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• High-speed imaging was successful at
capturing fast escape responses.

• Antihistamine exposure altered prey es-
cape responses.

• The changed behaviour indicates a re-
duced ability to evade predator attacks.

• High-speed imaging should be used in
environmental risk assessment.
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Aquatic systems receive a wide range of pharmaceuticals that may have adverse impacts on aquatic wildlife.
Among these pharmaceuticals, antihistamines are commonly found, and these substances have the potential to
influence the physiology of aquatic invertebrates. Previous studies have focused on how antihistamines may af-
fect behaviours of aquatic invertebrates, but these studies probably do not capture the full consequences of anti-
histamine exposure, as traditional recording techniques do not capture important animal movements occurring
at the scale of milliseconds, such as prey escape responses. In this study, we investigated if antihistamine expo-
sure can impact escape responses in aquatic insect, by exposing damselfly (Coenagrion hastulatum) larvae to two
environmentally relevant concentrations (0.1 and 1 μg L−1) of diphenhydramine. Importantly, we used a high-
speed imaging approach that with high-time resolution captures details of escape responses and, thus, potential
impacts of diphenhydramine on these behaviours. Our results show overall weak effects of antihistamine expo-
sure on the escape behaviours of damselfly larvae. However, at stage 2 of the C-escape response, we found a sig-
nificant increase in turning angle, which corresponds to a reduced swimming velocity, indicating a reduced
success at evading a predator attack. Thus, we show that low concentrations of an antihistamine may affect be-
haviours strongly related to fitness of aquatic insect prey – effects that would have been overlooked using tradi-
tional recording techniques. Hence, to understand the full consequences of pharmaceutical contamination on
aquatic wildlife, high-speed imaging should be incorporated into future environmental risk assessments.
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1. Introduction
Freshwater systems receive a wide range of pharmaceutical sub-
stances, primarily via wastewater effluent, with potential adverse im-
pacts on aquatic wildlife (Boxall et al., 2012; Rosi-Marshall and Royer,
2012; Brodin et al., 2014). The nature of these potential impacts is still
poorly understood, but there are studies that have found changed ani-
mal behaviours following exposure to pharmaceuticals, such as benzo-
diazepines (Brodin et al., 2013; Klaminder et al., 2016), selective
serotonin reuptake inhibitors (Valenti Jr. et al., 2012), and antihista-
mines (Jonsson et al., 2014). Such changes, albeit initially non-lethal,
can over the longer term reduce individual fitness and thus survival,
with potential consequences for populations, communities, and ecosys-
tem functioning in freshwaters (Kidd et al., 2007; Rosi-Marshall and
Royer, 2012; Brodin et al., 2014).

It is well known that freshwater insects can be sensitive to
changes in environmental conditions, and insect abundance and
community composition are therefore often used to determine ef-
fects of a changed freshwater environment (Rosenberg and Resh,
1993). Studies thus far have focused on effects of changed pH, eutro-
phication, and metal pollution, whereas much less is known when it
comes to effects of pharmaceutical contamination (Rosi-Marshall
and Royer, 2012). Moreover, focus has been on lethal effects,
whereas pharmaceuticals in freshwaters are foundmostly at concen-
trations (i.e. ng to μg L−1) well below those found to be lethal in lab-
oratory assays (Kolpin et al., 2002). There are, however, studies
showing that environmentally relevant concentrations of pharma-
ceuticals can modify behaviours in freshwater animals without hav-
ing direct lethal effects (Brodin et al., 2014). Therefore, there is a
need to further develop standardized methods that efficiently detect
behavioural changes following exposure to non-lethal concentra-
tions of chemical substances, such as pharmaceuticals.

