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Abstract The majority of our understanding of the effects

of climate change on coral reef fishes are currently based

on studies of small-bodied species such as damselfishes. By

contrast, we know little about the potential impacts of

ocean warming on larger species of herbivorous and

detritivorous reef fish, despite them being a critical func-

tional group and an essential source of food protein for

millions of people. In addition, we know little of the role of

habitat in determining species’ thermal sensitivity and the

legitimacy of extrapolating thermal performance across

closely-related species from different habitat types. Here

we test the effect of exposure to increased water temper-

ature during juvenile development on key physiological

and behavioral traits of two species of rabbitfish typically

associated with different habitats: Siganus doliatus (reef-

associated) and S. lineatus (estuarine). Wild-caught juve-

niles were reared for 14 weeks at temperatures represent-

ing present-day ambient conditions (28.0 �C), late-summer

ambient conditions (30.0 �C), or those projected on reefs

under future global warming scenarios (31.5 �C). We then

measured the somatic (growth, condition, immune

response) and behavioral (feeding rate, latency to feed and

activity level) traits of individuals within each treatment to

determine the sensitivity of each species to elevated water

temperatures. Overall, both species showed comparatively

robust levels of thermal tolerance, based on previously-

documented responses of small-bodied reef fishes. How-

ever, two very different patterns emerged. The reef-asso-

ciated S. doliatus showed a greater physiological response

to temperature, with negative effects on hepatosomatic

condition and immune function observed in individuals

exposed to the 31.5 �C treatment. By contrast, there were

no negative physiological effects of temperature observed

in S. lineatus and instead we recorded behavioral changes,

with individuals at 30 �C and 31.5 �C displaying altered

feeding behavior (increased feeding rate and decreased

latency to feed). These distinct responses observed between

congeners are likely due to their evolutionary history and

flag the potential inaccuracies that could arise from

extrapolating effects of ocean warming across even clo-

sely-related species adapted to different habitats.

Keywords Climate change � Ocean warming �
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Introduction

Climate change is one of the most prominent threats to

biodiversity and ecosystem processes currently facing our

planet (Parmesan et al. 2000; Munday et al. 2008a; Hobday

and Lough 2011; Boyles et al. 2011; Crozier and Hutchings

2014; GBRMPA 2019) with coral reefs in the vanguard of

affected habitats. In recent years, coral reefs globally have

been exposed to periods of elevated ocean temperatures

above the normal summer ranges (i.e., marine heatwaves),

which have severely impacted reef building corals via

bleaching, mortality and increased disease prevalence
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(Hoegh-Guldberg et al. 2007; Hughes et al. 2017, 2018;

King et al. 2017), negatively impacting other reef-associ-

ated animals (Bernal et al. 2020). Marine heatwaves are

predicted to increase in frequency (King et al. 2017; IPCC

2019) along with projected increases in tropical average

sea surface temperature of 1–2 �C by 2100 (Hobday and

Lough 2011; GBRMPA 2019; IPCC 2019). Since tropical

reef organisms have evolved in a relatively thermally

stable environment (Hoegh-Guldberg et al. 2007; Tewks-

bury et al. 2008), it is expected that they will be impacted

by temperature increases and associated thermal stress.

Ocean warming is likely to disproportionally affect

marine ectotherms as they lack internal temperature regu-

lation and, as a result, exhibit thermal performance that is

strongly linked to the range of temperatures normally

experienced (Pörtner 2001; Sunday et al. 2011; Rodgers

et al. 2018). Increases in water temperature of only 1–3 �C
during summer can negatively affect tropical reef fish, due

to their narrow thermal performance range, and the fact

that they are already living close to their upper thermal

limits (Gardiner et al. 2010; Rummer et al. 2014; Rodgers

et al. 2018; Pinsky et al. 2019). Thermal effects occur from

the cellular to the whole organism level and, in the case of

the latter, effects can be expressed as physiological or

behavioral changes (Munday et al. 2008a, 2009; Hoey et al.

2016). In terms of physiology, elevated temperature

increases the rate of cellular processes and consequently

metabolic rates (Gardiner et al. 2010; Nilsson et al. 2010;

Johansen and Jones 2011; Norin et al. 2014), with extreme

temperatures disrupting enzymatic function (Sabapathy and

Teo 1994; Boyles et al. 2011; Madeira et al. 2013). These

physiological effects then can impact energy budgets, with

associated negative effects on growth, development rate,

reproduction and survival (Munday et al. 2008b; Donelson

et al. 2010; Zarco-Perelló et al. 2012; Hoey et al. 2016;

Rodgers et al. 2018). In addition, the immune system of

fishes is directly exposed to changes in external tempera-

ture. This means that immune function is likely to be

highly susceptible to changes in water temperature, with

potential consequences for the spread of infectious diseases

among fish populations under thermal stress (Dittmar et al.

