/g of implant), or
control dose (0 μg/g, only implant with no oxazepam).
Oxazepam was stirred in the liquefied carrier for 20 min and
then sonicated in an ultrasound bath at 30 °C for 15 min
(Babdelin Sonorex Digitec) to ensure it was thoroughly mixed.
To implant the fish, we first anesthetized them using MS222

(ethyl 3-aminobenzoate methanesulfonate; Merck; at 0.15 g/
L) and measured body mass (Mettler Toledo, accurate to 0.01
g). We then inserted a passive integrated transponder (PIT)
tag (12 mm, Biomark USA) to identify fish throughout the
study by making a small <5 mm incision on the left side of the
fish’s anterior surface just behind the ventral fin. We implanted
the fish at a dose of 5 μL of implant per g of body weight via
intraperitoneal (IP) injection with a blunted 18-gauge needle
using the same incision as for the PIT tag. We placed the fish’s
abdomen on ice for ∼30 s after injection to ensure the implant
had solidified and then allowed them to recover in a separate
aerated tank for 1 h. We returned the fish to their housing tank
after the procedure. An additional five fish were immediately
sampled (overdose of MS222 0.45 mg/L) without receiving an
implant or tag to serve as a baseline (different from control
fish, see below).
We euthanized five fish per treatment after 24 h of exposure

and every 3 days after that until 25 days had passed (i.e., 24 h,
day 4, day 7, day 10, day 13, day 16, day 19, day 22, day 25). A
smaller subset of fish were implanted as the control fish and
were euthanized only after 24 h, day 13, and day 25
(corresponding to the start, middle, and end of the
experiment). We collected plasma from all fish before terminal
sampling on 24 h, day 13, and day 25. All sampled fish were
euthanized and frozen at −18 °C for later chemical analyses.
We monitored housing tank temperature (8.4 ± 0.42 °C;
range, 7.8−9.5 °C; YSI pro ODO), dissolved oxygen (13.01 ±
0.23 mg/L; range, 12.59−13.39 mg/L; YSI ProODO), and pH
(7.60 ± 0.21; range, 7.27−7.97; Mettler Toledo bench pH
reader) over the exposure period. During the study, three fish
died from unknown causes (two from high CO, one from low
CO). See the Supporting Information Table S1 for sample
sizes and average fish body size by treatment.

2.3. Sample Pretreatment and Chemical Analyses.
After thawing, we weighed samples of muscle, liver, and brain
tissue from each fish (0.1 ± 0.01g) in 2 mL polypropylene
(PP) tubes. After adding 50 ng of internal standard
(Oxazepam-D5, CAS-ID 65854-78-6, Merck; 50 μL of 1 μg/
mL in methanol), samples were extracted twice, sequentially
using 1.5 mL of acetonitrile. Samples were homogenized for 4
min at 42 000 oscillations per minute with zirconium beads
(Mini Beadbeater, Biospec, Bartlesville, OK) and then
centrifuged at 17 500g for 10 min (Beckman Coulter
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Microfuge 22R Centrifuge). This protocol was followed for
both eluent mixtures individually, and the supernatants were
combined, evaporated to dryness (<20 μL), and reconstituted
in 130 μL of methanol. Final extracts were transferred into the
glass autosampler vials with a 200 μL insert and kept frozen at
−18 °C (for a minimum of 24 h). Directly before analysis, the
samples were centrifuged again to settle precipitated proteins
and other solid particles in the sample.
We thawed and pretreated plasma samples (50 μL) in 2 mL

PP tubes by adding 50 ng of the internal standard (Oxazepam-
D5), 50 μL of methanol, and 20 μL of water (with 0.1% formic
acid). Samples were mixed for 2 min (Mini Beadbeater,
Biospec, Bartlesville, OK; no beads were used), frozen at −18
°C for 1 h, then thawed and centrifuged at 17 500g for 10 min.
Final extracts were then transferred again into glass
autosampler vials with 200 μL inserts and analyzed.
We verified the amount of oxazepam in the implants from

three randomly selected fish from each carrier and oxazepam
treatment sampled on day 1, day 13, and day 25 (start, middle,
and end of the experiment). We excised the implant from the
body cavity, homogenized it, and sampled 0.1 (±0.01) g for
analysis. The implant was extracted following the same steps
used in the tissue extractions, except that the centrifuge was set
at 0 °C to solidify the fat from the liquid phase. We also
confirmed that no oxazepam was present in the exposure water
by analyzing a sample of water taken from each tank at the start
and end of the experiment. Water samples were thawed and
prepared by adding 5 ng of internal standard (Oxazepam-D5)
to 10 mL of water. Water samples were acidified with 5 μL of
formic acid and analyzed.
2.4. Instrumental Analysis. All biota samples were