Among the wide range of pharmaceutical compounds found in sur-
face waters, there are several types of antihistamines that are found at
low concentrations, 1–20 ng L−1, but concentrations up to µg L−1

have also been detected (Stackelberg et al., 2007; Kosonen and
Kronberg, 2009; Gros et al., 2012; López-Serna et al., 2013; Kristofco
and Brooks, 2017). As insects use histamines for neurotransmission
(Hashemzadeh-Gargari and Freschi, 1992; Rosi-Marshall and Royer,
2012), exposure to antihistamines, even at low concentrations, has the
potential to cause changes in physiology and behaviours of freshwater
insects. This may be especially true, as bioconcentration of antihista-
mines in freshwater invertebrates (including insects) have been found
to be very high, both in laboratory (Jonsson et al., 2014; Jonsson et al.,
2015) and field (Lagesson et al., 2016) studies. Accordingly, one study
found that predator-escape behaviours in damselfly larvaewere altered
following exposure to the antihistamines hydroxyzine or fexofenadine,
but whether effects were detected or not depended on the specific be-
haviour measured and differed between the studied antihistamines
(Jonsson et al., 2014).

Thus far, studies have mainly used rather long and imprecise, al-
beit standardized, methods (i.e. personal observations or analyses of
movements recorded with an ordinary camera) to quantify behav-
ioural change following exposure to pharmaceuticals. Hence, effects
on rapid (i.e. at the scale of milliseconds) animal movements – that
still are crucial for determining escape success – may therefore
have been overlooked. Hence, image analysis using a high-speed
camera to record escape behaviours may be required (e.g. Janssens
and Stoks, 2012; Janssens et al., 2014), but, to our knowledge, this
has thus far never been done to assess effects of pharmaceuticals
on aquatic insect behaviours. In this study, we therefore wanted to
use a high-speed imaging approach to quantify potential behavioural
changes in response to pharmaceutical exposure. We did this by ex-
posing larvae of the damselfly Coenagrion hastulatum to two
different, environmentally relevant concentrations of the antihista-
mine diphenhydramine (DPH), while keeping one control group
unexposed, and measured escape response using high-speed imag-
ing. Damselfly larvae show a rapid predator escape response
(Brackenbury, 2003), making them relevant test objects for high-
speed imaging experiments. Further, the larvae of damselflies are
common in lake and pond ecosystems globally (Kalkman et al.,
2008), are easy to hold in laboratory conditions, and therefore a suit-
able organism for behavioural and ecotoxicological studies.

2. Material and methods

2.1. Experimental setup

For this study, we collected 200 similar-sized damselfly (C.
hastulatum) larvae with a sweep net in lake Nydalasjön, that is margin-
ally affected by anthropogenic contaminants, in Umeå, northern
Sweden, in August 2013, three days prior to the beginning of the exper-
iment. Groups of 50 damselfly larvaewere kept in containers filled with
5.0 L of aged, non-chlorinated tapwater in a climate-controlled room, at
20 ± 0.5 °C and 15:9 light:dark regime, to mimic outdoor conditions
during this time of the year. The larvae were fed ad libitum twice a
day with zooplankton (Daphnia sp. and Artemia salina) cultivated at
Umeå University.

To ensure steady state of internal concentrations, exposure to
DPH lasted for seven days (Heynen et al., 2016), during which each
damselfly was housed individually in a single plastic container of
the size 11 × 11 × 6 cm (height, width, depth) containing 0.1 L of
aged tap water. All the other conditions were kept as during acclima-
tion. DPH was added to 20 randomly chosen containers (replicates)
to a concentration of 0.1 μg L−1 (low treatment), and to 20 randomly
chosen containers to a concentration of 1.0 μg L−1 (high treatment),
i.e. concentrations that were predicted to result in an internal con-
centration corresponding to 0.25 and 2 times the human therapeutic
concentration, respectively, while 20 containers were kept clean
from DPH (control treatment). Treated and untreated water was
sampled 30 min after DPH addition and at the end of the 7-day expo-
sure. The chosen concentrations were lower than the 2.2 μg L−1 of
the antihistamine fexofenadine that previously was found to affect
behaviours in damselfly larvae (Jonsson et al., 2014), but similar to,
and lower then, the predicted no-effect concentration of DPH for
the aquatic invertebrate Daphnia magna (i.e. 0.8 μg L−1; Berninger
et al., 2011), and lower than the highest DPH concentrations de-
tected in freshwater surface waters (i.e. 1.4 μg L−1; Kristofco and
Brooks, 2017).