2014). For example, previous research has demonstrated

that simulated heatwave events cause immune disorders in

stickleback (Dittmar et al. 2014) and that the combination

of high water temperature and a compromised immune

system has a negative effect on survival of wild gudgeon

(Petitjean et al. 2020). Animal behavior, of course, also has

the potential to be sensitive to environmental stimuli. In

fact, the assumed lower costs of behavioral plasticity, mean

that behavior is typically considered the first line of

response for an individual experiencing environmental

change (Clark et al. 2013; Wong and Candolin 2015;

Habary et al. 2017). For example, individuals experiencing

higher metabolic costs associated with increased daytime

temperature can increase foraging rate (Nowicki et al.

2012).

Whether the effects of temperature are expressed

through physiology or behavior, organisms experience the

greatest sensitivity to thermal stress during their larval and

juvenile stages (Houde 1989; Green and Fisher 2004;

McLeod et al. 2013; Munday et al. 2013). Temperatures

experienced during early life can have lasting effects,

impacting on later life fitness either in terms of survival or

reproductive success (Angilletta et al. 2003; Donelson et al.

2011; Munday 2014; Hoey et al. 2016). With few excep-

tions (Pratchett et al. 2013; Johansen et al. 2015; Clark

et al. 2017), and those studies conducted for aquaculture

purposes (Castillo-Vargasmachuca et al. 2017; Larios-So-

riano et al. 2020; Mazumder et al. 2020), research to date in

this field has focused on small, site-attached species such as

damselfish (Pomacentridae) as they are easy to keep and

rear in captivity (Pratchett et al. 2011; Munday 2014). Not

only this, but our understanding of the role that habitat-

based adaptation of thermal limits might play in driving

variation in thermal sensitivity within- and between-spe-

cies is currently limited by a lack of studies adopting an

inter-habitat comparative approach. The thermal sensitivity

of a species or population is likely to reflect the thermal

range of that habitat: species living in habitats with broader

thermal ranges may be able to cope with greater increases

in mean temperature (Bennett et al. 2019). Experimental

tests of this hypothesis, however, remain limited, impacting

on our ability to accurately predict the likely impacts on

coral reef fishes of future climate scenarios.

Herbivorous fishes are critical to the maintenance of reef

health via their roles in removing algae (grazing of turf

algae and browsing of macroalgae) and enhancement of

coral larvae settlement (scraping of reef pavement that

opens up settlement space) (Hughes et al. 2003, 2007;

Bellwood et al. 2004; Cheal et al. 2010; Rasher et al. 2013).

Exclusion of herbivores, both as part of controlled exper-

iments and via overfishing, has been shown to reduce reef

resilience, potentially resulting in habitat phase shifts to

alternative stable states such as macroalgal dominance

(Hughes et al. 2007; Cheal et al. 2010; Graham et al. 2015).

Despite their critical role in reef ecosystem functioning,

and the fact that many herbivore species are targets of

commercial and subsistence food fisheries around the

globe, little work has been done to investigate their sen-

sitivity to environmental change and their potential to

acclimate or adapt to rising ocean temperatures. Within the

herbivore guild native to Indo-Pacific reefs, rabbitfish (Si-

ganidae) is an important group that is essential to reef

health and resilience via their role in removal of algae (Fox

and Bellwood 2008; Cheal et al. 2010), as well as their

microhabitat feeding preferences (Fox and Bellwood
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2013). To date, only two studies have examined the ther-

mal sensitivity of rabbitfish, Siganus rivulatus and Siganus

canaliculatus, finding that their growth and function of a

key digestive enzyme (amylase) were affected by elevated

temperatures (Sabapathy and Teo 1994; Saoud et al. 2008).

In this study, we investigated the thermal sensitivity of

two closely-related species of rabbitfish from different

habitats, Siganus doliatus (reef-associated) and Siganus

lineatus (estuarine and mangrove-associated), over a

3 month period of their juvenile development. New recruits

of both species were exposed for 14 weeks to one of three

temperatures, representing present-day summer ambient

conditions (28.0 �C), late-summer ambient conditions

(30.0 �C), or those of projected ambient summer condi-

tions under future global warming (31.5 �C, Hobday and

Lough 2011). At the end of this period, we recorded traits

related to the overall somatic condition of individuals

(growth, hepatosomatic index and immune function). We

also measured key behaviors exhibited by individuals

within their respective temperature treatments (feeding rate

and activity level) to determine each species’ potential to

exhibit behavioral plasticity when under thermal stress. We

hypothesized that juvenile S. lineatus would show lower

sensitivity to thermal conditions during development, given

their primary association with estuarine and mangrove

habitats that typically experience higher fluctuations in

water temperature over the diel cycle than the reef-edge

habitats of juvenile S. doliatus (Wolanski et al. 1981;

Whitfield 1999; Harrison and Whitfield 2006; Childs et al.

2008). For example, while summer temperatures of inshore

reef areas of the mid-Great Barrier Reef region and estu-

arine waters within the same range show averages of

28–30 �C, these estuarine waters can exhibit temperature

peaks of 33–34 �C in some restricted areas (Kenny 1974;

AIMS 2017; Waltham and Sheaves 2017; DAFF 2018). We

also hypothesized that S. lineatus would exhibit greater

potential for behavioral plasticity than S. doliatus, given its

known ability to display plasticity in feeding activity pat-

terns over the diel cycle, with mangrove populations

feeding diurnally and reef populations feeding nocturnally

(Fox and Bellwood 2011).

Material and methods

Ethical note

This research was conducted under approval A2610

authorized by James Cook University’s Animal Ethics

Committee. Fish were collected from the wild under per-

mits from the Great Barrier Reef Marine Park G18/40957.1

(Fox) and James Cook University’s limited impact research

permit for the Great Barrier Reef Marine Park (CSE

approval 103, Donelson and LaMonica), as well as

Queensland Fisheries DAF 200,552 (Hoey).

Study species

The barred spinefoot rabbitfish, Siganus doliatus (Guérin-

Méneville 1829–38), is a tropical reef fish found through-

out the Western Pacific (Woodland 1997). Adults inhabit

coral-rich areas feeding predominantly on turfing algae and

reach a total length of 20–25 cm (Woodland 1997; Kuiter

and Tonozuka 2001; Fox et al. 2009; Hoey et al. 2013).

Juveniles form loose schools across reef flats and within

habitat-structuring macroalgae such as Sargassum spp.

(Woodland 1997; Kuiter and Tonozuka 2001; Tang et al.

2020). The golden-lined spinefoot rabbitfish, Siganus lin-

eatus (Valenciennes 1835), is a tropical, reef-associated

species that feeds predominantly on detritus (Fox et al.

2009), but also ingests algae, sediment and cyanobacteria

(Woodland 1997; Fox et al. 2009; Hoey et al. 2013). S.

lineatus can reach total lengths of 25–43 cm, inhabiting

shallow coral lagoon areas and mangroves as adults

(Kuronuma 1961; Lieske and Myers 2002; Woodland

1997). Juvenile S. lineatus are most typically found within

estuarine and mangrove habitats (Woodland 1997),

although have also been documented in nearshore

macroalgal beds (Tang et al. 2020).

Fish collection and husbandry

On March 8th 2019, we collected a total of 50 juvenile S.

doliatus from Sargassum spp. patches at 1.5 m water depth

within Hazard Bay, Orpheus Island (18.6331�S,
146.4900�E) using a barrier net (25 m 9 2 m, Line 8, 2.500

mesh size) and clove oil. During the period March 20th–

April 2nd 2019, 48 juvenile S. lineatus were collected from

estuarine habitats along the Ross River, Townsville

(19.5280�S, 146.8344�E) using a cast net (2 m drop

diameter and 2 cm mesh size). We were unable to use seine

netting methods targeting smaller S. lineatus individuals

due to University safety regulations (crocodile risk). For

both species, live fish were transported on the day of

capture to the Marine and Aquaculture Research Facilities

Unit (MARFU) at James Cook University, Townsville,

with constant aeration. Fish underwent a formalin seawater

treatment on arrival at MARFU (immersion in seawater

containing a solution of 250 ppm formalin (37% w/w

formaldehyde) for no less than 45 min, JCU MARFU SOP

AQU-031) to dislodge any parasites, before being allocated

to 32 L holding tanks.

Fish were habituated to experimental aquaria in small

groups of 3–5 individuals per 32 L tank maintained at the

ambient control water temperature of 28.0 �C for

7–18 days with a continuous flow of seawater from a
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closed recirculating system (* 7500 L) fitted with filtra-

tion, UV sterilization and protein skimmer. Seawater in the

experiment underwent particle filtration (2 9 50 micron

bag filters) before being UV sterilized, chilled or heated (as

required) and supplied to tanks. The light regime was on a

12 h light: 12 h dark schedule similar to the summer

average of the collection region. Correct functioning of the

aquarium systems (pumps, water flow, temperature, pH)

was constantly monitored and controlled through direct

digital control systems (OMNI Innotech). The water qual-

ity parameters salinity, pH and nitrates were also measured

weekly by MARFU technical staff. Once fish were

observed to be feeding well, they were measured (see

below for details) and allocated to individual 32 L tanks

containing two PVC pipes (8–13 cm length, 5–9 cm

diameter) for shelter. All tanks were covered with plastic

mesh to prevent fish escaping. Throughout the experiment

fish were fed ad libitum twice daily. Food sources were live

green algae (Caulerpa and Ulva spp.), marine green (pro-

tein 61.5%, algae/vegetables 30.8%, fiber 7.7%) and fish

pellets (INVE O.range NRD 5/8; protein 55%, lipid 9%,

fiber 1.9%, moisture 8%). Tanks were cleaned weekly by

siphoning excess food and waste.

Temperature treatments

Fish in individual tanks were randomly allocated into one,

of three temperature treatments: 28.0 �C, 30.0 �C or

31.5 �C (n = 16 per species per temperature, with n = 15

for S. doliatus at 31.5 �C). