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Abstract

Many “client” coral reef fishes have their ectoparasites removed by the “cleaner” wrasse Labroides dimidiatus in mutu-
alistic interactions. Clients regularly receiving cleaning services reportedly benefit from increased growth and cognitive
performance, but the underlying physiological changes that covary with such benefits are unknown. Here, we tested whether
reduced access to cleaning services affects physiological state in two species of damselfish, Amblyglyphidodon curacao and
Acanthochromis polyacanthus. We performed an in situ removal experiment on the Great Barrier Reef, Australia, whereby
47% of cleaners on a natural reef were removed. Since cleaners occupy defined territories (called “cleaning stations”), this
removal created areas where small, resident clients, including A. polyacanthus and A. amblyglyphidodon, had no access to
cleaning services. One month following cleaner removal, we measured body condition and collected blood samples from
both damselfish species from territories with and without access to cleaners. Blood was used for estimating haematocrit
levels, hormonal analyses, and immune cell counts. We tested for correlations among all these parameters to explore potential
trade-offs in terms of growth, aerobic capacity, immune activation, and/or reproduction as a result of the loss of cleaning
benefits. In both species, we found that fish without access to cleaners had lower haematocrit, testosterone levels, and lym-
phocyte counts than fish with access. There were no significant changes in fish body condition, leukocytes, granulocytes, or
plasma cortisol levels between fish with access to cleaners or not. However, testosterone levels correlated negatively with the
proportion of granulocytes in the blood of fish with access to cleaners. Our results suggest that even a relatively short-term
reduction in access to cleaning services can have negative physiological outcomes for clients. Thus, the presence of cleaners
on coral reefs appears to have important benefits for coral reef fish community health.

Introduction

Parasites exploit their host species (Anderson and May
1981), often causing major negative effects at both the indi-
vidual and population levels (Ebert et al. 2000). However,
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hosts can behaviourally defend themselves against infec-
tion either through prophylactic or therapeutic movement
behaviours (Binning et al. 2017). Prophylactic behaviours
can include selective foraging at non-infected areas (Hutch-
ings et al. 2001), defecating at sites away from their own
nest or den (Ezenwa 2004), or avoiding grouping (Mooring
and Hart 1992). Once individuals are infected, therapeu-
tic behaviours, including ectoparasite removal by clean-
ing organisms, can help to reduce parasite burdens. Such
strategies include some of the best documented examples
of intraspecific cooperative interactions (social grooming/
preening) as well as interspecific mutualistic cleaning inter-
actions (MacFarland and Reeder 1974; Hutchins and Barash
1976; Dean and MacDonald 1981; Kilham 1982; Hart 1990;
Cheney and Co6té 2005). Among the best studied cleaning
mutualisms are the interactions between the cleaner wrasse
Labroides dimidiatus (hereafter “cleaner’”) and its client reef
fishes (Losey 1979). Cleaners interact with both “visitor”
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clients, which have access to multiple cleaners, and with
“resident” clients, which have access to a single cleaner. The
difference in access between residents and visitors is entirely
based on the species territory/home-range size in relation
to cleaner wrasse density on a given reef (Bshary 2001).
Interactions between cleaners and clients have individual
benefits for both players. Cleaners gain food by removing
clients’ ectoparasites (Grutter 1999), and clients experience
reduced parasite loads (Grutter 1995; Grutter et al. 2017),
which is linked to increased growth, greater body condition,
and higher cognitive performance when individuals have
access to cleaning stations (Ros et al. 2011; Clague et al.
2011; Binning et al. 2018). Indeed, limited access to cleaners
increases clients’ cortisol levels (Bshary et al. 2007), likely
due to increased ectoparasite infection (Triki et al. 2016).

Cleaner presence also has flow-on community effects: reef
patches lacking cleaners have lower client species richness,
abundance, and juvenile settlement than nearby areas with
cleaners (Bshary 2003; Sun et al. 2015; Wagner et al. 2015).
Although this growing body of literature highlights the eco-
logical importance of cleaning organisms in nature, we have
a much more limited understanding of the physiological
mechanisms underlying the health benefits experienced by
clients. Studies documenting client health benefits as a result
of access to cleaning services either focus on experimental
infection and cleaning behaviour under laboratory settings
(Jones and Grutter 2005; Triki et al. 2016), or evaluate the
effects of long-term cleaner removal or absence in natural
habitats (Bshary et al. 2007; Ros et al. 2011; Waldie et al.
2011; Clague et al. 2011). However, it is unknown whether
reduced cleaning services for a relatively short-term period
also impact client physiology state. This question is ecologi-
cally relevant as severe weather events such as the 2016 mass
bleaching on the Great Barrier Reef were linked to a decrease
in cleaner densities (Triki et al. 2018) and fluctuations in the
densities of a common ectoparasite gnathiids (Sikkel et al.
2019) in the months following the perturbation. Therefore,
studying the impact of such short-term perturbations might
provide a further understanding of the benefits of the clean-
ing mutualism for client host organisms.

In nature, clients are repeatedly infected by mobile
ectoparasites such as gnathiids (Grutter 2003), and, there-
fore, seek cleaning services up to 140 times per day (Grutter
1995). Over time, these interactions appear to contribute to
improved client body condition and growth (Clague et al.
2011). However, fish body condition alone is a vague indi-
cator of the physiological effects caused by infection with
marine ectoparasites. Various blood components, such as
circulating hormones, immune cells and antigens, or blood
cell composition, can provide more detailed insights about
an individuals’ physiological state (Sopinka et al. 2016). For
example, haematocrit, the red blood cell component of blood
volume, can be used as a proxy to estimate oxygen transport
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capacity (Jones et al. 1990). As most fish ectoparasites feed
on host blood and body fluids (Grutter 1994, 2003), they
can cause a reduction in host haematocrit after 24 h of expo-
sure (Triki et al., 2016). These findings make haematocrit
a critical measure of physiological state. Parasite infection
can also trigger an immune response in hosts, which can be
energetically costly to mount (Sheldon and Verhulst 1996).
Ros et al. (2011) found that fish living on reef patches natu-
rally lacking cleaners had higher antibody activity than fish
with access to cleaners, suggesting that a lack of cleaning
service increases the need for active immunity. Immune cells
(leukocytes), such as lymphocytes and granulocytes play a
significant role in the innate and adaptive immune response
in vertebrates (Bayne and Gerwick 2001). As such, evaluat-
ing the relative proportion of immune cells present in the
blood of fish can also be a reliable indicator of immune acti-
vation and individual physiology state (Davis et al. 2008).
Hormone levels can also be informative for understand-
ing individual physiological state and trade-offs between
various life-history strategies, such as individual investment
in growth versus reproduction, which may be linked to dif-
ferences in behaviour, physiology, and environmental condi-
tions. For instance, glucocorticoids, including cortisol, are
the primary indicators of a stress response in fish (Sopinka
et al. 2016) and can act to suppress the immune response
(Saha et al. 2003) and reproductive function (see review by
Schreck 2010). Reproductive suppression as a result of cor-
tisol exposure can arise indirectly via a loss of body mass
due to long-term energy mobilisation to increase survival
(Van Weerd and Komen 1998). It can also occur directly
via a negative feedback on the release of androgens such
as testosterone and its oxidised form, 11-ketotestosterone
(11-keto) (Hu et al. 2008), which are crucial for reproduc-
tion in fish (Brantley et al. 1993). Conversely, high levels of
androgens can also interfere with individual’s physiological
state indirectly via their immunosuppressive activity (Slater
and Schreck 1997). Assessing the various physiological
indicators together may yield important insights regarding
how individuals manage important trade-offs in their over-
all energy budget. Thus, exploring potential correlations
among such measurements can provide a more accurate
assessment of an individual’s physiology and life-history
state than interpreting each physiological indicator alone.
To test whether an acute reduction in cleaner access
affects client fish physiological indicators, we performed
an in situ cleaner removal experiment on a continuous
natural coral reef on the Great Barrier Reef in Australia.
Cleaner densities were experimentally reduced by half,
creating areas within the reef where resident fish had lim-
ited or no access to a cleaning station within their home
range. One month following cleaner removal, we collected
individuals of two species of damselfish, the staghorn dam-
selfish (Amblyglyphidodon curacao) and the spiny chromis
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(Acanthochromis polyacanthus). Both A. curacao and A.
polyacanthus are mid-sized, common, monomorphic (i.e.,
not possible to differentiate between females and males
from body shape or colouration) resident reef fishes which
are regularly cleaned by L. dimidiatus (Bshary 2001). We
chose these species, because most of the Pomacentrids are
territorial fish (Randall et al. 1997), and it is likely that
these two species have small home-range sizes (Cowlishaw
2014) encompassing no more than one cleaning station
(Bshary 2001). Individuals were collected from territories
with cleaner wrasse and from territories where cleaners
had been experimentally removed. Damselfish were trans-
ported by boat to the laboratory for body measurements
and blood collection, and then returned to their respec-
tive site of capture. The following physiological indica-
tors were measured: body condition, haematocrit level,
immune cells, circulating plasma cortisol, testosterone,
and 11-keto levels. If regular cleaning interactions yield
immediate benefits to clients, we predicted that individuals
without regular access to cleaners would have a relatively
lower physiology state (i.e., lower body condition, low
haematocrit, increased immune cell count, higher cortisol,
and lower testosterone) than those with access to cleaners
despite potential differences between the two study spe-
cies regarding their baseline physiological characteristics.

Materials and methods

Fieldwork was conducted at the Lizard Island Research
Station (LIRS), Great Barrier Reef, Australia (14°40'08.0S
145°27'34.0E), between July and September 2015. The study
site is located on the southwestern edge of the island, at a
depth ranging from 2 to 8 m and is approximately 7000 m?
in surface area (14°41'17.8"S 145°26'33.2"E).

Experimental design

Two SCUBA divers estimated the number of cleaners at the
study site by swimming 2 m-wide circular transects from
the outside of the reef towards its centre. Cleaners typically
occupy small territories called cleaning stations, where they
are routinely visited by client reef fish to get their ectopara-
sites removed (Losey 1979). Sixty-six cleaners were counted
at the study site on 23rd July 2015. The following day, 31
cleaners were removed approximately evenly across the
study site: the aim was to reduce cleaner density by approxi-
mately 50% on the reef. Cleaners were collected by divers
on SCUBA with a barrier net (2x 1 m; 0.5 cm? mesh size)
and hand nets. Removed cleaners were transported back to
the aquarium facilities at LIRS, and held in individual, flow-
through aquaria for the duration of the study. Following the
study, cleaners were released back at the study site.

One month following the cleaners’ removal (August 25th,
2015), divers returned to the study site for observation of cli-
ent fishes. Individual adult A. curacao and A. polyacanthus
were observed underwater for 5 min each to assess their
access to the remaining cleaners. Adults were identified as
having a standard length (SL) greater than 5 cm for A. cura-
cao (Curtis-Quick et al. 2012) and greater than 6 cm for A.
polyacanthus (Kingsford and Hughes 2005). Tags made of
small floats and fishing line were used to mark the territo-
ries of 60 individuals (30 A. curacao; 30 A. polyacanthus)
that showed no apparent signs of injury or illness. For each
species, 15 fish were scored as “with access” and 15 fish
as “without access” to cleaners based on the initial 5 min
behavioural assessment. Divers returned to the site twice
more on consecutive days and re-observed the individuals
on marked territories for 5 min each time. Each fish was
observed for a total of 15 min, this was done to confirm that
individuals had been correctly categorised as either having
or lacking access to cleaners during the initial assessment.

Following these observations, the 60 focal damselfishes
were collected, in two trips, from tagged territories by divers
on SCUBA. On the first trip, 30 captured fishes (i.e., 15
individuals of each species) were immediately placed in
labelled 20 L buckets: fishes with or without cleaner access
were kept separate. Within 1 h of capture, fishes were trans-
ported to LIRS and housed in one of two large aquaria
(110x60x 50 cm, one for each treatment). On the second
trip, we followed similar steps as in the first trip. During the
holding period, fish were provided with aerated seawater
pumped directly from the nearby reef and pieces of cut PVC
pipe (13X 24 cm) serving as shelters.

Blood sampling and fish body condition

Blood sampling was performed on fish 4-10 h after capture.
Thus, our cortisol assay did not measure basal levels (which
would have required sampling within 4 min after capture;
Pankhurst, 2011). Rather, our sampling aimed to measure
a stress response to cumulative stressors such as catching
and transporting (Barton et al. 1986). Before blood sam-
pling, fish were placed in a 20 L bucket with aerated seawa-
ter containing a sedative bath of 30 mg L™! Aqui-S (Triki
et al. 2016). Once the fish were sedated (~ 1 min) which was
determined by a loss of equilibrium, a blood sample (~ 1%
of the fish’s body weight) was drawn from the caudal vein
with a 1 mL heparinised syringe (Ros et al. 2011; Binning
et al. 2015; Triki et al. 2016). Fish from the two species
and treatments were sampled in a counterbalanced (a.k.a.
alternate) order.