To investigate whether escape response of damselfly larvae changes
following DPH exposure, we recorded the behaviour of 60 larvae (20
from each treatment) before and immediately after exposure. To be
able to measure potential behavioural changes at the scale of millisec-
onds, we used a high-speed camera (Mikrotron MotionBLITZ EoSens
Cube7), equipped with a 50 mm Nikon AF Nikkor lens that was
mounted on a tripod to allow for top-view imaging of the arenas.Weac-
quired images of 1696 × 1710 pixel resolution at a sampling rate of
500 Hz using the software Mikrotron MotionBLITZDirector2 v. 1.4.3.
The pixel-to-mm conversion factor was determined by imaging a ruler
in the field-of-view and measuring the number of pixels per mm
using the software ImageJ. The pixel-to-mm conversion factor was
0.05747 mm.

To measure the escape response, each damselfly larva was carefully
placed in themiddle of the longest side of a grey plastic arenawith a size
of 40.0 × 60.0 × 13.5 cm (height, width, depth), filled with 3.0 L of aged
tap water. The damselfly larva was left in the arena for 15 s, after which
it was touched at the tip of its lamellae (tactile stimulation), with the
point of a 15 cm long stick, which elicits escape response in damselfly
larvae (Brackenbury, 2002). After these response experiments, damsel-
flies were individually weighed with a scale (DeltaRange Mettler PE
360, precision 0.001 g) and then frozen for later DPH concentration
analysis.
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2.2. Determination of DPH

To assess the bioconcentration of DPH, tissue concentrations (full
body) were analyzed after 7 days of exposure (n = 20, for each treat-
ment). Samples were dried; surrogate standards were added (50 ng of
D6 amitriptyline); then extracted sequentially with 1.5 mL acetonitrile
twice. Samples were homogenized for 4 min at 42,000 oscillations per
minute, using a Mini Beadbeater (Biospec. Bartlesville, USA) with zirco-
nium beads and then centrifuged at 14,000 rpm for 10min. Both super-
natants were combined, evaporated to 20 μL and reconstituted in
100mLmethanol. Absolute recoverywas 92% (n=6). Bioconcentration
factors (BCFs) were estimated by dividing individual full body concen-
trations with measured water concentration in the corresponding indi-
vidual aquarium.

Analytical methods to measure the pharmaceuticals in water sam-
ples have been published previously (Lindberg et al., 2014). In short,
the samples were determined by chemical analysis using a triple stage
quadrupole MS/MS TSQ Quantum Ultra EMR (Thermo Fisher Scientific,
San Jose, CA, USA) coupled with an Accela and a Surveyor LC pump
(Thermo Fisher Scientific, San Jose, CA, USA), and a PAL HTC
autosampler (CTC Analytics AG, Zwingen, Switzerland) were used as
analytical system. For a detailed description of the analysis and pretreat-
ment see Lindberg et al. (2014). Biota samples were pre-treated as de-
scribed previously (Brodin et al., 2013; Lagesson et al., 2016). In short,
full-body analysis of pooled samples was used and biota samples were
homogenized and extracted sequentially with acetonitrile. Five-point
standard curves were used for quantification and linearity was 0.999.
2.3. Escape response

