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ARTICLE INFO ABSTRACT

Keywords: Many species exhibit social living which offers ecological advantages such as increased foraging opportunities,
S?ciality more efficient locomotion and reduced predation risk. Additionally, exposure to multiple individuals of the same
Fish species can decrease an individual’s stress and metabolic demand, termed social buffering. If disruption to an
r:ttiility animal’s social structure occurs and prevents social buffering, an elevated metabolic rate and thus ventilation
Marine frequency and gill permeability are likely. A potential consequence of this physiological response could be the

increased accumulation of toxicants. The objective of this study was to investigate whether inducing social stress
in marine threespine stickleback (Gasterosteus aculeatus) through social isolation during a sublethal water-borne
copper (Cu) exposure would affect Cu uptake and whether that would translate to differences in behaviour and
biochemical functioning. We hypothesized that isolating threespine stickleback during a Cu exposure would
increase Cu uptake and sublethal toxicity compared to a grouped exposure. Wild-caught fish were exposed to
control, low Cu or high Cu conditions (0 — 150 pg/L of Cu, nominally), either in isolation or groups of six for 96 h.
Isolated stickleback travelled three times less distance, took six times longer to consume food and exhibited
moderately increased gill sodium-potassium ATPase activity than group exposed fish, with no effect of Cu.
Isolated stickleback also demonstrated significantly higher Cu levels in their gill and liver tissue compared to the
group exposed fish. However, this Cu distribution was also present within the control fish, which had not been
exposed to Cu, suggesting that the social context affects endogenous Cu distribution under stressful conditions.
Our results illustrate the differences in physiology and behaviour that can arise when social contexts are
manipulated and stress the importance of considering sociality when conducting toxicity tests with social
organisms.

Sodium-potassium ATPase

1. Introduction et al., 2006; Hennessy et al., 2009; Nadler et al., 2016; Yusishen et al.,

2020). Disruption to beneficial social groupings could affect the physi-

Many species benefit from group living due to increased protection
from predation (Herbert-Read et al., 2017), foraging opportunities
(Herbert-Read et al., 2016) and more efficient locomotion (Marras et al.,
2015). Additionally, the physiological stress response and metabolic
demand can be lessened by the presence of conspecifics, processes
termed the calming effect and social buffering, respectively (Kikusui

ological responses of organisms, which in turn could influence their
interactions with the environment. Without the calming effect and social
buffering metabolism and consequently ventilation frequency would
likely increase to meet higher oxygen demands. In aquatic organisms,
the gills are the primary site of gas exchange (Fernandes et al., 2007),
with extensive blood perfusion, high surface area, and relative
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permeability (Hughes and Morgan, 1973). However, these factors also
enable the uptake of unintended substances from the water (Wood,
2001) and as such, any social upheaval could increase the accumulation
of dissolved toxicants.

The social effects on contaminant uptake and toxicity may be espe-
cially important when considering metal exposure due to their persis-
tence, toxicity and ability to traverse the respiratory membranes of
aquatic organisms (Grosell et al., 2012; Wood et al., 2012). Concentra-
tions of copper (Cu) are also increasing in the environment due to its
continued use in agriculture, industry, and urban activities (Crowe et al.,
2000; Rule et al., 2006; Gobel et al., 2007). Cu is naturally present at
concentrations of < 1-25 pg/L in coastal waters (Leal et al., 2018) but
can reach concentrations as high as 100 pg/L at sites receiving anthro-
pogenic input (Lopez and Lee, 1977). The toxicological effects of Cu
have been well studied in aquatic species (Grosell et al., 2012). This
provides a baseline of knowledge to use in order to delineate the effects
of sociality on Cu toxicity. Low concentrations of Cu are essential for
organisms as the metal serves as co-factor to enzymes in various phys-
iological processes, including energy generation and scavenging free
radicals (Kim et al., 2008). However, elevated environmental concen-
trations can result in accumulating excess Cu, causing damage to
numerous bodily systems (Rainbow, 2007).

The olfactory system can be affected by Cu, as the metal accumulates
in the olfactory epithelia particularly in freshwater environments (Green
et al., 2010; Wang et al., 2013; Jones et al., 2019). Indeed, neurophys-
iological responses of olfactory receptor neurons decreased in coho
salmon (Oncorhynchus kisutch) with Cu exposure in a dose-dependent
manner (Baldwin et al., 2003, 2011). Olfactory inhibition challenges
an individual’s fitness as smell aids in the detection of not only prey but
also predators (Wisenden, 2000; Johannesen et al, 2012). A
non-invasive and ecological proxy for measuring Cu induced olfactory
dysfunction is assessing foraging abilities. Swimming performance is
also impacted by Cu exposure with critical swimming speeds (Ucrit)
decreased after exposure (McGeer et al., 2000; Campbell et al., 2002).
Elevated oxygen consumption co-occured with decreased Ucrit indi-
cating that Cu induced metabolic challenges, which decreased perfor-
mance. Therefore, measuring activity levels post Cu exposure can
indirectly assess metabolic strain. Further, Cu leads to internal ion
dysregulation as the metal mimics monovalent cations like sodium (Na)
and disrupts critical enzymes like sodium potassium ATPase (NKA),
which threatens the ionic homeostasis of an organism (Laurén and
McDonald, 1985; Grosell et al., 2007). Altered internal Na concentra-
tions affects electrochemical and concentration gradients, leading to
increased blood plasma viscosity and cardiac failure (Grosell et al.,
2002). Considering Cu is a strong ionoregulatory toxicant it is unsur-
prising that Cu toxicity is greatly affected by the physicochemical
characteristics of the surrounding environment, in particular environ-
ments with high ionic strength (i.e., marine). Social stress has been
shown to increase contaminant accumulation, but previous work was
conducted on freshwater organisms including rainbow trout (Onco-
rhynchus mykiss) and juvenile perch (Perca fluviatilis) (Sloman et al.,
2002; Heynen et al., 2016). Whether increased Cu accumulation occurs
from the stress of social isolation of individuals from a gregarious marine
species, and whether this leads to sublethal differences in Cu toxicity
remains unknown.