analyzed using a method of liquid chromatography−tandem
mass spectrometry (LC−MS/MS). An ultrahigh-pressure
liquid chromatography (UHPLC) system equipped with an
Ultimate 3000 pump (LPG-3400SD, Thermo Fisher Scientific,
San Jose, CA) and a PAL HTC autosampler (CTC Analytics
AG, Zwingen, Switzerland) connected to the Hypersil GOLD
column (2.1 mm × 50 mm, 3 μm, Thermo Fisher Scientific)
was used for separation of the target analytes. A TSQ Quantiva
triple quadrupole mass spectrometer (Thermo Scientific)
equipped with a heated-electrospray ionization (HESI) ion
source operating in positive mode was used for analyte
identifications and determinations. More information about
MS/MS including the transition ions and HESI settings is
given in the Supporting Information (Table S2). A detailed
description of the method and instrumentation is given in our
previous work.26

Our analytical method for fish samples was validated
regarding its linearity, repeatability, limit of quantification
(LOQ), and recovery. The method was linear over the range of
1 to 50 ng/g (R2 = 0.998). The repeatability of our method
was tested for 15 replicates across all tissues; the relative
standard deviation (RSD) of replicates was 11%. The recovery
of oxazepam was studied by spiking tissues (N = 4 of each)
originating from the control fish with 10 ng of oxazepam per
sample before the extraction procedure. The average recovery
ranged from 106 to 108% depending on the fish tissue. The
instrumental LOQ was derived from the calibration curve. The
peak area corresponding to this LOQ was then used for
calculation of LOQs in the individual samples. Corresponding
values reflect differences among the internal standard (IS)
recovery, weight, and final volumes of the extract in each
sample. The mean LOQs were in range from 0.5 to 1.5 ng/g

depending on the tissue/plasma. More detailed information
about recoveries and LOQs is given in the Supporting
Information (Table S3). Several blank samples were measured
with each series of samples, and in none of those was oxazepam
found above the LOQ.
All implant and water samples were analyzed using a method

of LC−MS/MS, a system with a triple-stage quadrupole mass
spectrometer (Quantum Ultra EMR, Thermo Fisher Scientific,
San Jose, CA) coupled with a liquid chromatographic pump
(Accela, Thermo Fisher Scientific) and an autosampler (PAL
HTC, CTC Analytics AG, Zwingen, Switzerland). Heated
electrospray (HESI), krypton 10.6 eV, in positive ion mode
was used for ionization of the pharmaceuticals. Specific details
related to the determination have been described in detail
previously.33 Our analytical method for water samples have
been validated regarding its linearity, repeatability, limit of
quantification (LOQ), and recovery. The extraction method
used for the implants was validated in this study, and the
standard curve was shown to be in the linear range between 5
and 250 ng/g (R2 = 0.999). Repeatability of our method was
tested (N = 10), and the RSD of replicates was 6%. The
recovery of oxazepam was studied in both vegetable shortening
and coconut oil by spiking both with oxazepam (N = 6 each,
100 ng/g) before the extraction procedure. Average recovery
was 79% (21% RSD) in coconut oil and 61% (RSD 19%) in
vegetable shortening. Instrumental LOQ was derived from the
calibration curve. The peak area corresponding to this LOQ
was then used for calculation of LOQs in individual samples.
The LOQ was 5 ng/g in the implant samples. Several blank
samples were measured with each series of samples, and no
oxazepam was detected above the LOQ in any of these
samples.

2.5. Statistical Analyses. All statistical analyses were
conducted in R, version 3.5.2.34 We used a linear mixed effects
model (LMM, lme4 package35) to test if the concentration of
oxazepam in tissue varied with sampling date (continuous
factor), implant carrier (categorical factor), treatment (cate-
gorical factor), and tissue type (categorical factor). We
included a random effect of fish ID to account for repeated
samples taken from the same fish. We explored all interaction
effects in the model and removed them when nonsignificant.
Oxazepam concentrations were log-transformed to meet model
assumptions. To identify differences in uptake among tissues,
we followed our analyses with a Tukey posthoc to test for
differences among slopes or group means (emmeans pack-
age36).
To determine if tissue oxazepam concentrations were

proportional to the implant treatment (i.e., high vs low), we
calculated an implant bioconcentration factor (implant-BCF,
IBCF) for oxazepam uptake in tissues from the implants using
the following equation:

‐ =implant BCF
tissue concentration

nominal implant concentration

where the concentration in tissues and implants was in ng/g
(or ng/mL for plasma). We then ran a LMM on IBCF using
the same fixed and random factors listed above. We evaluated
the intrafish variability of oxazepam concentration among
tissues by plotting correlations and extracting Pearson
correlation coefficients. To compare tissue-uptake between
implants and waterborne oxazepam exposures, we collected
and plotted average exposure water and tissue concentrations
from already published studies (see full list, supplementary
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data file). We overlaid our data to determine at what water
concentration a fish would have to be exposed to have the
concentration of oxazepam in their tissues that we measured by
using an implant. In all of the above analyses and in the
following graphs, any samples that measured below the LOQ
were set at half the LOQ value.37

3. RESULTS AND DISCUSSION

3.1. Tissue-Specific Uptake from the Implants.
Oxazepam was not detected in any water samples and was <
LOQ in all tissue and plasma samples from baseline and
control fish as well as in the implants from control fish. For
treated fish, oxazepam declined over the exposure period
independent of carrier (Figure 1a,b; Table 1). This decline was
faster for fish implanted with vegetable shortening (VS) than
fish implanted with coconut oil (CO) and also depended on
tissue (day*carrier*tissue interaction effect, Table 2). To
breakdown this three-way interaction, we compared the slopes
for each tissue within each carrier. Slopes did not differ among
tissues for CO-implanted fish (all Tukey slope contrasts p >

0.3, Figure S1, Table S4), indicating that oxazepam was taken
up from the implant consistently across time for all tissues. In
contrast, the slopes for VS-implanted fish were all statistically
different (all Tukey slope contrasts, p < 0.009), except for liver
and muscle (p = 0.91; Figure S1, Table S4). This indicates that
uptake of oxazepam from VS implants was time- and tissue-
dependent. Specifically, oxazepam concentrations declined the
fastest across time for brain tissue, the slowest across time for
plasma, and intermediate for liver and muscle. Because the
slopes were not different for CO-implanted fish, we compared
oxazepam concentrations at an intermediate sampling point
and found that oxazepam was highest in the liver > brain >
plasma = muscle (Figure 1a,b, Table 1 and Figure S2, Table
S5). VS-implanted fish also tended to follow a similar pattern
of tissue specific uptake (liver > brain > plasma = muscle), but
we did not statistically test this given the differences in slopes
and caution that interpreting tissue-specific uptake requires
also considering sampling time for this implant type.
Patterns of tissue-specific oxazepam uptake (liver and brain

accumulating the most oxazepam) were similar to those from

Figure 1. Tissue-specific uptake of oxazepam from the two implant carriers (A) coconut oil and (B) vegetable shortening plotted by exposure
treatment on a log-scale. Solid lines show mean values and the shaded ribbons give the 95% confidence interval around the mean. Circles show
values that were > LOQ, triangles show values that were < LOQ. Any values that were < LOQ were set to 1/2 LOQ value (see Materials and
Methods).
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previous laboratory studies that used waterborne oxazepam
exposures,23,28 except for plasma, because the relative uptake in
plasma has varied across studies. More generally, our findings
also align with previous work showing that psychoactive
pharmaceuticals in general tend to bioconcentrate most in the
brain and liver.38−42 Many interacting variables will determine
tissue-specific uptake (e.g., species-specific factors, environ-
mental or exposure characteristics, physicochemical CEC
properties),42,43 but the implants in our study successfully
distributed oxazepam among tissues similarly to waterborne
exposures.
3.2. Dose Delivery from the Implants. For both implant

types and all tissues, fish exposed to the high dose had more
oxazepam in their tissues than the low dose (effect of
treatment, Table 2; Figure 1a,b). Oxazepam treatment did
not affect the implant-BCF (LMM, effect of treatment, F(1 173)
= 2.03, p = 0.16) or interact with any other factors (e.g., tissue,

sampling time, carrier; all interaction effects p > 0.1),
indicating that uptake from the implants was proportional to
the treatment received for both carriers. However, the
concentration of oxazepam measured directly in the implants
was lower than the nominal concentrations for both treatments
when sampled after 24 h (Table 1). Clearly, some compound
had migrated to the surrounding body tissues, but it is possible
that oxazepam does not dissolve well in fat-based implants or
that the oxazepam is unevenly distributed in the implants or a
combination of both. High RSDs in the recovery experiments
supports the explanation that the oxazepam is unevenly
distributed. The decline of oxazepam in the implants over
time closely reflected the decline of oxazepam in fish tissues
and plasma over time, where CO-implants and implanted fish
showed more stable oxazepam levels, while oxazepam in VS-
implants and implanted fish declined quickly across the
exposure period (Table 1, Figure S3). Previously, Birnie-

Table 1. Mean (s.d.) of Oxazepam Measured in Tissues, Plasma, and Implantsa

Coconut Oil

high, 50 μg/g low, 25 μg/g

1 day 13 days 25 days 1 day 13 days 25 days

liver 39.7 (37.6) 41.20 (47.4) 44.8 (69.1) 33.9 (23.0) 7.1 (1.8) 8.6 (4.6)
5/5 5/5 5/5 5/5 5/5 5/5

brain 15.9 (5.8) 8.8 (2.2) 4.3 (2.0) 9.0 (2.8) 3.7 (1.1) 2.7 (1.3)
5/5 5/5 5/5 5/5 5/5 5/5

muscle 5.9 (1.7) 3.1 (0.6) 1.6 (0.7) 3.2 (0.7) 1.5 (0.4) 1.0 (0.3)
5/5 5/5 5/5 5/5 5/5 5/5

plasma 7.7 (3.2) 3.2 (0.6) 2.1 (1.0) 3.8 (0.4) 2.1 (0.6) 1.0 (0.4)
5/5 5/5 4/5 5/5 4/5 1/4

implant 13670 (704) 13430 (912) 10380 (2388) 9235 (332) 8434 (1699) 7292 (513)
3/3 3/3 3/3 3/3 3/3 3/3

Vegetable Shortening

high, 50 μg/g low, 25 μg/g

1 day 13 days 25 days 1 day 13 days 25 days

liver 255.7 (203.9) 39.3 (23.6) 2.6 (2.5) 118.3 (21.3) 9.0 (5.8) 1.2 (1.7)
5/5 5/5 4/5 5/5 5/5 2/5

brain 100.9 (66.1) 9.8 (6.8) 0.6 (0.3) 70.2 (11.3) 4.5 (4.1) 0.5 (0.6)
5/5 5/5 3/5 5/5 5/5 1/5

muscle 40.1 (24.9) 3.0 (2.0) 0.3 (0.2) 21.1 (2.4) 1.5 (1.4) 0.3 (0.2)
5/5 5/5 1/5 4/4 3/5 1/5

plasma 40.6 (28.1) 3.3 (2.9) NA 31.2 (6.3) 1.7 (1.0) NA
4/5 3/4 0/5 5/5 3/5 0/5

implant 25123 (36429) 325 (362) 34 (21) 2467 (784) 139 (160) 21 (9)
3/3 3/3 3/3 3/3 3/3 3/3

aTissue and implants were measured in ng/g, plasma was measured in ng/mL. Below each mean is a ratio showing the number of samples in which
oxazepam was detected above the limit of quantification (LOQ) over the total number of samples (sample size). For the means, any samples
<LOQ were set to 1/2 the LOQ value (see Materials and Methods).

Table 2. Results and Model Output from a Linear Mixed Effects Model Testing for the Effects of Sampling Day, Carrier Type,
Treatment, and Tissue Type on Oxazepam Concentration

sum sq mean sq df F p

day 93.19 93.19 1 175 393.18 <0.0001
carrier 20.59 20.59 1 180 86.86 <0.0001
treatment 9.11 9.11 1 173 38.42 < 0.0001
tissue 104.68 34.89 3 408 147.21 <0.0001
day*carrier 31368 31.36 1 175 132.30 <0.0001
day*tissue 6.17 2.06 3 407 8.68 <0.0001
carrier*tissue 0.77 0.26 3 407 1.08 0.36
day*carrier*tissue 5.61 1.87 3 407 7.88 <0.0001
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Gauvin et al.30 noted that VS-implants released a higher dose
of cortisol to fish tissues than cocoa butter (not tested here)
and attributed this, in part, to the soft texture of VS at low
temperatures. In this study, VS and CO implants were both
pliable at low temperatures when removed during dissection
(∼5−10 °C), but CO implants were firmer (McCallum, E.,
personal observations). Differences in oxazepam release from
the two implant types may be driven by differences in fatty acid

composition. VS has a higher proportion of unsaturated fat to
saturated fat when compared to CO (2.42 versus 0.0086,
respectively). The rheological properties that govern the
deformation and flow of matter in response to an applied
stress will also differ between the implants. Further studies are
needed in order to correlate the properties of the implants with
the release of oxazepam in fish (e.g., exploring compound
release from fat carriers with different compositions and

Figure 2. Comparative uptake of oxazepam in tissues and plasma for fish implanted with (A) coconut oil or (B) vegetable shortening plotted by
treatment on a log-scale. Dark red and dark blue indicate the high-exposure treatment; light red and light blue indicate the low-exposure treatment
for each carrier, respectively. Pearson R correlation coefficients are plotted on all graphs. All correlations were statistically significant (p < 0.001).
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physicochemical characteristics, measuring diffusion from
implants across synthetic membranes, imaging to identify
structural breakdown of the implant).
3.3. Implant Exposure Variability. We measured

oxazepam variability from each tissue and implant type to
verify exposure consistency. Interindividual differences were
consistent across tissue types with respect to the accumulation
of oxazepam (i.e., individuals that had high concentrations in
their livers also had high concentrations in their other tissues;
correlation coefficients, Figure 2). Overall, interindividual
variation in oxazepam was higher for VS-implanted fish than
CO-implanted fish (see standard deviations, Table 1). This
pattern of oxazepam variation was also present in the implants,
where VS implants were more variable than CO implants
(Table 1; Figure S3). Oxazepam may be more heterogeneously
distributed in VS implants than CO implants, even though
both implant types were prepared following the same
methodology. The similar pattern of oxazepam concentrations
in the tissues and implants indicates that oxazepam likely
diffuses from the implant to the surrounding tissues creating an
equilibrium that declines as oxazepam is cleared from tissues
(via glucuronidation44) and replenished from the implant.
Across tissue types, liver tissue showed the most variation in
oxazepam concentrations for both implant types (Figure 1,
Figure 2). This may be due to variable water content that is
typical in fish livers. Additionally, the liver is positioned in the
body cavity where it may come in direct contact with the
implant, whereas the other tissues are in separate body
compartments.
3.4. Evaluation and Application of This Method. Our

results indicate that coconut oil implant was the superior

because it delivered a stable and consistent exposure over time
that would be well-suited for large-scale and/or long-term
studies in the wild. Using data from previous waterborne
exposure studies, we also determined what concentration of
oxazepam in the water that would cause the tissue
concentrations measured in our study (Figure 3; supplemen-
tary data file). This showed that CO implants were also
superior at creating an oxazepam exposure that would be
similar to an environmentally relevant waterborne exposure in
most tissues (i.e., exposure to <1 μg/L, reported in surface
waters and treated wastewater discharges17,21). For example,
oxazepam measured in the muscle from fish with CO implants
was similar to European perch (∼4 ng/g21) collected
downstream from a wastewater outfall. In contrast, VS
implants were variable and gave a much higher initial
oxazepam exposure (Figure 3) that rapidly decreased. It is
worthwhile to note that even though oxazepam concentrations
in tissues and distribution among tissues were similar to
waterborne exposures (for CO-implants), uptake mechanisms
are still likely to differ between the two exposure methods.
Slow-release implants have largely been used in laboratory

environments to manipulate steroid hormone levels in aquatic
organisms. To our knowledge, this study is the first to provide
comprehensive data on the release and tissue-specific uptake
for a CEC from implants in aquatic organisms. This study is
also the first to quantify CECs directly in an implant itself,
while previous work has relied largely on downstream
biological effects. Based on our results, we are confident that
this method is a useful tool for field ecotoxicology and will
more than likely play an important part in increasing field-
based ecotoxicology studies. Field experiments are crucial for

Figure 3. Scatter plot estimating the waterborne concentration of oxazepam needed to cause the level of oxazepam in tissues found in our study.
Black circles and regression line show tissue concentrations and waterborne exposure concentrations from previous oxazepam exposure studies (see
the supplementary data file for full listing). Colored points show the tissue concentrations after 24 h of implant exposure from each experimental
group in our study (light red CO low; dark red CO high; light blue VS low; dark blue VS high). See Figure S4ab for days 13 and 25.
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informing environmental risk assessment, policy, and con-
servation, but the financial cost and risk they pose for
collaterally impacting wildlife means that these studies are
rarely conducted. Implants would greatly reduce large-scale
environmental contamination caused by whole environment
exposures, but we must also acknowledge that implanted fish
will excrete a small amount of oxazepam back to the water
column, and predator animals (e.g., predatory water birds)
could still be exposed if they fully consumed implanted fish in
the field. Using implants would still address many logistical and
financial issues associated with large-scale exposures, and they
will open up new avenues for “scaling up” research in
ecotoxicology. For instance, implants could be combined
with recent advances in animal tracking technology3,45 (e.g.,
acoustic telemetry), allowing researchers to quantify the fine-
scale behavioral and physiological effects of CECs in real-time
in the natural environment.3 In conclusion, slow-release
implants (coconut oil, in particular) are an effective and
practical method for manipulating CEC exposures in aquatic
wildlife, and as such they are an important tool for field
ecotoxicology. The next steps will be to expand this
methodology to encompass a range of CEC compounds and
more species and to better understand temperature effects on
CEC release.
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