Damselfly larvae typically show two types of escape responses
(Brackenbury, 2003): a rapid flex response comparable to the C-
escape of fish, and a twist one, which involves pitch and roll over planes.
Based on kinematics, C-escape response can be divided into two stages
(Domenici and Blake, 1991; Lefrançois and Domenici, 2006): stage 1
(s1), which involves a strong, unilateral, muscular contraction bending
the body into a C-shape, defined as the first detectable movement of
the head, and stage 2 (s2), in which a change in the turning direction
of the anterior body midline is observed and the tail bends in the oppo-
site direction to that in stage 1 (Fig. 1). In this study, we investigated be-
havioural (responsiveness and directionality), kinematics (turning
angles, total escape angle, and angular velocity), and distance-related
components (escape duration and total distance) of the C-escape re-
sponse in damselfly larvae.
Fig. 1.Method for determining escape-response stage 1 (a) and stage 2 (b) turning angles
by overlapping frames extracted from video recording at time 0 (0), time 1 (1), and time 2
(2).
Responsiveness was categorized as escape response, or lack of es-
cape response, to the stimulus. Directionality was categorized according
to if the first movement of the head in s1 was oriented away from or to-
wards the stimulus (Domenici and Blake, 1993). For turning angles
(Domenici and Blake, 1993), s1 turning angle (s1a) was determined
bymeasuring the angle between the straight lines passing from the cen-
tre of the mesonotum to the tip of the head at rest (frame 0) and at the
end of s1 (Fig. 1a), and s2 turning angle (s2a) was determined by mea-
suring the angle between the end of s1 and the end of s2 (Fig. 1b). Total
escape angle was identified as the angle between the body axis at rest
(frame 0) and body orientation at the end of s2. Larvae body positions
at rest, s1, and s2 were extracted with ImageJ (Rasband, 2016), over-
lapped and aligned at the centre of the mesonotum with GIMP 2.8
(www.gimp.org), and then the angles were measured with ImageJ. An-
gular velocity was calculated for s1 and s2. Escape-response duration
was calculated separately for s1 and s2 and as a total, which was the
sum of the distances travelled during s1 and s2.

2.4. Statistical analyses

Upon performing mixed design analysis of variance (ANOVA) with
compound symmetry correlation structure, no significant difference
was found among treatments (all p N 0.4), nor for the interaction be-
tween treatment and time (all p N 0.1). Hence, we split the analysis in
two separate parts of interest. The first analysis focused on individuals
after exposure and aimed at comparing the treatments (low, high, con-
trol). For this purpose, linear statistics (Kruskal-Wallis test) and, for an-
gles, circular statistics (Fisher's Nonparametric Test for a common
median direction; Fisher, 1995) were used (Domenici et al., 2011).
The second analysis focused on time (after vs. before) and aimed at
comparing the escape components of the individuals within each sepa-
rate treatment. For this purpose, linear statistics (Wilcoxon Signed-
Rank test) and, for angles, circular statistics (Moore's test for a common
distribution for paired samples) were used. Analyseswere performed in
R version 3.3.1 (R Core Team, 2017), with packages “exactRankTests”
(Hothorn and Hornik, 2017) and “circular” (Agostinelli and Lund,
2017), and new functions from Pewsey et al. (2013).

3. Results

3.1. Diphenhydramine concentrations

Concentrations of DPH in water varied substantially among repli-
cates, butwere still higher in the high than in the low treatment, and ab-
sent in the controls (Table 1). Over the 7-day period, mean DPH
concentrations dropped by 22.8% and 21.0% in the low and high treat-
ment, respectively. The damselfly larvae exhibited a rather low level
of bioconcentration factors that did not differ between the low and
high treatment (Table 1).

3.2. Behavioural analyses

Survival during exposure and during the behavioural assays was
100% in all treatments. Before the exposure, all individuals reacted to
Table 1
Mean concentrations (±1 SE; n= 20) of diphenhydramine (DPH) inwater and damselfly
tissue, in low (0.1 μg L−1) and high (1.0 μg L−1) treatment, and control (no DPH added),
and bioconcentration factor (BCF) in damselfly tissue. LOQ = limit of quantification; for
water 1.0 ng L−1 and for tissue 0.1 ng g−1.

Treatment

Measured variables Low High Control

DPH in water, day 1 (μg L−1) 0.13 ± 0.59 0.83 ± 0.44 bLOQ
DPH in water, day 7 (μg L−1) 0.10 ± 0.23 0.65 ± 0.20 bLOQ
DPH in damselfly tissue (μg kg−1) 1.5 ± 0.7 8.0 ± 5.0 bLOQ
BCF of DPH in damselfly tissue 15.2 ± 6.8 13.3 ± 8.3

http://www.gimp.org


Fig. 2. Frequency of turning angles at stage 1 (black colour) and stage 2 (white colour) of escape response recorded on each treatment after exposure. Points are grouped in 90 bins. Arrows
represent the sample median direction (from 0° to 180°) and resultant length.
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the tactile stimuluswith an escape response. All but two individuals ori-
ented the head away from the stimulus, and C-escape was observed in
87% of the escape responses. After the exposure, all but four individuals
(1 in the low treatment, 2 in the high treatment, and 1 in control)
reacted to the stimulus with an escape response. Among the ones that
showed responsiveness, all but one individual in the low treatment ori-
ented the head away from the stimulus. C-escape was observed in 91%
of the escape responses.
3.3. Effects among treatments after exposure

Following exposure to DPH, turning angle at s2was significantly dif-
ferent among treatments (p = 0.009), with a greater turning angle in
the high- than in the low-concentration and control treatment
(Fig. 2), while no significant difference among treatments was found
for turning angle at s1 (p = 0.273) or in the total escape angle (p =
0.121; data not shown).With respect to angular velocity (Fig. 3a), dura-
tion (Fig. 3b), and total distance travelled (Fig. 4), no statistical
differences were found among the three treatments after exposure
(all p N 0.15).
Fig. 3.Angular velocity (a) and escape-response duration (b) recorded at stage 1 and stage
2 of escape response recorded on each treatment after exposure. The thick black line
shows the median and the box is defined by the upper and lower quartile (i.e. 25% of
the data are higher and lower, respectively). The box whiskers represent the greatest
and least values, excluding outliers, which are denoted by open circles.
3.4. Within-treatment effects (after vs. before)

In the low-concentration treatment, we found no statistical dif-
ference before and after exposure, with respect to turning angles,
total escape angle, angular velocity, duration, or total distance trav-
elled (all p N 0.16). However, in the high-concentration treatment,
we found significant increases after exposure in the turning angle
of the second stage (from a median of 64.7° to a median of 83.3°;
p = 0.019) and in the total escape angle (from a median of
117.4° to a median of 139.4°; p = 0.035). However, there were
no differences in the first stage turning angle, angular velocity,
duration, or total distance travelled (all p N 0.10). In the control
treatment, there were significant increases in the first stage dura-
tion (from a mean of 22 milliseconds to a mean of 26 milliseconds;
p = 0.024) and in the total distance travelled (from a mean of
6.3 mm to a mean of 8.7 mm; p b 0.001), but not in turning angles,
total escape angle, angular velocity, or in second stage and total du-
rations (all p N 0.14, except for total duration, which was margin-
ally significant at p = 0.078).
4. Discussion