Marine threespine stickleback (Gasterosteus aculeatus) (hereby
referred to as “sticklebacks”) provide an ideal model to investigate the
interaction between sociality and toxicity. Their relative tolerance to Cu
allows for the determination of sublethal effects (Gravenmier et al.,
2005), and their collaborative social structure, in which members of the
shoal are relatively uniform in rank, makes them a suitable test species
(Shaw, 1978; Wark et al., 2011). Generally, in shoaling fish, safety is
presumed to increase with increasing group size due to the dilution ef-
fect (Foster and Treherne, 1981; Cresswell and Quinn, 2011), and
indeed stickleback have demonstrated preferences for larger shoals
(Frommen et al., 2009; Fischer and Frommen, 2013; Thiinken et al.,
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2014). Given stickleback’s sociality, social buffering likely reduces the
magnitude and/or duration of stress, potentially reducing Cu uptake and
sub-lethal effects. Isolating a social species is expected to be physio-
logically maladaptive (Lindsey and Tropepe, 2014) which can cause
stress (Sneddon et al., 2016), particularly within wild caught individuals
accustomed to group-living (Zuberi et al., 2014). We aimed to test if
manipulating stickleback’s social context during an acute exposure to
environmentally relevant concentrations of Cu would change the
tissue-specific Cu burden, activity of gill NKA, locomotion, and food
consumption. We hypothesized that sticklebacks exposed to Cu in
isolation, compared to in groups, would experience elevated stress,
leading to higher organ Cu concentrations resulting in reduced food
consumption, swimming and NKA activity. This investigation will
highlight the effect sociality has on contaminant accumulation and
demonstrate whether this translates to differences in sublethal toxicity.
Assessing if and how these processes can be influenced by sociality will
broaden our understanding of the complexities of ecosystems and help
us to better predict toxicological outcomes within ecosystems in our
changing world.

2. Materials and methods
2.1. Fish collection and husbandry

Stickleback weighing 2.5 4+ 0.04 g (Table S1; mean + standard error
of the mean (S.E.M)) were caught from the Bamfield inlet (11.3 + 1°C,
30 =+ 2.5 parts per thousand (ppt)) on the West coast of Vancouver Island
using pot traps in June of 2021 under licence from Fisheries and Oceans
Canada (XR 176 2021). Traps were placed along coordinates
48°48°53.3" N, 125°09°28.2" W during low tide. Fish were collected
during high tide and transported in aerated 50 L coolers filled with water
from the collection site to Bamfield Marine Science Centre (BMSC;
Bamfield, BC, Canada) by boat (transport time ~ 10 min). Fish were held
in aerated 300 L flow-through tanks with water pumped in from the
Bamfield inlet (11.3 + 1°C, 30 + 2.5 ppt) for a minimum of three days
prior to experimentation. A natural 15 h light: 9 h dark photoperiod was
maintained throughout the study and feeding occurred daily with frozen
bloodworms (Glycera sp.; Big Als, Edmonton, AB, Canada) to satiation.
Sexing of sticklebacks was done retrospectively with an overall 3:1 ratio
of male to female fish (Table S1). All experimentation was conducted
under the approval of the University of Alberta Research Ethics Board
and Bamfield Animal Research Ethics Board and followed the Guidelines
of the Canadian Council on Animal Care (AUP00003829).

2.2. Cu exposure

Cu stock solutions were made from concentrated 1 g/L CuSO4-5 HoO
stock (Sigma Aldrich, Missouri, USA). Three 100 L sub-stocks were then
made with seawater from the Bamfield inlet and 1 g/L concentrated Cu
stock to create sub-stocks with nominal Cu concentrations of 0 pg/L
(control; Ctrl), 50 pg/L (low Cu; LCu), and 150 pg/L (high Cu; HCu).
These exposure concentrations were informed by previous 96-hour LC50
values obtained from freshwater threespine stickleback (Gravenmier
et al., 2005) and adjusted as necessary to suit the goals of the current
study. Sub-stocks were made at least 24 h before use to ensure uniform
distribution of Cu concentration and equilibrium was reached (see
Table 1 for measured values) and re-made as needed. The experiment
began with fish randomly removed from their holding tanks and allo-
cated into one of six treatments reflecting different social contexts and
water treatments. Fish in social contexts of isolation (i.e., one fish; Iso)
or groups (i.e., 6 fish; Grp) were placed into one of three water treat-
ments: control (Ctrl), low Cu (LCu), or high Cu (HCu). Resulting in the
final treatment groupings of one fish in control water (Iso Ctrl), one fish
in low Cu water (Iso LCu), one fish in high Cu water (Iso HCu), six fish
grouped in control water (Grp Ctrl), six fish grouped in low Cu water
(Grp LCu), or six fish grouped in high Cu water (Grp HCu). Exposures
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Table 1
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Measured concentrations of Cu and other ions in exposure water samples. Samples were taken at the beginning of the experiment (0 h) and after the water change
(48 h) and measured via ICP-MS/MS. Values are reported as mean + S.E.M. Concentrations below the detection limit of 29 pg/L are reported as B.D.L.

Social Context Water Treatment Time (hours)

Measured ion concentration

Cu (ug/L) Na (mg/L) Mg (mg/L) Ca (mg/L) K (mg/L)

Isolated Control 0 B.D.L. 10395.9 + 3.1 1156.7 + 8.0 286.1 + 2.5 381.8 +3.1
48 B.D.L. 10446.6 + 1.7 1153.3 £ 4.1 290.5 +1.2 382.0 +1.7

Low Cu 0 B.D.L. 9744.0 + 1.8 1160.0 + 4.5 2839+ 1.4 382.2+1.8

48 B.D.L. 11100.6 £ 1.0 1158.0 + 3.8 282.3 + 0.5 381.5 £ 0.9

High Cu 0 719+ 1.3 10552.8 + 0.8 1127.4 £ 2.1 299.2 + 0.7 375.4+ 0.8

48 723 +1.2 9428.2 +£ 0.9 1129.2 £ 29 301.3 £ 0.9 377.2+0.9

Grouped Control 0 B.D.L. 10478.8 £ 2.2 1152.3 + 4.7 2941 +1.1 379.7 £ 2.2
48 B.D.L. 10650.0 + 0.7 1123.2+1.9 298.7 + 0.8 369.3 + 0.7

Low Cu 0 B.D.L. 9233.1 +£ 3.7 1277.0 £ 49.0 302.2 + 6.5 380.7 + 3.7

48 B.D.L. 9920.0 + 0.8 1150.0 + 3.2 282.6 +1.7 379.7 £ 0.8

High Cu 0 76.7 + 3.4 9373.3 £ 0.8 11341 £ 2.3 301.0 + 0.9 381.2+ 0.8

48 105.0 + 2.8 9413.1 £ 0.9 1137.1 £ 2.4 302.5 + 0.9 382.7 £ 0.9

were conducted in identical 20 litre (L) containers filled with Ctrl, LCu
or HCu water from their respective 100 L sub-stock, with water volume
scaled to maintain body mass to volume ratio and density (3 L water/-
fish, i.e., 3 Lin Iso trials, 18 L in Grp trials) and to control for uptake rate
of Cu while concentrations of Cu remained the same. Transparent black
mesh surrounded the top of the containers to prevent escape during
exposure. All containers were pre-rinsed with 1 % trace metal grade
nitric acid (HNOs, Sigma Aldrich) followed by fresh water prior to use.
Before experimentation, the fish underwent a 24 h settling-in period in
their exposure containers without Cu. During the settling-in period,
sticklebacks were fasted to reduce the potential effect of specific dy-
namic action on accumulation of Cu and exposed to clean (i.e., no added
Cu) static aerated seawater in their respective social contexts. After the
settling-in period, water was exchanged for aerated sub-stock Cu treat-
ment water or Ctrl water depending on groupings. Sticklebacks were
exposed to these conditions for 96 h with a complete water change
occurring after 48 h. Water samples (10 mL) were taken at 0 h and 48 h
(post water change) to measure Cu and other ion concentrations
(Table 1). Fish were also fasted during the 96 h exposure period (total
fasting time of 120 h). Temperature was maintained by placing exposure
containers in water baths (169.5 cm x 72 cm x 22.5 cm, filled to ~
15 cm) holding seawater from the Bamfield inlet (11.3 + 1°C) on flow
through. After the 96 h exposure, fish were either assessed for physio-
logical and biochemical effects of Cu (Cu accumulation and NKA enzyme
activity) or behavioural effects of Cu (food consumption and activity
levels). The specific sample sizes for each treatment group within the
physiological and biochemical assessments were between 6 and 10, and
between 16 and 22 for the behavioural assessments, with specific n
numbers for each experimental group reported in the supporting ma-
terials (Table S2). Behavioural assays were only conducted on fish
exposed to Ctrl and HCu conditions due to time constraints.

Tissue samples for physiological and biochemical analyses were
taken immediately following conclusion of the 96 h exposure. A single
fish (Iso trials) or two fish (Grp trials) were individually transferred to
clean seawater for 1 min to remove any Cu loosely bound to the external
surfaces of the organism to ensure validity of the measured Cu con-
centration values. Fish were then sacrificed using buffered MS-222
(0.5 g/L buffered with sodium bicarbonate (Sigma Aldrich)), weighed,
sexed, quantified for parasite load (Table S1) and dissected. Gill, intes-
tine, liver, and remaining carcass samples were kept for analysis. In Iso
trials, the single fish’s gill and liver tissues were dissected into two, and
intestinal tissue into four: two proximal segments, two distal segments.
One gill and liver section and two intestine sections were placed in a pre-
weighed polypropylene tubes for inorganic ion concentration analyses
(i.e., Cu, Na, K, Mg, Ca). For the intestinal samples one proximal and one
distal segment was used for the physiological analyses. In the Grp trials,
two fish were randomly selected (out of the 6 in the group) with one
fish’s organs measured for physiology (inorganic ion concentration) and

one fish’s gills measured for biochemistry (NKA enzyme activity).

2.3. Water analysis

Water samples (10 mL) were passed through a 0.45 um syringe filter
(Whatman Uniflow, Cytiva) upon extraction, before further filtering
with 0.22 pm nylon syringe filters (Whatman Uniflow, Cytiva). The
number of water samples per water treatment within the Iso social
context was Ctrl: 33, LCu: 10 and HCu: 32, within the Grp social context;
Ctrl: 31, LCu: 10 and HCu: 35 (Table 1). Samples of facility water (n = 5)
and sub-stock solutions (n = 4) were also extracted (Table S3). Water
samples were immediately acidified with 12 pL of 70 % trace metal
grade nitric acid (HNOs, Sigma Aldrich). Filtered and acidified samples
were then diluted 20 times with a solution containing 2 % HNO3 and
0.5 % HCI prior to being measured for concentrations of Cu and dis-
solved inorganic ions using tandem inductively coupled plasma mass
spectroscopy (ICP-MS/MS). For analysis, an Agilent 8800 Triple Quad-
rupole ICP-MS (ICP-QQQ) was used with a RF Power of 1550 W, a RF
reflected power of 18 W, a microMist nebulizer and nickel/copper cones.
The measured concentrations of Cu from water samples obtained from
each of the experimental groups are reported in Table 1. Ctrl and LCu
water samples from both the Iso and Grp social context contained Cu
concentrations of < 29 ug/L i.e., below the limit of detection (B.D.L.).
Measured concentrations of Cu from both social contexts at the two
timepoints (0 and 48 h) was 72 + 0.9 and 90 + 3.3 ug/L, respectively.

2.4. Inorganic ion tissue analysis

Each organ tissue sample was weighed and placed in a 1.5 mL
centrifuge tube with the carcass tissue samples placed in a 20 mL plastic
screw top scintillation vial (Fisher Scientific, Massachusetts, USA). To
acidify the organs, 20-100 times the weight to volume ratio (i.e., 1 mL)
of 2 N Nitric Acid (HNOs; Sigma Aldrich) was added to each tube. To
acidify the carcasses, 3-5 times the weight to volume ratio (i.e., 8 mL) of
2 N nitric acid was added to each vial. These containers were then
incubated at 65°C for 48 h with vigorous vortexing after 24 h. The
samples were then diluted 10-30 times for organ tissues and 1000 times
for whole body digestions before measurement for concentrations of Cu
and dissolved inorganic ions using tandem ICP-MS/MS. Triplicates of
the Dogfish Liver Certified Reference Material DOLT-5 (Sigma Aldrich)
were digested following the same protocol as the tissue digestions to
assess the digestion method and ensure proper quality assurance from
the ICP-MS/MS. Final reported Cu concentrations were not corrected for
recovery. Samples measured for Cu concentration with reported values
below detection limit (B.D.L.) were included in the dataset with the
concentration for the specific ion in the specific tissue listed as zero, as
demonstrated in Lowes et al. (2023).
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2.5. NKA assay

Measurement of NKA activity in gill tissue was determined using
methods previously described (McCormick, 1993), and the compete
methods are included in the SI. To normalize the enzyme activity to the
total protein content (mg protein), the protein concentration was
determined using a Bradford Assay (Bio-Rad) (Bradford, 1976). This
enabled the enzyme activity to be expressed as umol ADP/mg protein/h.

2.6. Behavioural assay

The behavioural arena was oval (Fig. S1 and S2), measuring 55 cm in
length, 33 cm in width, with a circumference of 139 cm. Visual sepa-
ration was achieved by surrounding the arena with a white curtain
(IKEA, Alberta, Canada). Before the beginning of each trial the arena
was filled to a depth of 7 cm with fresh seawater from the Bamfield inlet
(11.3 £ 1°C, 30 £ 2.5 ppt). Within the behavioural arenas was a holding
area that consisted of half the arena and was maintained by a removable
barrier (Fig. S1 & S2). Opposite the holding area an open petri dish held
one food item per fish (i.e., 1 bloodworm in Iso trials or 6 bloodworms in
Grp trials) and the food item(s) were placed into the petri dish before the
fish entered the arena. Inmediately after the 96 h exposure period, fish
were transferred into the holding area of the behavioural arena. Fish
groupings were maintained (i.e., Iso fish underwent behavioural testing
in isolation, and Grp fish remained in the same group during the
behavioural testing) when relocated from the exposure container to the
holding area of the behaviour arena. A 20 min acclimation period pre-
ceded the barrier being lifted using a pulley system after which the fish
gained access to the entirety of the arena (Fig. S1). Stationary video
cameras (Sony FDR-AX43) recording at 24 frames per second (s) filmed
the entire arena from above for the 20 min trial duration. After the trials
concluded the fish were removed and euthanized with buffered MS-222
(see Section 2.2.). To avoid potential Cu contamination two arenas were
constructed: one for Ctrl exposed fish and one for HCu exposed fish. Both
arenas were constructed from identical materials and measured the
same dimensions. At the end of each trial, the arenas were drained and
rinsed with fresh water followed by salt water before re-use. Behavioural
assays occurred between the hours of 9 am and 5 pm from June 20th
2021 to July 8th 2021, with the assays across experimental treatment
groups matched for time of day. Videos were analysed using IdTracker
(v2.1), a tracking software known for its robust ability to delineate be-
tween multiple individuals within a trial (Pérez-Escudero et al., 2014).
Latency to total food consumption (s) and total distance travelled (cm)
were quantified. Not all Iso feeding trials were successfully completed
with the fish not consuming the food item(s) during the allotted trial
duration; this occurred in 11/21 Ctrl Iso trials, 15/21 HCu Iso trials, but
in no Grp trials. Latency to total food consumption in uncompleted trials
were assigned a value of 1200 s, or the full duration of the behavioural
trial, as demonstrated in Delompré et al. (2019). Time to consume food
was scored by hand and determined as the time from the barrier being
lifted and out of the camera’s field of view to the time the fish consumed
the food item.

2.7. Statistical analyses

Data analyses were performed in R (version 4.2.1) and a two-way
analysis of variance (two-way ANOVA) was used for the physiological
and biochemical metrics with water treatment (Ctrl, LCu, HCu) and
social context during exposure (Iso, Grp) as the two factors of interest.
To assess whether differences occurred in Cu concentration in the HCu
water samples a two-way ANOVA was performed with social context
during exposure and time of water sample (0 or 48 h) as the two factors
of interest. As the total distance travelled dataset lacked independence, a
linear mixed effects model (LMM) was used. Water treatment and social
context were fixed effects and tank ID was held as a random effect to
determine the effect of water treatment and social context. An aligned
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rank transformation ANOVA (ART) assessed latency to total food con-
sumption as the dataset violated assumptions of parametric tests. Prior
to testing, assumptions of normality and homoscedasticity (and linearity
in LMM) were confirmed both statistically, using Shapiro-Wilk test to
assess normality and Levene’s test for equal variance, and visually by
inspecting plots of model residuals against fitted values. Data that did
not meet assumptions, namely gill, intestine and liver Cu concentration
datasets, were transformed using the natural logarithm to force
normality and homoscedasticity. Statistical significance was accepted at
p < 0.05 for all assessments. When a significant effect of water treat-
ment, social context, time of water sample, or an interaction was the
outcome of a two-way ANOVA assessment, the Tukey post hoc test was
used to establish the significant differences among factor levels. All data
are reported in bar charts with the bar height illustrating the mean and
error bars denoting S.E.M., with individual datapoints plotted in dots
overlaying the bars. Outliers were determined as values > 2 standard
deviations above or below the mean and were removed from the dataset.

3. Results
3.1. Water chemistry

Measured Cu concentrations were 50-60 % below the nominal
values of 50 and 150 pg/L in LCu and HCu water samples. Ctrl experi-
mental, sub-stock, and facility water samples contained B.D.L. concen-
trations of Cu (Table 1 and S3). LCu experimental water samples were
also B.D.L. therefore, Ctrl and LCu experimental water samples did not
differ. HCu water samples contained 81.5 pg/L of Cu when averaged
across time points and social contexts. Ctrl and HCu, and LCu and HCu
experimental water samples did vary statistically (p < 0.001). Water
samples from the LCu experiment containers contained less Cu
(p < 0.001) than water samples from the LCu sub-stock (which filled the
LCu experiment containers) which contained 40.2 + 0.9 ug/L of Cu. Cu
concentrations within the HCu experimental water samples varied
significantly between the social contexts at the 48 h time assessment
only (p < 0.001). HCu Iso 48 h water samples contained 77 + 3 ug/L of
Cu which was 36 % less Cu than HCu Grp sample’s which contained
105 + 3 ug/L of Cu (p < 0.001).

3.2. Behaviour

Latency to total food consumption and distance travelled during
behavioural trials varied with social context only (p < 0.001). Iso
stickleback consumed food less quickly (Ctrl; 933 + 81 s, HCu;
952 + 90 s) compared to Grp stickleback (Ctrl; 187 + 59 s (p < 0.001),
HCu; 159 + 26 s (p < 0.001)) (Fig. 1A). Ctrl and HCu Iso stickleback
travelled less distance (Ctrl; 512 + 60 cm, HCu; 596 + 80 cm) when
compared to the distance travelled by Ctrl and HCu Grp fish (Ctrl;
1790 + 57 cm (p < 0.001), HCu; 1750 + 54 cm (p < 0.001)) (Fig. 1B). No
effect of water treatment and no interactive effect between the water
treatment and social context were found.

3.3. Tissue-specific Cu concentration

The concentration of Cu in the gill and liver tissue was affected by
social context similarly, with Iso stickleback having higher Cu concen-
trations than Grp fish (Fig. 2A & 2 C). Within the gill tissue Iso fish had
190 % more Cu compared to Grp fish (p = 0.001), though a significant
difference between the social contexts within the same water treatment
was only present in stickleback exposed to HCu. Whereas, in the liver
tissue differences in Cu concentration between Iso and Grp fish was
apparent in every water treatment and overall Iso stickleback had 179 %
more Cu than Grp stickleback (p < 0.001). In the carcass tissue an
overall effect of sociality was also found with Grp fish demonstrating
95 % higher Cu concentrations in their carcass than Iso fish (p = 0.03;
Fig. 2D), but no pairwise differences occured. Cu concentration in the



S.L. Overduin et al.

A

Social context
Grouped

V)

. 1200 - o —— | i .
= * * 3000{ ¢ ° .
S . - ey oo o s
g § . .
g 900 g o ow %.
3 (0] AT 8o
& Too00| Tk
8 5 2000) L2 coc¥
° E 5
9 600 oo TR
K] § T8l B
..—(E S P o; @:o% .
9 k7] © o o ks f .
o S 1000 ) o3
2 = a . B

300 S 3. §
> B E .
e |- = e
2 5
©
- o

S
Control High Cu Control High Cu

Fig. 1. Stickleback behavioural metrics. (A) Time taken to consume all food
item(s), and (B) total distance traveled during the 20 min (or, 1200 second)
behavioural trial. Trials occurred after 96 hours of exposure to control or high
Cu conditions while grouped or isolated. Single dots represent results from
individual trials (latency to total food consumption) or results from individual
fish (total distance traveled), bar height represents the mean and error bars
denote S.E.M. Stars between bars indicate a significant differences across social
contexts within the same water exposure condition.
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Fig. 2. Concentrations of Cu in stickleback (A) gill, (B) intestine, (C) liver and
(D) carcass tissue. Organs were assessed after 96 hours of control, low Cu or
high Cu water exposure conditions while grouped or isolated, and measured via
ICP-MS/MS. Single dots represent individual trials, bar height represents the
mean and error bars denote S.E.M. Stars between bars indicate a significant
differences across social contexts within the same water exposure condition
(two-way ANOVA, p < 0.05).

intestinal tissue of the stickleback was not affected by social context or
Cu exposure (Fig. 2B). No differences were observed within the same
social context across the different water treatments. There were no in-
teractions between social context and Cu exposure concentration for any
of the tissues measured, nor was there an effect of Cu exposure con-
centration, as determined by two-way ANOVA.

3.4. NKA activity

An overall effect of social grouping (p = 0.0207) was evident with
Iso fish having higher gill NKA enzyme activity than Grp fish, although
no specific pairwise differences occurred (Fig. 3). Interactive effects
between the two factors of interest were not identified during two-way
ANOVA analyses for NKA activity, nor was there an effect of water
treatment on the activity of NKA.
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Fig. 3. Stickleback gill NKA activity. Enzyme activity was measured after
96 hours of control or high Cu water exposure conditions while grouped or
isolated. Single dots represent individual trials, bar height represents the mean
and error bars denote S.E.M.

4. Discussion

The overall goal of this study was to assess whether the social context
could alter accumulation of an anthropogenically relevant toxicant and
determine if differences in accumulation translated to differences in
sublethal toxicity. Gill and liver Cu content differed in a socially medi-
ated manner (Fig. 2), with isolated stickleback exhibiting higher con-
centrations of Cu than the grouped stickleback in these organs, however
intestinal and carcass Cu concentrations were not affected by either of
the factors of interest. Differences in gill and liver Cu content may have
arisen from social isolation causing an increase in metabolic activity in
these organs leading to greater Cu accumulation or a redistribution of
endogenous Cu stores as similar tissue-specific Cu concentrations were
found in control as well as copper water treatments. Behavioural (Fig. 1)
and biochemical (Fig. 3) metrics including latency to food consumption,
distance travelled and NKA activity differed only in response to social
context, not water treatment. Our findings highlight the importance of
considering social context as this biotic factor influenced stickleback
physiology and behaviour.

4.1. Water chemistry

The Cu concentrations used in this study were reflective of different
ecological scenarios. The LCu exposure represented an uncontaminated
coastal environment in which Cu concentrations up to 17 pg/L have
been measured (Grosell et al., 2012). In comparison, the HCu water
treatment aimed to represent an exposure in an industrially contami-
nated area within which concentrations exceeding 100 pg/L occur
(Lopez and Lee, 1977).

Measured waterborne Cu concentrations were lower than the nom-
inal concentrations (Table 1) likely because Cu loosely binds to plastic,
dissolved or particulate organic matter, air stones, etcetera (de Mora and
Harrison, 1983; Walker and Watson, 2010; Grosell et al., 2012; Wood
et al., 2012). Cu concentrations in all LCu experimental water samples
were measured as B.D.L., but with level of detection of Cu being 29 pg/L
it is likely that Cu was present in the LCu in the exposure containers.
Indeed, within the LCu sub-stock the Cu concentration was higher (40
+ 0.9 ug/L; Table S3), and we speculate that transferring sub-stock LCu
water into the individual exposure containers provided more material
for the Cu ions to adhere to, which lowered the concentration.

Within the HCu water treatment concentrations of Cu were consis-
tent across both Iso and Grp social contexts at 0 h and the Iso social
context at 48 h (Table 1). In comparison the Grp HCu water at 48 h
displayed elevated levels of Cu (105 + 3 ug/L). As this difference only
occurred in the 48 h (not 0 h) water samples and the water used to fill
both the Iso and Grp HCu exposure containers came from the same sub-
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stock we believe this is due to the Grp fish potentailly having more Cu
loosely bound to the skin surface. Previous research has shown that fish
respond to environmental change by hypersecretion of body mucus
(Handy and Eddy, 1990) and this mucus will bind environmental metals
like Cu. Therefore, it is likely that once the fish were transferred to newly
refreshed HCu water, the mucus was shed and increased the Cu con-
centration. This has been observed previously with the following metals:
lead, Cu, aluminium, zinc and Na (Skidmore, 1970; Handy and Eddy,
1990; Tao et al., 2000; Blewett et al., 2017). Grp exposures contained six
fish compared to a single fish in Iso exposures, therefore six times the
amount of Cu would have been surface-bound and able enter the sur-
rounding water.

