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This study validated a technique for non-invasive hormone measurements in California killi-
fish Fundulus parvipinnis, and looked for associations between cortisol (a stress hormone) and
11-ketotestosterone (KT, an androgen) release rates and the density or intensity of the trematode
parasites Euhaplorchis californiensis (EUHA) and Renicola buchanani (RENB) in wild-caught,
naturally infected F. parvipinnis. In experiment 1, F. parvipinnis were exposed to an acute stressor
by lowering water levels to dorsal-fin height and repeatedly handling the fish over the course of an
hour. Neither parasite was found to influence cortisol release rates in response to this acute stressor.
In experiment 2, different F. parvipinnis were exposed on four consecutive days to the procedure
for collecting water-borne hormone levels and release rates of 11-KT and cortisol were quantified.
This design examined whether F. parvipinnis perceived the water-borne collection procedure to be
a stressor, while also exploring how parasites influenced hormone release rates under conditions
less stressful than those in experiment 1. No association was found between RENB and hormone
release rates, or between EUHA and 11-KT release rates. The interaction between EUHA density and
handling time, however, was an important predictor of cortisol release rates. The relationship between
handling time and cortisol release rates was negative for F. parvipinnis harbouring low or intermediate
density infections, and became positive for fish harbouring high densities of EUHA.
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INTRODUCTION

Many parasites manipulate the phenotype of their host to achieve transmission goals
(Lafferty, 1999; Moore, 2002; Thomas et al., 2005; Hughes et al., 2012), and natural
selection has honed the ability of parasites to induce specific, multidimensional changes
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in host phenotypes, including host behaviours (Cézilly & Perrot-Minnot, 2010; Thomas
et al., 2010; Cézilly et al., 2013). These phenotypic changes have important implica-
tions for host fitness, and can affect population and community ecology (Léfevre et al.,
2008; Lafferty & Kuris, 2012). All animals harbour parasites, and the list of parasites
capable of manipulating host phenotypes is growing. Thus, achieving an ecologically
relevant understanding of behaviour requires understanding how parasites manipulate
the phenotypes of their hosts.

California killifish Fundulus parvipinnis Girard 1854 are infected by two trema-
tode parasites that require their fish host to be eaten by a predatory bird to complete
their life cycle. To increase the probability of transmission, Euhaplorchis californiensis
(EUHA) and Renicola buchanani (RENB) apparently induce conspicuous behaviours
in F. parvipinnis (e.g. rolling to one side so their silvery underbelly points upwards)
(Lafferty & Morris, 1996). The frequency of conspicuous behaviours increases with the
number of EUHA residing on the brain and RENB residing in the liver, and infected
individuals are 10–30 times more likely than uninfected individuals to be consumed
by predatory birds (Lafferty & Morris, 1996). These parasite-associated behavioural
changes are probably important for community ecology because F. parvipinnis is one
of the most abundant prey fish in southern California and Baja California estuaries
(Allen et al., 2006; Hechinger et al., 2007), and EUHA and RENB may alter the avail-
ability of F. parvipinnis biomass to higher trophic levels (Lafferty, 2008). Although
controlled infections are necessary to confirm that EUHA and RENB induce conspicu-
ous behaviours, the observation that both conspicuous behaviours and risk of predation
scale with EUHA and RENB intensity strongly suggests that parasites are manipulating
host phenotype to increase transmission.

This study examined associations between EUHA and RENB density (number
of parasites per g of host mass) or intensity (number of parasites) and steroid
hormone release rates in wild-caught, naturally infected F. parvipinnis as a first
step towards exploring whether these parasites manipulate hormones to induce
conspicuous behaviours. The study tested the hypothesis that variation in EUHA
and RENB densities or intensities would be associated with variation in levels
of F. parvipinnis cortisol (stress hormone) and 11-ketotestosterone (KT, a dom-
inant androgen in fishes) for three main reasons. First, parasites are known to
manipulate steroid hormone levels to make the host environment more amenable
to parasite growth, or to change host phenotype to increase transmission suc-
cess (Beckage, 1997). Male rats Rattus norvegicus infected by Toxoplasma gondii
exhibit increased production of testosterone and reduced fear responses to the
urine of bobcats Lynx rufus, a definitive host, relative to uninfected controls, and
these effects are abolished when infected rats are castrated (Dubey, 2010; Lim
et al., 2013). Thus, there is precedent for parasite manipulation of steroid hor-
mones as a mechanism for inducing changes in host phenotype that benefit the
parasite.

Second, the conspicuous behaviours that infected F. parvipinnis exhibit resemble
behaviours that are regulated by stress and sex hormones in other teleosts. Conspic-
uous behaviours largely involve locomotion, which has important ties to cortisol in
other fish species (Øverli et al., 2002; Øverli et al., 2005). Additionally, while the
breeding behaviour of F. parvipinnis has not been documented, the conspicuous
behaviour known as flashing has been observed in other Fundulus species as part
of their courtship ritual (Newman, 1907; Shute & Lindquist, 1983), and expression
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of courtship behaviour is often influenced by sex steroids (Munakata & Kobayashi,
2010). The involvement of sex steroids would suggest sex-specific differences in
conspicuous behaviours, but at this time no studies have looked for these sex-specific
differences. High levels of sex steroids can be associated with increased boldness
(Lastein et al., 2008; Boulton et al., 2015), and thus manipulation of sex steroids may
be a mechanism through which the parasites induce the host to respond inappropriately
to avian predators.

Finally, fishes infected by EUHA exhibit changes in serotonergic activity under
baseline and stress-associated conditions, as well as changes in baseline dopaminer-
gic activity (Shaw et al., 2009; Shaw & Øverli, 2012). The mechanism behind these
changes in neurotransmitter activity is unknown, but could involve the secretion of neu-
roactive substances by EUHA or could arise as a result of interactions with the host’s
immune system (Adamo, 2013). Manipulation of neurotransmitter activity by EUHA
could result in changes in sex and stress hormone levels. Alternatively, manipulation
of these steroid hormones by EUHA could drive changes in neurotransmitter activity.
Monoamine neurotransmitters influence the production of sex and stress steroids, and
these steroids reciprocally regulate neurotransmitter biosynthesis, metabolism and the
expression of neurotransmitter receptors (Winberg et al., 1997; DiBattista et al., 2005;
Dufour et al., 2010). In F. parvipinnis, serotonergic activity in the raphe nuclei and
dorsolateral pallium, which is functionally similar to the mammalian hippocampus,
decreases in a EUHA density-dependent fashion (Shaw et al., 2009; Shaw & Øverli,
2012). Serotonergic activity can interact with the hypothalamic–pituitary–interrenal
(HPI) axis to increase cortisol production (Winberg et al., 1997; Höglund et al., 2002).
Thus, EUHA density-dependent reductions in serotonergic activity should result in
concurrent reductions in cortisol production in F. parvipinnis.

In some teleosts, dopamine interacts with the hypothalamic–pituitary–gonadal
(HPG) axis to inhibit the production of gonadotropin-releasing hormone (GnRH),
which has downstream implications for the production of androgens and oestrogens
(Dufour et al., 2010). Both increases and decreases in F. parvipinnis dopaminergic
activity have been observed at increasing EUHA densities (Shaw et al., 2009; Shaw
& Øverli, 2012), suggesting that EUHA could be associated with either an increase
or decrease in 11-KT production. An increase in 11-KT production was predicted
for this study as this would be consistent with manipulation to increase conspicuous
behaviours. This study also tested the prediction that RENB would drive changes in
baseline hormone levels in a density-dependent manner. Lacking any information
about how RENB influences F. parvipinnis physiology it was predicted that changes
in hormone levels would be in the same direction as those induced by EUHA because
the two parasites work towards a common goal (i.e. transmission to the same definitive
hosts), and show no signs of competition in their F. parvipinnis host (Weinersmith
et al., 2014).

Teleosts typically respond to stress by increasing serotonergic activity, but Shaw et al.
(2009) observed that F. parvipinnis heavily infected by EUHA show a blunted sero-
tonergic response relative to less heavily infected fish. Because serotonergic activity
can interact with the HPI axis to increase cortisol production (Winberg et al., 1997),
EUHA density-dependent suppression of the serotonergic response should cause fish
with heavy infections to produce less cortisol in response to stressors than F. parvip-
innis with less dense infections. Shaw et al. (2009) found no difference in cortisol
levels between uninfected and EUHA-infected fish following exposure to a severe,
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acute stressor; however, their study used controlled infections that produced lower
EUHA densities than observed in wild-infected F. parvipinnis. Denser infections may
be needed to trigger significant changes in cortisol production; thus, the hypothesis was
tested again here using wild-caught animals. Because severe stressors may result in a
dramatic stress response that could swamp any effects driven by infection, a less severe
stressor was also administered repeatedly in a second experiment to examine EUHA
density-dependent associations with cortisol.

MATERIALS AND METHODS

S T U DY O R G A N I S M S A N D M A I N T E NA N C E

Fundulus parvipinnis were collected by seine (California Department of Fish and Game Sci-
entific Collector’s Permit Number SC-10332) from Carpinteria Salt Marsh Reserve (34∘ 24′ 00′′

N; 119∘ 31′ 30′′ W). The reserve is operated by the University of California Natural Reserve
System, and is located in Santa Barbara County, CA. At this site, F. parvipinnis are naturally
infected by EUHA and RENB (Lafferty & Morris, 1996; Shaw et al., 2010). Fish were collected
in March 2010, housed at the University of California Santa Barbara and then shipped overnight
to the University of Alabama (Tuscaloosa, AL). Fundulus parvipinnis in southern California
spawn from April to September, and fish in this study had not yet reached sexual maturity based
on observations of body colouration and gonad maturation described by Fritz (1975). Fish were
group housed in a 300 l tank on a 12L:12D cycle, and were fed a diet of frozen bloodworms Chi-
ronomus sp., frozen brine shrimp Artemia sp. and Tetramin (www.tetra-fish.com) flakes daily at
1700 hours. Water was maintained at room temperature (21⋅7–22⋅2∘ C) at a salinity of 32–34
(Instant Ocean; www.instantocean.com). All methods were approved by the Institutional Animal
Care and Use Committee at the University of Alabama (Protocol #11-367-1 and #08-312).