Following the blood sampling, we measured fish total body
length (TL) with callipers and body mass on a digital bal-
ance. The mean+SD TL was 9.3 +0.7 cm, n=30 for A. cura-
cao, and 9.4 +1.0 cm, n=30 for A. polyacanthus. Mean + SD
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body mass was 24.2+5.7 g, n=30 for A. curacao, and
27.6+9.4 cm, n=30 for A. polyacanthus. The body condition
index was calculated as the ratio of body mass to TL following
the formula (Mass X Length_b), where b is a coefficient calcu-
lated for each species from a power regression curve of length
and weight (Ros et al. 2011). We used this formula to facili-
tate further comparisons of the results to those in the study
Ros et al. (2011). Fish were allowed to recover at LIRS for 2
days after sampling and fed with tropical fish flakes ad libitum,
twice daily. Fish were then released back at the study site.

Blood analyses

Blood samples were centrifuged for 5 min at 3500 rpm.
The collected plasma was frozen at — 20 °C for subsequent
steroid analyses at the University of Neuchatel, Switzer-
land (see methods in the supplementary material). Haema-
tocrit measurements were recorded immediately from the
freshly sampled blood. Micro-haematocrit capillary tubes
(Hirshman®, Germany) were filled with blood and centri-
fuged at 12,000 rpm for 2 min. Haematocrit was calculated
as the length of the red section (i.e., the volume of red blood
cells) divided by the total length of the centrifuged sam-
ple in the capillary tube. Blood smears were performed by
smearing one drop of fresh blood on a frosted microscope
slide. All blood smears were prepared in double, dried and
stored in an air-conditioned room (temperature set at 25 °C)
to avoid any damage caused by humidity.

Blood smears were prepared for examination at the Uni-
versity of Neuchatel, Switzerland (see methods in the sup-
plementary material). Two cell subtypes were identified
based on the shape of different leukocytes (Fig. S1). Large
spherical cells (i.e., granulocytes) were distinguishable by
the presence of numerous cytoplasmic granules, and small
spherical cells (i.e., lymphocytes) were distinguishable by a
large nucleus and low cytoplasmic volume (Ros et al. 2011).

Steroid assays

Fish blood plasma was assessed for circulating levels of cor-
tisol, testosterone, and 11-keto. Frozen blood plasma sam-
ples kept at —20 °C were extracted and analysed using liquid
chromatography—mass spectrometry HPLC-MS. Detailed
protocols of steroid extraction, analyses, and data readings
are reported in the supplementary material. 11-keto was
undetectable in most samples, suggesting that most indi-
viduals were females (Sangalang et al. 1978).

Statistical analysis

Statistical analyses were carried out in R version 3.3.2 (R
Core Team 2017). Assumptions of linear models were
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assessed with standard diagnostic plots (QQ plots, plots of
residuals vs fitted values) and statistical tests (Bartlett’s test).
We ran linear models for the response variables: haemato-
crit, granulocytes, lymphocytes, cortisol, and testosterone,
and non-parametric tests for the response variables: body
condition, and leucocytes. We tested the effect of client
species and access to cleaners (fixed factors) on the physi-
ological parameters of interest. Fish mass was included as
a covariate in the models for haematocrit and steroid levels
to control for the potential effect of fish body size on these
variables. Specifically, we fitted linear models (LM) to the
steroid and granulocyte data using the function Im() and
generalised least-squares models (GLS) to the haematocrit
and lymphocyte data using the function g/s(). GLS models
were used to account for unequal variances among groups.
We specified Type II sum of squares using the Anova func-
tion in the package car. Haematocrit was log-transformed,
and lymphocyte and granulocyte proportions were logit
transformed to fulfil model assumptions. Body condition
index and the proportion of leukocytes were analysed with
Wilcoxon tests due to violations of the assumptions of nor-
mality and homogeneity of variance. We did not perform
statistical analyses on the 11-keto data due to the very low
sample size (A. curacao: with cleaner access, n =4; without
cleaner access, n=4; A. polyacanthus: n=0). We also tested
for correlations between physiological indicators to explore
potential trade-offs that might indicate shifts in individual
life-history strategies. To do so, we created four matrices
of the different physiological measurements for each spe-
cies and category: A. curacao or A. polyacanthus with either
access to cleaners or without access. We used Spearman
correlations (function corr.test in the package psych).

Results
Body condition and haematocrit

The body condition index did not differ between fishes
with and without access to cleaners in either A. curacao
(Wilcoxon signed-ranks test N=30, W=121, P=0.743),
or A. polyacanthus (Wilcoxon signed-ranks test: N =30,
W=157, P=0.067) (Fig. la, Table 1). Haematocrit dif-
fered between fishes with and without access to clean-
ers (GLS N=56, )(2(1)=5.894, P=0.015); there was no
effect of species (GLS N= 56,)(2(1)=2.003, P=0.156) nor
an interaction between species and cleaner access (GLS
N=56, ;(2(1) =0.058, P=0.809) (Fig. 1b).

White blood cells

White blood cells (leukocytes) proportions were affected
by the restricted access to cleaners in A. curacao
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Fig. 1 Effect of access to cleaner wrasse on physiology indiactors in
two resident client fishes. Box plots of median, interquartile range,
upper and lower quartiles, and outliers of (a) body condition index of:
A. curacao (with access: n=15; without access: n=15), and A. poly-
acanthus (with access: n=15; without access: n=15), and (b) haem-
atocrit percentage of: A. curacao (access, n=13; no access, n=15)
and A. polyacanthus (access, n=14; no access, n=14). *p <0.05

(Wilcoxon signed-rank N=30, W=169, P=0.018), but
not in A. polyacanthus (Wilcoxon signed-ranks N =28,
W=126, P=0.210) (Fig. 2a). With regards to specific
white blood cells, the proportion of granulocytes did
not differ between fish with and without access to clean-
ers (LM N=358, F1,54=0.476, P =0.492); but there
was a client species effect (LM N =358, Fl,54=4.436,
P =0.039), while no significant effect was recorded for
the interaction between species and cleaner access (LM
N=58, F,5,=2.105, P=0.152) (Fig. 2b). Conversely,
fishes with cleaner access had a higher proportion of
lymphocytes than fishes without cleaner access (GLS
N=58,;{2(1)=9.141, P <0.01); the main effect of species
(GLS N=58, ;(z(l)z 3.357, P=0.067) and the interac-
tion between species and cleaner access (GLS: N=158,
)(2(1)=2.818, P =0.093) were non-significant (Fig. 2c).

Table 1 Summary table of the

‘ Physiological marker Amblyglyphidodon curacao Acan-
size effect of reduced cleaner . ,

- - thochromis
wrasse access on physmlogwal polyacanthus
markers in two resident client
species (A. curacao and A. Body condition index —0.51% (n.s.) —15.17% ()
polyacanthus) Haematocrit —21.77% (¥) —24.57% (¥)

Leukocyte proportion —46.96% (*) —13.97% (n.s.)
Granulocyte proportion —33.66% (n.s.) 4.44% (n.s.)
Lymphocyte proportion —62.83% (*) —36.03% (*)
Cortisol levels (ng mL™") —16.26% (n.s.) —25.56% (n.s.)
Testosterone levels (ng mL™h —52.54% (*) —33.83% (*)
Percentage values indicate the mean change in individuals without access to cleaners compared to fish with
access. Values in bold font refer to statistically significant differences (p < 0.05). (*) refers to statistically
significant differences (alpha set at p <0.05); () refers to a tendency, while (n.s.) refers to statistically non-
significant differences
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Fig.2 Effect of access to cleaners on white blood cell propor-
tions in two resident client fishes. Box plots of median, interquartile
range, upper and lower quartiles, and outliers of (a) the proportion
of leukocytes, (b) proportion of granulocytes, and (c¢) proportion of

lymphocytes blood cells from the total blood cell count of A. cura-
cao (access, n=15; no access, n=15), and A. polyacanthus (access,
n=14; no access, n=14). *p < 0.05; **p <0.001
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Steroid levels

Cortisol levels were unaffected by client access to clean-
ers (LM N=56, F | 5, =0.185, P=0.669) or species (LM
N=56, Fis5= 0.006, P =0.939); the interaction between
species and cleaner access was also non-significant
(LM N=56, F|5;,=0.103, P=0.749) (Fig. 3a). How-
ever, fish with access to cleaners exhibited higher lev-
els of testosterone than fish without access (LM N=44,
F 39=10.888, P <0.01). There was also a significant dif-
ference between species with A. polyacanthus displaying
overall higher testosterone levels than A. curacao (LM
N=44, F|3=15.261, P <0.001). There was no inter-
action between species and cleaner access (LM N =44,
F39=3.143, P=0.084) (Fig. 3b).

Correlations

Testosterone levels were negatively correlated with the
proportion of granulocytes in A. curacao when they had
access to cleaners (Spearman rank correlation: A. curacao,
rs=—0.81, N=8, p=0.01). There was a similar trend in
A. polyacanthus, but the correlation was not statistically
significant (Spearman rank correlation, rs=—0.36, N=12,
p=0.26, Supplementary Fig. S2). In contrast, there was
no relationship between testosterone and the proportion
of blood granulocytes in fish without access to cleaners
(Spearman rank correlation: A. curacao, rs=—0.12, N=12,
p=0.73; A. polyacanthus,rs=—0.13, N=12, p=0.68, Sup-
plementary Fig. S3). The other physiological parameters
were either weakly correlated or species-specific rather than
being generally affected by the absence of cleaners (Sup-
plementary Fig. S2 and Fig. S3).
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Fig.3 Effect of access to cleaners on plasma steroid levels in two
resident client fishes. Box plots of median, interquartile range, upper
and lower quartiles, and outliers of (a) cortisol levels in ng mL™! in
A. curacao (access, n=13; no access, n=15) and A. polyacanthus
(access, n=14; no access, n=14), and (b) testosterone levels in ng
mL~! in A. curacao (access, n=38; no access, n=11) and A. polya-
canthus (access, n=13; no access, n=12). ***¥p <0.001
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Discussion

By experimentally removing cleaners, we set out to deter-
mine the effects of a relatively short period of reduced
access to cleaning services on client physiology under natu-
ral conditions. In both species of resident clients tested, we
found that fish with reduced access to a cleaner had lower
haematocrit, testosterone, and lymphocyte levels, whereas
no differences were found in body condition, leukocytes,
granulocytes, and cortisol levels.

Body condition and haematocrit

In both species tested, there was no difference in body con-
dition between individuals with or without access to clean-
ers. These results are contrary to the findings of Ros et al.
(2011), who reported a clear overall lower body condition
in several resident fish species. This discrepancy is likely
due to short-term vs long-term impact. The fish in Ros et al.
were caught on patches naturally lacking cleaners. Thus,
the resident fishes had likely experienced reduced access to
cleaning services over an extended period of time. Sopinka
et al. (2016) suggest that body condition is a reliable indi-
cator of long-term, but not short-term stress. It is, hence,
possible that slow-changing physiological indicators such
as body condition are robust to changes in cleaning services
in the short-term.

Blood haematocrit levels were negatively affected by
the absence of cleaning services. Fishes without access
to cleaners had lower haematocrit than those with access.
Cleaners can remove up to 4.8 ectoparasites per minute
during interactions with some clients (Grutter 1996).
Thus, fish without access to cleaners can harbour more
parasites than the ones with access (Grutter 1999; Clague
et al. 2011). In our study, it is likely that fish caught from
territories without cleaners experienced much higher
levels of ectoparasite infection than those with access to
cleaning services. Some of the most common parasites on
coral reefs, including gnathiid isopods, are hematopha-
gous, and might diminish an individual’s circulating
blood volume. Hosts tend to compensate for this loss of
blood volume through homoeostatic mechanisms which
include increasing plasma volume (Small et al. 1983). This
mechanism results in diluted blood, consequently yielding
low haematocrit readings. Although, we failed to docu-
ment the parasite load from the studied fish due to logis-
tic limitations, our findings are in line with the previous
research where marine hematophagous parasites have been
shown to decrease haematocrit (Jones and Grutter 2005;
Triki et al. 2016). The decline in haematocrit levels can
hence have serious repercussion on fish fitness, through a
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reduced aerobic capacity (Jones et al. 1990; Clark et al.
2013).

White blood cells

Cleaner manipulation affected the leukocyte proportion
only in A. curacao, but not in A. polyacanthus, wherein A.
curacao without access to cleaners had lower proportions
in comparison to A. curacao with access. Nevertheless,
analyses carried out on leukocyte cell subtypes showed that
the proportion of lymphocytes was lower in all fishes with-
out access to cleaners. This outcome was unexpected as we
hypothesised lower physiological status in fish without regu-
lar access to cleaners, and thus higher immune activity in the
form of higher lymphocyte counts, in fish without access to
cleaners as demonstrated by Ros et al. (2011). Intriguingly,
lymphocytes are the immune-competent cells that form the
adaptive immune system, and they are highly sensitive to
stress hormones (Ellis 1977). Stress hormones can decrease
lymphocyte loads dramatically, whereas granulocytes do
not seem to be affected by the stress response (Weyts et al.
1998). Fish lymphocyte cells, as in mammals, possess glu-
cocorticoid receptors, with a high affinity for cortisol. The
binding of cortisol to these receptors in vitro induces lym-
phocyte apoptosis (Saha et al. 2003). Although we did not
find a significant effect of cleaner removal on client fish cor-
tisol levels, our methods of cortisol analysis may have been
insufficient to detect baseline stress levels in our individu-
als (see discussion about cortisol below). Furthermore, our
analyses focused exclusively on evaluating white blood cell
counts rather than their activity. White blood cells counts
have been repeatedly used as a reliable proxy for physiology
state (Chung et al. 2015). However, further research explor-
ing immune activity in addition to white blood cells counts
would be useful to establish the mechanisms by which envi-
ronmental challenges might interfere with immunity.

Steroids

Removal of cleaners was predicted to induce an environmen-
tal stress on resident clients that would impair their response
to parasitic infection (Grutter 1996). Unexpectedly, we
failed to demonstrate a difference in cortisol levels based on
whether fishes had access to cleaners or not. All fishes in our
experiment experienced stress during catching, transport-
ing, and handling in the 4-10 h after capture. Previous work
on Chinook salmon (Oncorhynchus tshawytscha) showed
that repeated stressors may generate a “cumulative stress
response”’, wherein the amount of cortisol detected in the
blood covaries positively with the number of the repeated
handling stress (Barton et al. 1986; Barton 2002). Despite
the long-time gap between the repeated stressors and the
cortisol sampling, Barton et al (1986) still found significant

differences in cortisol readings up to 12 h post-exposure
(Barton et al. 1986). We expected to observe a cumulative
stress response in our fish, such that the stress induced by
the removal of cleaners would simply add to that induced
by the catching and handling stressors. Nevertheless, it is
possible that our individuals reached maximum levels of
circulating blood cortisol, which remained high during the
sampling period (Grutter and Pankhurst 2000; Pankhurst
2011). For instance, our cortisol readings in A. polyacan-
thus were 18-fold higher than readings from the same spe-
cies, but without stressors such as handling (Pankhurst et al.
1999). It appears that the sampling methods to assess circu-
lating cortisol have a major influence on the results: Bshary
et al. (2007) did find higher cortisol levels in clients without
access to cleaners, but Ros et al. (2011) failed to find similar
differences in the circulating levels of cortisol in their study.
Intriguingly, Bshary et al. (2007) measured cortisol levels
in the holding water where fish were housed for one hour
after capture, while Ros et al. (2011) measured the circulat-
ing cortisol from blood plasma sampled within a very short
time lapse (i.e., 8 min maximum) after capture. Together,
it suggests that holding water cortisol can be an alterna-
tive method for assessing baseline or acute stress levels in
fishes (Bshary et al. 2007; Félix et al. 2013). This method
is a non-invasive procedure to evaluate cortisol levels that
depends strongly on the clearance time of the hormone from
the blood plasma through the urine, or by passive diffusion
through the gills (Félix et al. 2013).

Our steroid analyses showed that fish without access to
cleaners experienced a decrease in their circulating testoster-
one levels. In the absence of cleaning service, clients experi-
ence increased parasite infection rates (Grutter et al. 2017).
Therefore, fishes should switch life-history strategies and
invest energy in immune defences rather than in reproduc-
tion following the trade-off hypothesis (Slater and Schreck
1997; Kurtz et al. 2007). Our findings are in line with the
trade-off hypothesis: we found that fishes with access to
cleaners had relatively higher testosterone levels as well as a
negative correlation between testosterone and granulocytes.
Since granulocytes possess androgen receptors, this observa-
tion is not the result of an immunosuppressive effect on these
cells due to high testosterone levels (Slater and Schreck
1993; Slater et al. 1995; Aguila et al. 2013). Rather, fishes
with access to cleaners are likely investing less in immune
defence, since they have their parasites removed regularly.
Therefore, these fishes should preferentially invest energy
in reproduction instead of immunity. Although testosterone
levels were lower in fish without access to cleaners, there
were no apparent trade-offs between testosterone and other
physiological indicators. One month is, perhaps, inadequate
to detect such trade-offs, and this hypothesis should be fur-
ther explored in repeated sampling of sites following cleaner
removal over the course of several months.
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Conclusion

Our findings suggest that cleaner absence creates a challeng-
ing environment for the resident clients sampled. We found
evidence suggesting that a client’s energy allocation in terms
of reproduction versus immunity can adjust even within
one month period. Our findings add to the growing body
of literature on the direct benefits of repetitive cooperative
interactions in nature. They suggest that acquired benefits, in
the presence of such relationship, can improve physiological
state, and shape an individuals’ energy allocation patterns
towards reproduction rather than immune defence.

Data availability

The data and the statistical analyses script that support the
findings of the present study are available in the repository
Figshare: (https://doi.org/10.6084/m9.figshare.5032262).

Acknowledgements We thank the staff of LIRS for their support and
friendship; Dr Albert Ros for help with the blood smear analyses; Radu
Slobodeanu for help with the statistical analyses; and Jennifer McClung
for commenting on an earlier version of the manuscript. SAB is funded
through the Natural Sciences and Engineering Research Council of
Canada and the Canada Research Chair program. This project was
funded by the Swiss National Science Foundation (grant number
31003A_153067/1 to R.B.).

Author contributions RB, ZT and CD conceived the study. ZT, CD,
DGR and SAB finalized data collection design. CD and ZT collected
the data with assistance from DGR and SAB. GG performed the HPLC-
MS analyses. ZT ran statistical analyses and generated the figures. ZT
and CD wrote the first draft of the manuscript, and ZT incorporated
comments from all co-authors.

Conflict of interest All authors declare that they have no conflict of
interest.

Ethical standards The Animal Ethics Committee of the Queensland
government (DAFF) approved the project (CA 2015/06/869).

References

Aguila S, Castillo-Briceno P, Sanchez M, Cabas I, Garcia-Alcazar A,
Meseguer J, Mulero V, Garcia-Ayala A (2013) Specific and non-
overlapping functions of testosterone and 11-ketotestosterone in
the regulation of professional phagocyte responses in the teleost
fish gilthead seabream. Mol Immunol 53:218-226. https://doi.
org/10.1016/j.molimm.2012.08.002

Anderson RM, May RM (1981) The population dynamics of micro-
parasites and their invertebrate hosts. Philos Trans R Soc Lond B
Biol Sci 291:451-524

Barton BA (2002) Stress in fishes: a diversity of responses with par-
ticular reference to changes in circulating corticosteroids. Integr
Comp Biol 42:517-525. https://doi.org/10.1093/icb/42.3.517

@ Springer

Barton BA, Schreck CB, Sigismondi LA (1986) Multiple acute dis-
turbances evoke cumulative physiological stress responses in
Juvenile Chinook Salmon. Trans Am Fish Soc 115:245-251.
https://doi.org/10.1577/1548-8659(1986)115%3c245:MADEC
P%3e2.0.CO;2

Bayne CJ, Gerwick L (2001) The acute phase response and innate
immunity of fish. Dev Comp Immunol 25:725-743. https://doi.
org/10.1016/S0145-305X(01)00033-7

Binning SA, Ros AFH, Nusbaumer D, Roche DG (2015) Physiological
plasticity to water flow habitat in the damselfish, Acanthochromis
polyacanthus: Linking Phenotype to Performance. PLoS ONE
10:e0121983. https://doi.org/10.1371/journal.pone.0121983

Binning SA, Shaw AK, Roche DG (2017) Parasites and host per-
formance: incorporating infection into our understanding of
animal movement. Integr Comp Biol 57:267-280. https://doi.
org/10.1093/icb/icx024

Binning SA, Roche DG, Grutter AS, Colosio S, Sun D, Miest J, Bshary
R (2018) Cleaner wrasse indirectly affect the cognitive perfor-
mance of a damselfish through ectoparasite removal. Proc R Soc
B Biol Sci 285:20172447. https://doi.org/10.1098/rspb.2017.2447

Brantley RK, Wingfield JC, Bass AH (1993) steroid levels in porich-
thys notatus, a fish with alternative reproductive tactics, and a
review of the hormonal bases for male dimorphism among tel-
eost fishes. Horm Behav 27:332-347. https://doi.org/10.1006/
hbeh.1993.1025

Bshary R (2001) The cleaner fish market. In: Noé& R, Van Hooff
JARAM, Hammerstein P (eds) Economics in nature: social dilem-
mas, mate choice and biological markets, Cambridge University
Press, Cambridge, pp 146-172.

Bshary R (2003) The cleaner wrasse, labroides dimidiatus, is a key
organism for reef fish diversity at Ras Mohammed national park.
Egypt J Anim Ecol 72:169-176

Bshary R, Oliveira RF, Oliveira TS, Canério AV (2007) Do cleaning
organisms reduce the stress response of client reef fish? Front
Zool 4:21. https://doi.org/10.1186/1742-9994-4-21

Cheney KL, Coté IM (2005) Mutualism or parasitism? The variable
outcome of cleaning symbioses. Biol Lett 1:162—165. https://doi.
org/10.1098/rsbl.2004.0288

Chung J, Ou X, Kulkarni RP, Yang C (2015) Counting white blood
cells from a blood smear using Fourier ptychographic micros-
copy. PLoS ONE 10:e0133489. https://doi.org/10.1371/journ
al.pone.0133489

Clague GE, Cheney KL, Goldizen AW, McCormick MI, Waldie PA,
Grutter AS (2011) Long-term cleaner fish presence affects growth
of a coral reef fish. Biol Lett 7:863-865. https://doi.org/10.1098/
rsbl.2011.0458

Clark TD, Sandblom E, Jutfelt F (2013) Aerobic scope measurements
of fishes in an era of climate change: respirometry, relevance
and recommendations. J Exp Biol 216:2771-2782. https://doi.
org/10.1242/jeb.084251

Core Team R (2017) A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna

Cowlishaw M (2014) Determinants of home range and territory size in
coral reef fishes. PhD thesis, James Cook University. http://resea
rchonline.jcu.edu.au/40802/

Curtis-Quick JA, Ahmadia GN, Smith DJ (2012) Feeding plasticity
of reef fish. In: Proceedings of the 12th international coral reef
symposium, Cairns, Australia. pp 9-13

Davis AK, Maney DL, Maerz JC (2008) The use of leukocyte profiles to
measure stress in vertebrates: a review for ecologists. Funct Ecol
22:760-772. https://doi.org/10.1111/j.1365-2435.2008.01467.x

Dean WRIJ, MacDonald IAW (1981) A review of African birds feeding
in association with mammals. Ostrich 52:135-155. https://doi.
org/10.1080/00306525.1981.9633599

Ebert D, Lipsitch M, Mangin KL (2000) The effect of parasites on host
population density and extinction: experimental epidemiology


https://doi.org/10.6084/m9.figshare.5032262
https://doi.org/10.1016/j.molimm.2012.08.002
https://doi.org/10.1016/j.molimm.2012.08.002
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1577/1548-8659(1986)115%3c245:MADECP%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(1986)115%3c245:MADECP%3e2.0.CO;2
https://doi.org/10.1016/S0145-305X(01)00033-7
https://doi.org/10.1016/S0145-305X(01)00033-7
https://doi.org/10.1371/journal.pone.0121983
https://doi.org/10.1093/icb/icx024
https://doi.org/10.1093/icb/icx024
https://doi.org/10.1098/rspb.2017.2447
https://doi.org/10.1006/hbeh.1993.1025
https://doi.org/10.1006/hbeh.1993.1025
https://doi.org/10.1186/1742-9994-4-21
https://doi.org/10.1098/rsbl.2004.0288
https://doi.org/10.1098/rsbl.2004.0288
https://doi.org/10.1371/journal.pone.0133489
https://doi.org/10.1371/journal.pone.0133489
https://doi.org/10.1098/rsbl.2011.0458
https://doi.org/10.1098/rsbl.2011.0458
https://doi.org/10.1242/jeb.084251
https://doi.org/10.1242/jeb.084251
http://researchonline.jcu.edu.au/40802/
http://researchonline.jcu.edu.au/40802/
https://doi.org/10.1111/j.1365-2435.2008.01467.x
https://doi.org/10.1080/00306525.1981.9633599
https://doi.org/10.1080/00306525.1981.9633599

Marine Biology (2020) 167:48

Page90of 10 48

with Daphnia and six microparasites. Am Nat 156:459-477. https
://doi.org/10.1086/303404

Ellis AE (1977) The leucocytes of fish: a review. J Fish Biol 11:453—
491. https://doi.org/10.1111/j.1095-8649.1977.tb04140.x

Ezenwa VO (2004) Selective defecation and selective foraging: antipar-
asite behavior in wild ungulates? Ethology 110:851-862. https://
doi.org/10.1111/j.1439-0310.2004.01013.x

Félix AS, Faustino AI, Cabral EM, Oliveira RF (2013) Noninvasive
measurement of steroid hormones in zebrafish holding-water.
Zebrafish 10:110-115. https://doi.org/10.1089/zeb.2012.0792

Grutter AS (1994) Spatial and temporal variations of the ectoparasites
of seven reef fish species from Lizard Island and Heron Island,
Australia. Mar Ecol Prog Ser 115:21-30

Grutter AS (1996) Parasite removal rates by the cleaner wrasse
Labroides dimidiatus. Mar Ecol Prog Ser 130:61-70. https://doi.
org/10.3354/meps 130061

Grutter A, Pankhurst NW (2000) The effects of capture, handling,
confinement and ectoparasite load on plasma levels of cortisol,
glucose and lactate in the coral reef fish Hemigymnus melapterus.
J Fish Biol 57:391-401. https://doi.org/10.1006/jfbi.2000.1312

Grutter BMD, Bshary R, Cheney KL, Cribb TH, Madin EMP, McClure
EC, Meekan MG, Sun D, Warner RR, Werminghausen J (2018)
Sikkel PC (2017) Parasite infestation increases on coral reefs with-
out cleaner fish. Coral Reefs 37:15-24. https://doi.org/10.1007/
s00338-017-1628-z

Grutter AS (1995) Relationship between cleaning rates and ectoparasite
loads in coral reef fishes. Mar Ecol Prog Ser 118:51-58

Grutter AS (1999) Cleaner fish really do clean. Nature 398:672-673

Grutter AS (2003) Feeding ecology of the fish ectoparasite Gnathia sp.
(Crustacea: Isopoda) from the Great Barrier Reef, and its implica-
tions for fish cleaning behaviour. Mar Ecol Prog Ser 259:295-302

Hart BL (1990) Behavioral adaptations to pathogens and parasites:
five strategies. Neurosci Biobehav Rev 14:273-294. https://doi.
org/10.1016/S0149-7634(05)80038-7

Hu G-X, Lian Q-Q, Lin H, Latif SA, Morris DJ, Hardy MP, Ge R-S
(2008) Rapid mechanisms of glucocorticoid signaling in the Ley-
dig cell. Steroids 73:1018-1024. https://doi.org/10.1016/j.stero
ids.2007.12.020

Hutchings MR, Gordon 1J, Kyriazakis I, Jackson F (2001) Sheep
avoidance of faeces-contaminated patches leads to a trade-off
between intake rate of forage and parasitism in subsequent forag-
ing decisions. Anim Behav 62:955-964. https://doi.org/10.1006/
anbe.2001.1837

Hutchins M, Barash DP (1976) Grooming in primates: Implications
for its utilitarian function. Primates 17:145-150. https://doi.
org/10.1007/BF02382848

Jones CM, Grutter AS (2005) Parasitic isopods (Gnathia sp.) reduce
haematocrit in captive blackeye thicklip (Labridae) on the Great
Barrier Reef. J Fish Biol 66:860-864

Jones JG, Holland BM, Hudson IRB, Wardrop CAJ (1990) Total cir-
culating red cells versus haematocrit as the primary descriptor of
oxygen transport by the blood. Br J Haematol 76:288-294. https
://doi.org/10.1111/5.1365-2141.1990.tb07886.x

Kilham L (1982) Cleaning/feeding symbioses of common crows with
cattle and feral hogs. J Field Ornithol 53:275-276

Kingsford MJ, Hughes JM (2005) Patterns of growth, mortality, and
size of the tropical damselfish Acanthochromis polyacanthus
across the continental shelf of the Great Barrier Reef. Fish Bull
103:561-573 .

Kurtz J, Kalbe M, Langefors A, Mayer I, Milinski M, Hasselquist D
(2007) An experimental test of the immunocompetence handicap
hypothesis in a teleost fish: 11-ketotestosterone suppresses innate
immunity in three-spined sticklebacks*. Am Nat 170:509-519.
https://doi.org/10.1086/521316

Losey GS Jr (1979) Fish cleaning symbiosis: proximate causes of host
behaviour. Anim Behav 27:669-685

MacFarland CG, Reeder WG (1974) Cleaning symbiosis
involving Galapagos tortoises and two species of Dar-
win’s finches. Z Fiir Tierpsychol 34:464-483. https://doi.
org/10.1111/.1439-0310.1974.tb01816.x

Mooring MS, Hart BL (1992) Animal grouping for protection from
parasites: selfish herd and encounter-dilution effects. Behaviour
123(3-4):173-193. https://doi.org/10.1163/156853992X00011

Pankhurst NW (2011) The endocrinology of stress in fish: An environ-
mental perspective. Gen Comp Endocrinol 170:265-275. https://
doi.org/10.1016/j.ygcen.2010.07.017

Pankhurst NW, Hilder PI, Pankhurst PM (1999) Reproductive condition
and behavior in relation to plasma levels of gonadal steroids in
the Spiny damselfish Acanthochromis polyacanthus. Gen Comp
Endocrinol 115:53-69. https://doi.org/10.1006/gcen.1999.7285

Randall JE, Allen GR, Steene RC (1997) Fishes of the Great Barrier
Reef and Coral Sea. University of Hawaii Press

Ros AFH, Lusa J, Meyer M, Soares M, Oliveira RF, Brossard M,
Bshary R (2011) Does access to the bluestreak cleaner wrasse
Labroides dimidiatus affect indicators of stress and health in resi-
dent reef fishes in the Red Sea? Horm Behav 59:151-158. https://
doi.org/10.1016/j.yhbeh.2010.11.006

Saha NR, Usami T, Suzuki Y (2003) A double staining flow cytometric
assay for the detection of steroid induced apoptotic leucocytes in
common carp (Cyprinus carpio). Dev Comp Immunol 27:351-
363. https://doi.org/10.1016/S0145-305X(02)00116-7

Sangalang GB, Freeman HC, Flemming RB (1978) A simple tech-
nique for determining the sex of fish by radioimmunoassay using
11-ketotestosterone antiserum. Gen Comp Endocrinol 36:187-
193. https://doi.org/10.1016/0016-6480(78)90021-7

Schreck CB (2010) Stress and fish reproduction: the roles of allostasis
and hormesis. Gen Comp Endocrinol 165:549-556. https://doi.
org/10.1016/j.ygcen.2009.07.004

Sheldon BC, Verhulst S (1996) Ecological immunology: costly parasite
defences and trade-offs in evolutionary ecology. Trends Ecol Evol
11:317-321. https://doi.org/10.1016/0169-5347(96)10039-2

Sikkel PC, Richardson MA, Sun D, Narvaez P, Feeney WE, Grut-
ter AS (2019) Changes in abundance of fish-parasitic gnathiid
isopods associated with warm-water bleaching events on the
northern Great Barrier Reef. Coral Reefs 38:721-730. https://
doi.org/10.1007/s00338-019-01835-3

Slater CH, Schreck CB (1993) Testosterone alters the immune response
of Chinook salmon, Oncorhynchus tshawytscha. Gen Comp Endo-
crinol 89:291-298. https://doi.org/10.1006/gcen.1993.1035

Slater CH, Schreck CB (1997) Physiological levels of testosterone Kill
salmonid leukocytes in vitro. Gen Comp Endocrinol 106:113—
119. https://doi.org/10.1006/gcen.1996.6858

Slater CH, Fitzpatrick MS, Schreck CB (1995) Characterization of
an androgen receptor in salmonid lymphocytes: possible link to
androgen-induced immunosuppression. Gen Comp Endocrinol
100:218-225. https://doi.org/10.1006/gcen.1995.1151

Small M, Lowe GDO, Cameron E, Forbes CD (1983) Contribution
of the haematocrit to the bleeding time. Pathophysiol Haemost
Thromb 13:379-384. https://doi.org/10.1159/000214826

Sopinka NM, Donaldson MR, O’Connor CM, Suski CD, Cooke SJ
(2016) Stress indicators in fish. Fish physiology. Elsevier, Amster-
dam, pp 405-462

Sun D, Cheney KL, Werminghausen J, Meekan MG, McCormick
MI, Cribb TH, Grutter AS (2015) Presence of cleaner wrasse
increases the recruitment of damselfishes to coral reefs. Biol Lett
11:20150456. https://doi.org/10.1098/rsbl.2015.0456

Triki Z, Grutter AS, Bshary R, Ros AFH (2016) Effects of short-term
exposure to ectoparasites on fish cortisol and hematocrit levels.
Mar Biol. https://doi.org/10.1007/s00227-016-2959-y

Triki Z, Wismer S, Levorato E, Bshary R (2018) A decrease in the
abundance and strategic sophistication of cleaner fish after

@ Springer


https://doi.org/10.1086/303404
https://doi.org/10.1086/303404
https://doi.org/10.1111/j.1095-8649.1977.tb04140.x
https://doi.org/10.1111/j.1439-0310.2004.01013.x
https://doi.org/10.1111/j.1439-0310.2004.01013.x
https://doi.org/10.1089/zeb.2012.0792
https://doi.org/10.3354/meps130061
https://doi.org/10.3354/meps130061
https://doi.org/10.1006/jfbi.2000.1312
https://doi.org/10.1007/s00338-017-1628-z
https://doi.org/10.1007/s00338-017-1628-z
https://doi.org/10.1016/S0149-7634(05)80038-7
https://doi.org/10.1016/S0149-7634(05)80038-7
https://doi.org/10.1016/j.steroids.2007.12.020
https://doi.org/10.1016/j.steroids.2007.12.020
https://doi.org/10.1006/anbe.2001.1837
https://doi.org/10.1006/anbe.2001.1837
https://doi.org/10.1007/BF02382848
https://doi.org/10.1007/BF02382848
https://doi.org/10.1111/j.1365-2141.1990.tb07886.x
https://doi.org/10.1111/j.1365-2141.1990.tb07886.x
https://doi.org/10.1086/521316
https://doi.org/10.1111/j.1439-0310.1974.tb01816.x
https://doi.org/10.1111/j.1439-0310.1974.tb01816.x
https://doi.org/10.1163/156853992X00011
https://doi.org/10.1016/j.ygcen.2010.07.017
https://doi.org/10.1016/j.ygcen.2010.07.017
https://doi.org/10.1006/gcen.1999.7285
https://doi.org/10.1016/j.yhbeh.2010.11.006
https://doi.org/10.1016/j.yhbeh.2010.11.006
https://doi.org/10.1016/S0145-305X(02)00116-7
https://doi.org/10.1016/0016-6480(78)90021-7
https://doi.org/10.1016/j.ygcen.2009.07.004
https://doi.org/10.1016/j.ygcen.2009.07.004
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1007/s00338-019-01835-3
https://doi.org/10.1007/s00338-019-01835-3
https://doi.org/10.1006/gcen.1993.1035
https://doi.org/10.1006/gcen.1996.6858
https://doi.org/10.1006/gcen.1995.1151
https://doi.org/10.1159/000214826
https://doi.org/10.1098/rsbl.2015.0456
https://doi.org/10.1007/s00227-016-2959-y

48 Page100f10

Marine Biology (2020) 167:48

environmental perturbations. Glob Change Biol 24:481-489. https
://doi.org/10.1111/gcb.13943

Van Weerd JH, Komen J (1998) The effects of chronic stress on
growth in fish: a critical appraisal. Comp Biochem Physiol A
Mol Integr Physiol 120:107-112. https://doi.org/10.1016/S1095
-6433(98)10017-X

Wagner ELES, Roche DG, Binning SA, Wismer S, Bshary R (2015)
Temporal comparison and predictors of fish species abundance
and richness on undisturbed coral reef patches. Peer] 3:e1459.
https://doi.org/10.7717/peerj.1459

Ailiations

Camille Demairé' - Zegni Triki'~
Redouan Bshary'

! Institute of Biology, University of Neuchétel, Emile-Argand

11, 2000 Neuchatel, Switzerland

Institute of Zoology, Stockholm University, Svante
Arrheniusvég 18 B, Stockholm, Sweden

Départment de Sciences Biologiques, Université de
Montréal, C. P. 6128, Succursale “Centre-Ville”, Montréal,
QC H3C 3J7, Canada

@ Springer

Waldie PA, Blomberg SP, Cheney KL, Goldizen AW, Grutter AS
(2011) Long-term effects of the cleaner fish Labroides dimidi-
atus on coral reef fish communities. PLoS ONE 6:21201. https
://doi.org/10.1371/journal.pone.0021201

Weyts FAA, Flik G, Kemenade BMLV (1998) Cortisol inhibits apop-
tosis in carp neutrophilic granulocytes. Dev Comp Immunol
22:563-572. https://doi.org/10.1016/S0145-305X(98)00027-5

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

-Sandra A. Binning'? - Gaétan Glauser* - Dominique G. Roche' .

Neuchatel Platform of Analytical Chemistry, University
of Neuchétel, Avenue de Bellevaux 51, 2000 Neuchatel,
Switzerland

Department of Biology, Institute of Environmental
and Interdisciplinary Sciences, Carleton University, Ottawa,
ON K18 5B6, Canada


https://doi.org/10.1111/gcb.13943
https://doi.org/10.1111/gcb.13943
https://doi.org/10.1016/S1095-6433(98)10017-X
https://doi.org/10.1016/S1095-6433(98)10017-X
https://doi.org/10.7717/peerj.1459
https://doi.org/10.1371/journal.pone.0021201
https://doi.org/10.1371/journal.pone.0021201
https://doi.org/10.1016/S0145-305X(98)00027-5
http://orcid.org/0000-0001-5592-8963

	Reduced access to cleaner fish negatively impacts the physiological state of two resident reef fishes
	Abstract
	Introduction
	Materials and methods
	Experimental design
	Blood sampling and fish body condition
	Blood analyses
	Steroid assays
	Statistical analysis

	Results
	Body condition and haematocrit
	White blood cells
	Steroid levels
	Correlations

	Discussion
	Body condition and haematocrit
	White blood cells
	Steroids

	Conclusion
	Data availability
	Acknowledgements 
	References