Diphenhydramine (DPH) exposure showed overall weak effects on
damselfly escape behaviour, which could be a consequence of rather
low level of bioconcentration observed in this study. Antihistamines
tend to differ in their propensity to bioconcentrate in aquatic inverte-
brates (Lagesson et al., 2016), with DPH showing much lower BCF
than, for example, hydroxyzine, which also is the antihistamine previ-
ously found to affect the behaviour in damselfly larvae (Jonsson et al.,
2014). There was also high degree of variation in antihistamine
Fig. 4. Total escape-response distance recorded for each treatment after exposure. The
thick black line shows the median and the box is defined by the upper and lower
quartile (i.e. 25% of the data are higher and lower, respectively). The box whiskers
represent the greatest and least values, excluding outliers, which are denoted by open
circles.
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concentrations in bothwater and damselfly larvae, which has been seen
in previous studies (Jonsson et al., 2014, 2015), suggesting that uptake
and/or depuration rates can vary extensively among insect individuals.
However, this variation was not due to the different DPH concentration
in the two treatments, which showed very similar BCFs. Nevertheless,
the observed decrease in antihistamine concentration over the course
of the experiment likely reduced the impact of DPH ondamselfly behav-
iour. In the laboratory, antihistamines show low persistence unless
added continuously (Jonsson et al., 2015), whereas they can show
pseudo persistence in the field due to continuous input via treated
wastewater (Daughton, 2003). Hence, compared to field conditions,
our study likely underestimates potential effects of DPH on insect prey
escape behaviours.

Despite rather weak effects of DPH exposure on escape behav-
iour, the significantly higher turning angle at stage 2 after, compared
to before, exposure in the high-exposure treatment, and compared
to the low and control treatments after exposure (along with higher
total escape angle), indicate that DPH can influence the way in which
an aquatic prey react to a predatory attack. It is important to note
that these effects were found without any lethal effects of exposure,
which underscores the importance of investigating non-lethal (i.e.
behavioural) effects of pharmaceuticals on aquatic wildlife (Brodin
et al., 2014). Moreover, these effects would not have been detected
in observational studies using traditional approaches including
naked-eye observations and ordinary camera equipment tracking
behaviour over seconds tominutes. Our finding of subtle behavioural
changes highlights the need to develop standardized methods using
a high-speed imaging approach to better understand the full conse-
quences of pharmaceutical effects on organisms in natural
environments.

In a C-type escape response, the bend at stage 2 is considered to
be the propulsive stroke, whereas the bend at stage 1 prepares the
animal for escape (Weihs, 1973). Whether or not changes in turning
angle at these stages influence success of predatory escape is still de-
bated, but studies have found that it may affect swimming perfor-
mance and thus, most likely, survival probability of escaping
individuals (Walker et al., 2005; Hitchcock et al., 2015). More specif-
ically, an increased turning angle at stage 2 has been shown to be as-
sociated with lower escape velocities in fish, while turning angle at
stage 1 is more constrained (Hitchcock et al., 2015) and thus less
likely to be influence by external factors, such as changed environ-
mental conditions or exposure to contaminants. Therefore, the
higher turning and total escape angles we found in the high-
exposure treatment, compared to in the low and control treatment,
and following exposure in the high-exposure treatment, respec-
tively, suggest that the ability to evade an attacking predator would
have been lowered following exposure to DPH. The ability of a prey
to evade predator attacks has obvious consequences for prey fitness
(Dill, 1987; Ludwig and Rowe, 1990), and as aquatic insects are im-
portant, and ubiquitous, components of freshwater food webs
(Merritt et al., 1984; Covich et al., 1999), such pharmaceutically
driven alterations of behaviours can potentially have ecosystem-
scale consequences.

By using high-speed imaging, we were able to detect changes in
damselfly behaviours following exposure to an antihistamine that is
found at low concentrations in natural systems. As these changes
would have gone unnoticed, using personal observations or ordinary
camera equipment, our results highlight the advantages of considering
high-speed imaging as a tool for environmental risk assessment of phar-
maceutical impacts. In this study, we used environmentally relevant
concentrations of one antihistamine, but wastewater effluent brings
several types of antihistamines that each could have additional effects,
along with several other types of pharmaceuticals (Vasquez et al.,
2014), in a continuousmanner, resulting in pseudopersistence of other-
wise rapidly degrading compounds (Daughton, 2003). As such, our re-
sults are probably underestimations of effects in contaminated natural
systems, although net effects of pharmaceutical cocktails on aquatic
wildlife in systems receiving wastewater effluent are immensely diffi-
cult to understand and thus predict.
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