4.2. Behaviour

Latency to total food consumption was influenced by social context,
with Iso stickleback consuming food at a slower rate than Grp stickle-
back (Fig. 1A). In more than half of Ctrl and HCu Iso trials, fish did not
consume the food item, whereas total food consumption was seen in all
Grp trials. Stickleback may not be effective foragers in isolation as
previous work with adult zebrafish (Danio rerio), brown trout (Salmo
trutta), goldfish (Carassius auratus) and minnows (Phoxinus phoxinus)
found foraging efficiency to increase with social interaction (Pitcher
et al., 1982; Sundstrom and Johnsson, 2001; Harpaz and Schneidman,
2020). These studies noted that fish performed an explicit series of
motions in relation to food item detection and consumption, which
neighbouring fish noticed and responded to by travelling to the site of
the food item. The presence of waterborne Cu did not impact the rate of
feeding, both Ctrl and HCu exposed fish (in the same social context)
displayed the same rate of feeding. This finding contrasts other studies
that show decreased feeding rates post dietary and waterborne expo-
sures, though to concentrations above that used here (Shaw & Handy,
2006). Alternatively, Cu burden may explain Iso fish’s reduced foraging.
Cu rapidly damages olfaction (Green et al., 2010; Wang et al., 2013;
Jones et al., 2019) and Iso fish exhibited higher organ Cu burdens. It is
possible that Iso fish had higher Cu burdens in their olfactory epithelia
which would lead to greater olfactory impairment, though this was not
measured. Sticklebacks use olfaction for prey detection (Johannesen
et al.,, 2012) and thus olfactory impairment would be expected to
coincide with reduced foraging. Further, Cu’s impacts on the olfactory
system has implications beyond feeding, impaired olfaction could
reduce a fish’s ability to detect predators, decreasing likelihood of sur-
vival (Gosavi et al., 2020).

Activity level was influenced by the social context, with Iso fish
travelling less distance than Grp fish (Fig. 1B). Introduction to a novel
environment typically results in reduced swimming speeds (Matsunaga
and Watanabe, 2010; Diaz Pazmino et al., 2020). This response is
thought to be anxiety-driven, as fish exposed to anxiolytic drugs (Levin
et al., 2007; Bencan et al., 2009) or presented to novel environments in
groups of conspecifics rapidly begin exploration (Diaz Pazmino et al.,
2020). Observing persistently reduced activity in isolated fish could be
indicative of anxiety persisting for longer than in a grouped social
context. Research by Gomez-Laplaza and Morgan (2003) similarly found
isolated angelfish (Pterophyllum scalare) to be less active than a group of
six angelfish. Perhaps isolation increased the perceived predation risk
leading to reduced locomotion as has been shown by Mcintyre et al.
(2012). Again, an alternate explanation could be the social context
specific Cu burden causing metabolic strain in Iso fish which impacted
swimming performance (De Boeck et al., 2006; Calfee et al., 2016).

Not observing an effect of water treatment on feeding or activity
could be due to the low and environmentally relevant Cu concentrations
used (Lopez and Lee, 1977; Acosta et al., 2016) and stickleback’s rela-
tively high tolerance to Cu (Gravenmier et al., 2005). Additionally,
marine environments are protective against Cu as the cations in salt
water compete with Cu ions for uptake and the anions complex with Cu
ions which reduces their bioavailability (Grosell et al., 2012).
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4.3. Tissue-specific Cu concentration

Cu accumulation in the organs of fish exposed to LCu and HCu water
treatment was consistent with the literature; previous studies have
shown similar results at exposure concentrations of 7-30 pg/L (Bervoets
et al., 2001; Sloman et al., 2002). The gills are directly exposed to the
water and constitute one of the main entry routes for dissolved con-
taminants into the body (Wood, 2001). Moreover, marine fish experi-
ence water loss and ion gain from the hyperosmotic environment and
thus drink seawater for hydration and osmoregulatory purposes,
allowing for an intestinal uptake route for waterborne toxicants (Grosell
et al., 2012). Copper specifically enters epithelial cells via three primary
methods: (1) metal-specific carriers (Ctrll and DMT1) which take-up
dissolved Cu from the environment; (2) apical transport channels for
essential cations (e.g., Na, Ca) which Cu ions hijack for their use; and (3)
through paracellular pathways (Grosell et al., 2012; Wood et al., 2012).
Cu accumulated from the environment by the gills and intestines quickly
passes through epithelial cells and travels to the liver (Pelgrom et al.,
1995; Grosell et al., 1998b). Indeed, accumulation of metals are typi-
cally highest in the liver, despite consisting of only a small proportion of
the body’s mass (Miller et al., 1993; Grosell et al., 1997, 1998b, 1998a;
Kamunde et al., 2002). It should be noted that reported Cu concentra-
tions within the organs likely also includes Cu within the plasma of the
organs. However, as the stickleback were euthanized prior to dissection,
blood volume within the organs is low compared to the size of the organ
itself and Cu is rapidly cleared from plasma, plasma Cu levels would only
account for a small proportion of Cu burden within the organ (Pelgrom
et al., 1995; Grosell et al., 2012).

The Cu burden within the gill and liver tissue was higher in Iso than
Grp stickleback (Fig. 2A & 2 C) and this was seen in all three water
treatments, though significant differences in all three water treatments
only occured in the liver. Possibly this was due to Iso stickleback
experiencing elevated stress from isolation leading to increased meta-
bolism and ventilation causing greater Cu accumulation, though this
remains speculative as these metrics were not assessed. Enhanced water
and oxygen transport across the gills would allow more opportunities for
accumulating unintended substances like copper from the water (Wood,
2001). Our study is not the first to demonstrate that social stress in-
creases toxicant uptake (Sloman et al., 2002; Heynen et al., 2016).
However, these studies were primarily freshwater exposures or
measured social subordinance as the form of social stress, which is not
the social dynamic displayed by our species. The present work supports
and expands these findings through the use of a social and
non-hierarchical marine species.

Water treatment did not affect tissue Cu burdens as stickleback
exposed to Ctrl conditions displayed similar gill and liver Cu burdens to
stickleback exposed to LCu and HCu when in the same social context
(Fig. 2A & C). The average Cu content within the gills of Ctrl Iso stick-
leback was 66 + 34 ug/g, compared to LCu and HCu Iso stickleback
which was 45 + 18 and 60 + 27 pg/g, respectively. Liver Cu concen-
trations of Iso stickleback exposed to Ctrl, LCu and HCu were 56 + 13,
70 + 14 and 91 + 27 pg/g respectively. This was elevated compared to
the gill and liver Cu burden of freshwater threespine stickleback
sampled from a river in Belgium containing 7.4 ug/L of Cu was 14 pg/g
and 30 ug/g (Bervoets et al., 2001), making the measured concentra-
tions of Cu in gill and liver tissue of fish exposed to control conditions in
the present study above expected. This could be due to mobilization of
internal Cu reserves in response to social stress. The stress of isolation
and the subsequent enhanced state of arousal would not have been
alleviated with social buffering in the Iso social context (Allen et al.,
2009; Mommer and Bell, 2013), causing the duration and extent of stress
experienced by the Iso stickleback to outweigh that of the Grp stickle-
back. Physiological consequences of stress include the production of
reactive oxygen species (ROS) and oxidative stress (Storz and Imlayt,
1999; Burton and Jauniaux, 2011). Intrinsic antioxidant defenses, such
as metallothionine (MT) and superoxide dismutase (SOD) require
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metals, including Cu for its high oxidation-reduction (redox) potential
(Schwarz et al., 1994; Pitt et al., 1997; Camakaris et al., 1999). As ROS
production is positively correlated with oxygen concentration in tissues
(Birnie-Gauvin et al., 2017) organs that are highly active in times of
stress are more susceptible to oxidative stress. The gills and liver are
both highly active when stressed due to increased requirements for ox-
ygen, glucose, and detoxification (Goldstein et al., 1992, 1993; Jacob
et al., 1999; Pritchard, 2003). Therefore, it is possible that endogenous
Cu was relocated from storage areas within the carcass of Iso fish,
transported to organs at risk of oxidative stress and bound to ROS
scavengers. Indeed, a trend of Iso fish having lower carcass Cu content
compared to Grp fish (Fig. 2D) is noticeable which lends support to this
explanation, though this was not statistically significant. This explana-
tion is speculative however, as no measurements of metabolic rate or
oxidative stress were taken. Further investigation into the effect of social
stress on ROS production would enhance our understanding of the
mechanism behind this finding.

4.4. NKA Activity

Gill NKA activity increased in socially isolated stickleback (Fig. 3)
which contradicted our prediction that Iso fish would have lower NKA
activity because of greater gill Cu accumulation indirectly inhibiting this
enzyme (Laurén and McDonald, 1985). But, with a lack of conspecifics
to provide a calming effect, Iso stickleback may have experienced
elevated cortisol levels, which is known to have an activating effect on
NKA activity (Wendelaar Bonga, 1997; Dang et al., 2000; Hu et al.,
2019). Alternatively, had Iso stickleback been experiencing higher
stress, their oxygen requirements would also be higher requiring more
efficient gas exchange. This is achieved by increasing gill permeability,
perfusion and movement of water over the gills (Wood and Eom, 2021).
A consequence of these adjustments is increased hydromineral dysre-
gulation, therefore Iso fish may have increased NKA activity to maintain
ionoregulation (Wendelaar Bonga, 1997).

Water treatment did not affect NKA activity, which also went against
our predictions, as a higher exposure concentration was expected to
result in greater gill Cu accumulation and NKA inhibition (Laurén and
McDonald, 1985; Grosell et al., 2007). For example, Wu et al. (2015)
saw reduced NKA activity in tilapia (Oreochromis mossambicus) exposed
to Cu, though at concentrations ~ 28-fold higher than the current study.
NKA activity not being affected by water treatment is consistent within
the context of this study however, as a water treatments with higher Cu
concentrations did not result in greater gill Cu burden (i.e., Ctrl, LCu and
HCu Iso exposed fish displayed similar gill Cu burdens).

5. Conclusions

Findings from this experiment highlight the importance, complexity
and implications of social context with regards to stickleback physi-
ology, biochemistry and behaviour. Manipulating the social structure
appears to change how stickleback either accumulate or mobilize
endogenous stores of Cu, resulting in isolated stickleback displaying
higher gill and liver Cu concentrations post exposure. Physical activity
and food consumption changed with social context, likely due to a
combination of isolation heightening anxiety and limiting foraging
abilities, as well as greater Cu burdens in isolated fish potentially
causing metabolic strain and olfactory dysfunction. Isolated stickleback
showed slightly elevated NKA activity which may be indicative of
greater cortisol levels or ionoregulatory impairment. Cu concentration
within the water did not affect any metrics assessed though this may be
due to the low exposure Cu concentrations, high tolerance of threespine
stickleback to Cu (Gravenmier et al., 2005) and protective nature of salt
water against Cu toxicity (Grosell et al., 2012). This research highlights
the toxicological implications of social upheaval as changes to social
dynamics may limit the fitness of organisms in contaminated ecosys-
tems. The authors therefore urge for the consideration of this biotic
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factor in investigations as it may influence numerous physiological and
behavioural parameters.
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