E X P E R I M E N T 1 : AC U T E S T R E S S R E S P O N S E S

In experiment 1, water-borne and plasma cortisol were collected from F. parvipinnis exposed
to an acute stressor. 11-KT was not measured in this experiment as previous work did not
identify a relationship between EUHA density and dopaminergic activity in response to an
acute stressor (Shaw et al., 2009). The evening before experiment 1 began, 40 F. parvipinnis
were evenly divided between four, 76 l aquaria. Three tanks received the stress treatment
(n= 30 fish) and one tank received the control (n= 10 fish); all tanks were housed in the
same room. Following the methods described in the study of Shaw et al. (2009), water levels
in the stress treatment tanks were lowered to the fish’s dorsal fin, and every 15 min for 1 h
the fish were collected in a net, lifted out of the water and held in the air for 5 s before
being returned to the water. Control fish were maintained in the tank with unchanged water
levels and were not handled. Three control fish were transferred to the hormone collection
beakers after all of the stress treatment fish from one tank had been transferred. Handling
time (i.e. time between when the fish net hit the water to collect a particular fish to when
that fish was placed in a collection beaker) was recorded for all fish. Handling times for
control fish were longer than handling times for fish in the stress treatment because fish
in the stress treatment were easier to catch. Fish were held in collection beakers for 1 h
while hormones leaked across the gills, and blood was collected from all fish immediately
following water-borne hormone collection. Subsequently, parasites were quantified by dis-
section. EUHA and RENB could not be quantified in some of the fish bodies, thus the
final sample size was n= 6 for the control treatment and n= 26 for the stress treatment
(Table I). In addition to testing the stated hypotheses, this experiment was necessary to
confirm that the water-borne hormone procedure captured physiologically relevant changes
in cortisol (Scott & Ellis, 2007; Scott et al., 2008), and to give context for experiment 2
in which F. parvipinnis were exposed repeatedly to the water-borne hormone collection
procedure.
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Table I. Mean± s.d. data for Fundulus parvipinnis in experiments 1 (response to an acute
stressor) and 2 (acclimation to the water-borne hormone collection procedure). Euhaplorchis
californiensis (EUHA) and Renicola buchanani (RENB) intensity (number of parasites) and
density (parasites g−1 host mass) are displayed. In experiment 2, 25 F. parvipinnis contributed
data to the analysis examining 11-ketotestosterone (11-KT) release rates. Data for males and
females are presented as sex was a factor in this analysis. Twenty-six fish contributed data for
the analysis of cortisol release rates in experiment 2. Sex was not considered in this analysis, so

data for the 26 fish pooled are also presented

EUHA RENB

Treatment or sex (n) Mass (g) Intensity Density Intensity Density Handling (s)

Experiment 1: acute stress responses
Control (6) 0⋅99± 0⋅33 925± 508 1060⋅4± 662⋅2 39± 62 62⋅7± 116⋅7 22± 10
Stress (26) 1⋅58± 0⋅83 1480± 1008 935⋅3± 471⋅3 44± 53 30⋅0± 39⋅8 9± 3
Experiment 2: acclimation to water-borne hormone collection
Male (12) 2⋅03± 1⋅36 1756± 1601 854⋅7± 413⋅6 102± 96 57⋅6± 59⋅2 17± 10
Female (13) 1⋅86± 1⋅15 1400± 919 814⋅6± 365⋅3 23± 27 15⋅0± 16⋅3 17± 10
All (26) 1⋅92± 1⋅23 1542± 1281 826⋅2± 382⋅11 61± 78 35⋅3± 46⋅6 17± 10

n, sample size.

E X P E R I M E N T 2 : AC C L I M AT I O N T O WAT E R- B O R N E H O R M O N E
C O L L E C T I O N

Experiment 2 tested whether EUHA and RENB were associated with release rates of cortisol
and 11-KT, and asked whether the interaction between EUHA and handling time (as a source
of variation in exposure to stress) influenced hormone release rates. Ten days prior to the start
of the acclimation experiment, a new set of 40 F. parvipinnis were marked with visible implant
elastomer tags from Northwest Marine Technologies (www.nmt.us). Unique identifiers were
created by using four coloured tags in four locations on the caudal peduncle, which permit-
ted tracking of individuals throughout the experiment. After marking, fish were evenly divided
between four, 76 l aquaria. Fish resumed eating that evening, suggesting they had recovered from
the marking procedure. Four days following tagging, all tanks were dosed with CopperSafe
(www.fritzaquatics.com) according to manufacturer’s instructions to treat a ciliate infection,
and within 2 days deaths ceased and F. parvipinnis showed no signs of infection (i.e. no visible
wounds or behaviours associated with infection, such as scratching against the sides of the tank
or lethargy). Fish were then reorganized into three, 76 l tanks of 10 fish (n= 30) to compen-
sate for deaths (n= 8) while maintaining a constant density among tanks (Table I). The ciliate
infection highlights the fact that F. parvipinnis harboured more parasites than the two that were
quantified as part of this study. It is common for experiments of this type, however, to be per-
formed without considering any of the parasites infecting wild-caught hosts, and this study is an
important first step towards a systems-level approach to understanding hormone release rates in
F. parvipinnis.

Water-borne hormone collection began 5 days after the ciliate infection had cleared, and
occurred at 1115 hours on four consecutive days. Fish were individually removed from their
tank by netting, and the time from when the net entered the water to catch a particular fish
to the time that fish was placed in a beaker was recorded as handling time (as in experiment
1). Handling time is a measure of how stressful the procedure was for an individual fish on a
particular day. Fish within a tank were sampled randomly, but the order in which the three tanks
were sampled was consistent across days. Fish remained in the hormone collection beaker for
1 h, after which time tags were read to determine fish identity, and fish were returned to their
home tank. Blood was collected from all fish immediately following water-borne hormone
collection on day 4. Three fish were excluded from analyses because insufficient quantities
of blood were collected to facilitate comparisons between water-borne and plasma hormone
release rates. An additional fish was chosen at random and removed from the 11KT analysis
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due to insufficient room on available 11-KT enzyme immunoassay (EIA) plates to run all
fish. One fish was excluded from analysis due to missing information about EUHA intensity,
yielding a final sample size of 26 fish each measured four times (n= 104) for cortisol and 25
fish measured four times (n= 100) for 11-KT.

WAT E R- B O R N E H O R M O N E A N D B L O O D C O L L E C T I O N

Water-borne hormone samples were collected and free (i.e. not conjugated to glucuronide
or sulphate groups) hormones were extracted and quantified following the protocols modified
from Earley & Hsu (2008) and Wong et al. (2008). Details can be found in Appendix SI (Sup-
porting Information). Plasma was drawn once following water-borne hormone collection during
each experiment (for experiment 2, plasma was drawn on day 4), which allowed validation of
the non-invasive hormone measurement procedure (see Appendix SI, Supporting Information).
Plasma and water-borne hormone pooled samples were used to calculate intra- and inter-assay
coefficients of variation and were serially diluted to validate parallelism with the standard curve
(see Appendix SI, Supporting Information).

D I S S E C T I O N

Following blood collection, mass (g) and standard length (tip of the snout to the end of the
caudal peduncle, LS, mm) were determined, and fish were euthanized by decapitation. The head
was placed in RNAlater, and was kept on ice until being stored at 4∘ C. Gene expression was not
subsequently quantified in this study due to difficulties in quantifying EUHA intensity without
contaminating the brain sample. The body was placed in an empty vial on ice until being stored at
−80∘ C. Fish bodies were thawed immediately prior to dissection. Sex was determined by iden-
tifying the gonads as testes or ovaries (Fritz, 1975). The liver was removed, compressed between
two glass slides, and the number of RENB metacercariae infecting the liver was counted under a
dissecting microscope (Martin, 1971). The number of EUHA infecting the brain was determined
by removing the top of the skull, gently lifting out the brain, compressing the brain between two
glass slides and counting the number of EUHA metacercariae under a dissecting microscope
(Martin, 1950). The brain case was then examined and EUHA metacercariae remaining in the
brain case were counted. Parasite intensity was calculated as the number of metacercariae of
each species and parasite density as the number of metacercariae of each species divided by fish
mass (g).

S TAT I S T I C A L A NA LY S E S

To determine if water-borne hormone release rates mirror plasma hormone concentrations,
multiple linear regressions with log10-transformed water-borne hormone release rates (pg h−1)
as the outcome variable, and log10-transformed plasma concentrations (pg ml−1) and mass (g)
as predictor variables were used. The multiple linear regression conducted for cortisol in exper-
iment 1 also contained a predictor for treatment (stress or control).

In experiment 1, a model comparison approach was used with AIC for small sample sizes
(AICc) (Hurvich & Tsai, 1989). Comparing different structural models allows confirmation that
estimated associations are robust to which covariates are included or excluded from the model.
Previous studies have found that both parasite intensity and density are associated with host
phenotype. Conspicuous behaviours scale with parasite intensity (Lafferty & Morris, 1996)
and neurotransmitter activity scales with parasite density (Shaw et al., 2009; Shaw & Øverli,
2012). Thus, models containing both predictors were generated. The parasites were considered
separately rather than combining the number of both parasites because EUHA and RENB are
associated with different conspicuous behaviours (e.g. surfacing behaviour is associated with
EUHA intensity but not with RENB intensity) (Lafferty & Morris, 1996), and parasites may
employ different mechanisms to induce conspicuous behaviours. Additionally, Lafferty (1999)
suggested that RENB might be a hitch-hiker, benefiting from EUHA’s efforts to manipulate the
host while paying no cost of manipulation itself. All models used log10-transformed cortisol
release rates as the outcome variable, contained a random intercept for experimental tank and
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contained treatment (i.e. stress or control) and fish mass as predictors. A total of 30 models were
generated: one baseline model with no additional predictors; one model that also contained han-
dling time; 14 models that included combinations of EUHA density, RENB density, handling
time and the interaction between EUHA density and treatment and 14 models that used parasite
intensity rather than density. All predictors except for treatment were standardized by subtract-
ing the mean value of the predictor and dividing by the s.d. Standardizing variables makes it
more probable that the models will converge, and facilitates interpretation of beta coefficients
because all predictors are now on a similar scale (Gelman & Hill, 2006).

In experiment 2, a model comparison approach was again used, and compared linear mixed
models with fish ID nested within tanks as random intercepts to account for repeated measure-
ments. All models contained log10-transformed hormone release rates as the outcome variable,
as well as predictors for day of experiment, day2 (to account for an observed parabolic relation-
ship between hormone release rate and day of the experiment), and fish mass. All models for
11-KT also contained fish sex and cortisol release rates because androgen levels are expected to
differ between the sexes and because cortisol interacts with the HPG axis in many fishes (Milla
et al., 2009; Schreck, 2010). Thirty models were created and all predictors were standardized.
The 30 models included one baseline model with no additional predictors, one model that also
contained handling time, 14 models that included combinations of EUHA density, RENB den-
sity, handling time and the interaction between EUHA density and handling time and 14 models
that used parasite intensity rather than density.

All analyses were run in R version 2.15.3 (R Development Core Team, 2013; www.r-project.
org) using the Rethinking (McElreath, 2013) and bbmle (Bolker, 2013) packages.

RESULTS

Fundulus parvipinnis mass across both experiments ranged from 0⋅53 to 4⋅97 g. All
fish harboured EUHA infections, and the intensity of infection ranged from 147 to
5175. The range of RENB infection intensity was from 0 to 212, and the per cent of
F. parvipinnis infected by RENB was 91 and 96% in experiments 1 and 2, respectively.
Additional descriptive statistics are shown in Table I.

WAT E R- B O R N E R E L E A S E R AT E S V. P L A S M A
C O N C E N T R AT I O N S

In experiment 1, water-borne cortisol release rates increased with mass, and with
plasma cortisol concentrations and were significantly increased in the stress treat-
ment (F3,27 = 36⋅7, R2 = 0⋅78, P< 0⋅001; Appendix SI, Supporting Information).
In experiment 2, water-borne cortisol release rates on day 4 (the day plasma was
collected) increased with mass and plasma cortisol concentrations (F2,23 = 10⋅7,
R2 = 0⋅48, P< 0⋅001; Appendix SI, Supporting Information). For 11-KT in exper-
iment 2, water-borne release rates increased with plasma concentrations of 11-KT
(F2,22 = 13⋅3, R2 = 0⋅55, P< 0⋅001; Appendix SI, Supporting Information).

E X P E R I M E N T 1 : AC U T E S T R E S S R E S P O N S E S

The stress treatment increased cortisol release rates (Fig. 1), and larger fish released
more cortisol than smaller fish in absolute terms. Table SII (Supporting Information)
displays the five models with the best penalized fit to the data, as well as predictor
estimates. The top ranked model predicted that fish in the stress treatment experienced
an increase in water-borne cortisol release rates of 7726⋅3 pg h−1 for fish of average
mass harbouring an average number of RENB. According to the top ranked model, a
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Fig. 1. Box plots [the solid centre line indicates the median data, the top and bottom of the boxes indicate the first
and third quartiles and the whiskers indicate the maximum and minimum data points; outliers are any data
that are >1⋅5 times the interquartile range, and any outliers are indicated ( )] showing log10-transformed
release rates of cortisol and 11-ketotestosterone (KT) from Fundulus parvipinnis. (a) Cortisol data from
the control and stress treatments in experiment 1 (response to an acute stressor), as well as cortisol release
rates across the 4 days of experiment 2 (acclimation to the water-borne hormone collection procedure). (b)
Release rates of KT across the 4 days of experiment 2; these data are separated by fish sex because androgen
levels are expected to differ between the sexes ( , female; , male).

fish weighing 0⋅32 g more than average (i.e. 20% larger than average) released an addi-
tional 2062⋅3 pg h−1 of cortisol in the stress experiment. The estimated association with
RENB predictors was imprecise (i.e. the 95% c.i. includes zero) but potentially impor-
tant because it is retained in the highest ranked model. Terms for handling time, EUHA
or interactions between EUHA and treatment did not occur in any of the top four models
[Table SII (Supporting Information), ΔAICc< 2⋅5, cumulative AICc weight= 0⋅52],
and thus are probably not important predictors of cortisol release rates under a single
administration of an acute stressor.
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E X P E R I M E N T 2 : AC C L I M AT I O N T O WAT E R- B O R N E H O R M O N E
C O L L E C T I O N

Cortisol
Cortisol release rates increased from day 1 to day 3, and fell to approximately day

1 levels on day 4 (Fig. 1). The five top ranked models and predictor estimates in
these models can be found in Table SIII (Supporting Information). Fish of greater
mass released more cortisol. According to the top ranked model, fish weighing 0⋅38 g
more than average (i.e. 20% more than average) released an additional 289⋅7 pg h−1

of cortisol when holding all other predictors at their average value. The interaction
between EUHA density and handling time had a positive estimate and appeared in all
three of the highest ranked models (ΔAICc≤ 1⋅8, cumulative AICc weight= 0⋅40).
Triptych plots were created to explore the interaction between EUHA density and han-
dling for low (157–635 EUHA g−1 host mass), intermediate (636–1113 EUHA g−1)
and high (1114–1590 EUHA g−1) density EUHA infections (Fig. 2). These parasite
density groupings divide the fish in the experiment roughly evenly between the density
groupings. The triptych plots display predictions averaged over the 16 models that did
not contain terms for parasite intensity, and predictors other than handling were held at
their average value (e.g. models made predictions for fish harbouring an average den-
sity of RENB). The relationship between handling time and cortisol release rates was
negative when EUHA density was low, remained negative but with a shallower slope
for F. parvipinnis harbouring intermediate EUHA densities and became positive for
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Fig. 2. Interaction between Euhaplorchis californiensis (EUHA) density (parasites g−1) and standardized han-
dling time on log10(cortisol) release rates in experiment 2 (acclimation to the water-borne hormone col-
lection procedure). The relationship between handling and cortisol release rates for Fundulus parvipinnis
are shown for fish harbouring (a) low, (b) intermediate and (c) high EUHA densities. , raw data; ,
model-averaged predictions, averaged over the 16 models containing terms for parasite density, the null
model and the model containing a predictor for handling time and no parasite predictors; , 95% c.i.
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individuals harbouring high EUHA densities (Fig. 2). The predictor for RENB density
appeared in two of the top three ranked models and thus may be an important predictor
for cortisol release rates, but the estimate for this predictor was imprecise and so the
direction of the association is unclear.

11-Ketotestosterone
11-KT release rates increased from days 1 to 3 and fell on day 4, and this trend

was driven mainly by changes in 11-KT release rates in males (Fig. 1). The five top
ranked models and predictor estimates in these models are found in Table SIV (Sup-
porting Information). Predictions presented here are from the top ranked model holding
all but the predictor of interest at average values. The top ranked model predicts that
males release 12⋅5 pg h−1 more 11-KT than females. 11-KT release rates were posi-
tively correlated with fish mass, and males that weighed 0⋅41 g more than average (i.e.
20% more than average males) released an additional 2⋅7 pg h−1 of 11-KT. 11-KT was
also positively correlated with cortisol release rates, and a male releasing 20% more
cortisol than average (or 1412⋅1 pg h−1 more) released c. 1⋅3 pg h−1 more 11-KT. Han-
dling time appeared in the four top ranked models (ΔAICc≤ 1⋅5, cumulative AICc
weight= 0⋅35), and an additional 3⋅4 s of handling time (20% more handling than
average) is predicted to suppress 11-KT release in males by 0⋅9 pg h−1. The estimated
association with the interaction between EUHA density and handling time is impre-
cise, but potentially important, as it is retained in two of the top three highest ranked
models.

DISCUSSION

This study found that EUHA and RENB alone were not associated with cortisol
or 11-KT release rates. Instead, the interaction between EUHA density and handling
time was an important predictor of cortisol release rates, suggesting, fascinatingly, that
EUHA’s influence on cortisol release rates is dependent on parasite density and context.

WAT E R- B O R N E H O R M O N E C O L L E C T I O N P RO C E D U R E

The ability to repeatedly measure hormones non-invasively is crucial when study-
ing small fishes for which repeated plasma sampling could be lethal (Scott & Ellis,
2007; Ellis et al., 2013). This study validated a non-invasive hormone measurement
technique by demonstrating that the rate at which cortisol and 11-KT are released
across the gills mirrors plasma concentrations of these hormones [Figs S1 and S2,
Table SI (Supporting Information)]. R2 values for these analyses ranged from 0⋅48 to
0⋅78, which are similar to values obtained previously (Sebire et al., 2007; Wong et al.,
2008). Much of the unexplained variance probably arises due to comparing cortisol in
the plasma at one point in time to cortisol released into the water over the course of an
hour, and some have argued that integrating over an hour for the water-borne collection
procedure may provide more biologically relevant information (Ellis et al., 2013). As
expected, water-borne hormone release rates were higher for fish in the stress treatment
in experiment 1 relative to water-borne hormone release rates on day 4 of experiment
2. Unexpectedly, plasma cortisol concentrations tended to be lower for stress treat-
ment fish in experiment 1 relative to fish on day 4 of experiment 2. If plasma cortisol
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levels peak in 1–2 h following initiation of the stressor (Barton, 2002; Sharpe, 2007;
Medeiros & McDonald, 2012), negative feedback may have been induced prior to the
time when blood was drawn and water-borne release rates would therefore reflect a pre-
viously achieved cortisol plasma peak. Alternatively, significant stressors may increase
gill permeability (Sloman et al., 2004), allowing more cortisol to be released into the
water for fish in the stress treatment of experiment 1. Either mechanism suggests that
caution should be exercised when interpreting water-borne hormone release rates in
acutely stressed F. parvipinnis.

When employing the water-borne hormone collection technique, it is important to
know whether the procedure itself induces a stress response because this would pro-
hibit quantification of baseline hormone levels (Scott et al., 2008). Studies on other
fish species have observed no stress response or acclimation to the procedure over the
course of a few days (Wong et al., 2008; Friesen et al., 2012; Gabor & Contreras, 2012).
Cortisol release rates in experiment 2 increased from days 1 to 3, and fell dramatically
on day 4. This drop in cortisol on day 4 could indicate either acclimation or negative
feedback inhibition in response to the procedure (Fryer & Peter, 1977; Bradford et al.,
1992; Schreck, 2000; Ellis et al., 2012). While negative feedback inhibition can be
induced in under 4 days (Medeiros & McDonald, 2012), differentiating between accli-
mation and negative feedback would require understanding the mechanisms through
which cortisol release rates were reduced on day 4. Future studies should quantify
these mechanisms and examine if different time courses (e.g. measurements made over
consecutive weeks) induce less dramatic cortisol responses.

H O R M O N E R E L E A S E R AT E S A N D PA R A S I T E S

Contrary to predictions, no association was found between EUHA or RENB and
11-KT in experiment 2. Fundulus parvipinnis in this experiment, however, had not
yet reached sexual maturity. Expression of sexual behaviour in fishes occurs follow-
ing sexual maturity (Munakata & Kobayashi, 2010), and so a study exploring whether
EUHA or RENB manipulate 11-KT levels to induce conspicuous behaviours needs to
be completed in reproductive F. parvipinnis.

It is probable that no association was observed between parasite intensity or den-
sity and cortisol release rates because any variation in stress responsiveness driven by
the parasites was masked by the magnitude of the stressor (i.e. all fish expressed their
maximum stress response), and overwhelmed any effect that EUHA may have on cor-
tisol release rates. Shaw et al. (2009) exposed F. parvipinnis harbouring low-density
EUHA infections to this same stressor and found no effect of EUHA on plasma corti-
sol concentrations. The experiment presented here supports this result in F. parvipinnis
harbouring higher density infections.

Most interestingly, results showed that cortisol release rates depended on an interac-
tion between EUHA density and handling time (a within-day measure of the stressful-
ness of the water-borne hormone collection procedure). Based on previously observed
changes in neurotransmitter activity (Shaw et al., 2009) and the possibility that EUHA
could increase its transmission potential by causing its host to respond inappropriately
to stressors (e.g. predation stress), it is predicted that EUHA should cause F. parvip-
innis to exhibit a weaker stress response to being handled (chased) longer. This effect
was indeed observed, but only for fish harbouring low to intermediate EUHA densities
(Fig. 2). Each of the fish in the experiment experienced a variety of handling times
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(Fig. S3, Supporting Information), suggesting that this effect is not driven by
EUHA-density dependent differences in host capture times. Additionally, parasite den-
sity was not correlated with host mass (P> 0⋅05 and R2

< 0⋅01 for both experiments),
and thus these results are probably not driven by differences in host mass.

Differences in individual F. parvipinnis’ response to handling time may have deter-
mined how many parasites were acquired in the field, or infection may have driven
differences in response to handling time. Controlled infections are necessary to address
this issue. If infection is driving differences in response to handling time, the observed
relationships between parasite density and hormone release rates could be an adaptive
response by the host to minimize the effects of infection, a by-product of infection,
or adaptive manipulation of host phenotype by the parasite (Poulin, 2010). The three
plausible interpretations of the observed interaction that differ depending on how cor-
tisol levels relate to host behaviour, and on whether the observed host stress response
represents an adaptive host response to the parasite or adaptive host manipulation by
the parasite are described below.

First, as noted by Read & Braithwaite (2012), selection should operate on hosts to
reduce the effects of phenotype-manipulating parasites, and hosts may adjust their
physiology over evolutionary time to compensate for the effects of these parasites. If
manipulative parasites are encountered every generation, then physiological changes
to compensate for infection may become fixed. In this case, failure to encounter manip-
ulative parasites or encountering fewer parasites than have been encountered in recent
evolutionary history will cause hosts to exhibit suboptimal phenotypes because they
are compensating for manipulation that is not actually occurring (Read & Braithwaite,
2012). In this study, only F. parvipinnis with high-density EUHA infections exhibit the
expected response to handling time (i.e. cortisol release rates increase with increasing
handling time), while F. parvipinnis with low and intermediate density EUHA infec-
tions exhibited what appears to be an inappropriate stress response. If F. parvipinnis
shared a sufficiently long evolutionary history with EUHA, and if EUHA manipulates
host physiology to tune the stress response, then uninfected or lightly infected animals
should show some indication of pathology because their physiology is compensating
for a level of infection that has not been achieved. Animals infected with intermediate
EUHA densities might still show signs of pathology (i.e. a shallower negative relation-
ship between handling time and cortisol release rates), but to a lesser degree. Finally,
fish that are more heavily infected should show the appropriate response. This suggests
that high densities of EUHA, as is frequently observed in the field (Shaw et al., 2010),
may be necessary for mounting an appropriate stress response. Testing this hypothesis
will require measuring the cortisol response to handling time before and after con-
trolled infections with EUHA in F. parvipinnis collected both from populations that
co-occur with EUHA and from populations that have not co-occurred with EUHA over
sufficiently long evolutionary timeframes.

Alternatively, the observed interaction between EUHA density and handling time
may represent adaptive manipulation of host phenotype by the parasite. Shaw et al.
(2009) observed that EUHA suppresses the serotonergic response to acute stress, which
suggests that EUHA may be causing F. parvipinnis to respond inappropriately to stres-
sors. If the stressor to which fish are responding is a predatory bird, then preventing F.
parvipinnis from mounting an appropriate stress response may be a mechanism through
which EUHA increases the likelihood of transmission to its definitive host. The inter-
action between EUHA density and handling time (Fig. 2) then suggests that EUHA is
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better able to manipulate its host’s response to a stressor at intermediate to low infec-
tion densities, while at high densities F. parvipinnis resume responding to stressors
appropriately.

A final explanation is that the F. parvipinnis naturally exhibit a negative relationship
between handling time and cortisol release rates (K. L. Weinersmith & R. L. Earley,
unpubl. data), and EUHA becomes increasingly able to manipulate the fish’s corti-
sol response as the density of the parasite increases. While teleosts typically show no
cortisol response to handling (Wong et al., 2008) or increased cortisol in response to
handling (Ackerman et al., 2000), the predictor estimate for handling in F. parvipinnis
was negative (Table SIII, Supporting Information). The c.i. for this predictor spanned
zero, suggesting that F. parvipinnis either do not respond to handling or exhibit a neg-
ative correlation between handling time and cortisol release rates (e.g. because of fast
negative feedback on HPI function). In response to a stressor, long-term elevations in
cortisol release rates are associated with lethargy and reduced activity in teleosts, while
short-term increases are associated with increased activity (Øverli et al., 2002). The
conspicuous behaviours displayed by infected fish are largely locomotory, and if being
chased by a net is analogous to being pursued by a predatory bird then EUHA may
be able to induce conspicuous behaviours in the presence of the parasite’s definitive
host when parasite densities are high. If EUHA manipulates F. parvipinnis such that
the host’s manipulated phenotype is only expressed in response to particular stressors
such as the presence of definitive host predators, then the parasite may increase its like-
lihood of transmission while reducing the likelihood that manipulation causes the host
to die in a way that would be detrimental to both host and parasite. Extremely precise
manipulation of host response to definitive host predators has been observed in other
systems. Toxoplasma gondii-infected rats lose their aversion to the smell of urine from
their definitive cat hosts (Berdoy et al., 2000; Vyas et al., 2007; Kaushik et al., 2014).
In fact, infected rats show an attraction to cat urine while maintaining their aversion to
the smell of urine from non-host predators (Lamberton et al., 2008).

In conclusion, EUHA influences F. parvipinnis’ cortisol response, and this influence
depends upon both parasite density and the duration of a handling stressor. Further
studies are necessary to quantify the mechanism through which modification of the
stress response is achieved, determine if changes in host phenotype are parasite or
host-induced and understand the implications of this change in cortisol response for
F. parvipinnis behaviour (particularly for conspicuous behaviours) and predation risk.
Parasites are capable of manipulation of very specific host traits, and the observation
that only stress-associated cortisol release rates were associated with EUHA density
suggests that EUHA may manipulate F. parvipinnis phenotype in response to specific
stressors.
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Supporting Information

Supporting Information may be found in the online version of this paper:
Appendix SI. Materials and methods.

Table SI. Linear model estimates, s.d. and 95% c.i. for estimates of the effects of
Fundulus parvipinnis mass (g) and log10-transformed plasma hormone concentrations
(pg ml−1) on log10-transformed water-borne hormone release rates

Table SII. Five top ranked models from experiment 1 (response to an acute stres-
sor). ΔAICc, model weights (w) and d.f. are indicated in parentheses next to each
model. All models begin with log10(cortisol)= (1|tank)+ treatment+mass, and
additional terms present in each model are indicated. Predictors include treatment
(stress), mass (g), Euhaplorchis californiensis (EUHA) intensity or density and
Renicola buchanani (RENB) intensity or density. Parasite intensity is measured as
number of parasites, and density is number of parasites g−1 host mass. Predictors
were standardized prior to analysis, and predictor estimates, s.d. and 95% c.i. for
predictors in each of the models are presented. Lower ranked models produced similar
estimates

Table SIII. Five top ranked models predicting cortisol release rates in experi-
ment 2 (acclimation to water-borne hormone collection). All models begin with
log10(cortisol)= (1|tank/fish number)+ day+ day2 +mass, and additional terms
present in each model are indicated. Mass is host mass in g and handling is s to capture
a fish. Euhaplorchis californiensis (EUHA) and Renicola buchanani (RENB) are
measured either as parasite density (number of parasites g−1 of host mass) or intensity
(number of parasites) as indicated. Predictors are standardized. ΔAICc, model weights
(w) and d.f. are indicated in parentheses. Predictor estimates, the s.d. of the estimate
and 95% c.i. for predictor estimates in each of the top five models are presented, as
are the s.d. of the varying intercepts for individual fish within tanks (intercept|id/tank)
and tanks (intercept|tank). Lower ranked models produced similar estimates

Table SIV. Five top ranked models predicting 11-ketotestosterone (KT) release rates
in experiment 2 (acclimation to water-borne hormone collection). All models begin
with log10(11-KT)= (1|tank/fish number)+ day+ day2 +mass+ sex+ cortisol, and
additional terms present in each model are indicated. Mass is host mass in g and
handling is s to capture a fish. Euhaplorchis californiensis (EUHA) and Renicola
buchanani (RENB) are measured either as parasite density (number of parasites g−1 of
host mass) or intensity (number of parasites) as indicated. Predictors are standardized.
ΔAICc, model weights (w) and d.f. are in parentheses. Predictor estimates, s.d. and
95% c.i. are presented, as are the s.d. of the varying intercepts for individual fish within
tanks (intercept|id/tank) and tanks (intercept|tank). Lower ranked models produced
similar estimates

Fig. S1. Relationships between log10-transformed plasma and water-borne cortisol
release rates in experiment 1 (response to an acute stressor) and on day 4 of experi-
ment 2 (acclimation to the water-borne hormone collection procedure). Open circles
for experiment 1 display Fundulus parvipinnis from the control treatment, while fish
receiving the stress treatment are represented by closed grey circles. Solid lines indicate
the best-fit line through the data, while dashed lines indicate 95% c.i. (see Table SI for
results from linear models).
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Fig. S2. Relationships between log10-transformed plasma and water-borne 11-
ketotestosterone (KT) release rates on day 4 of experiment 2 (acclimation to the
water-borne hormone collection procedure). Solid lines indicate the best-fit line
through the data, while dashed lines indicate 95% c.i. (see Table SI for results
from linear models). Plasma 11-KT remains a significant predictor of water-borne
11-KT release rates even after removal of the data point in the top right (F2,21 = 3⋅89,
R2 = 0⋅27, P< 0⋅05).

Fig. S3. Handling time (s) for Fundulus parvipinnis with low, intermediate and
high-density Euhaplorchis californiensis (EUHA) infections across the 4 days of
experiment 2 (acclimation to water-borne hormone collection procedure). Each line
represents the handling times for one fish across the 4 days of the experiment.
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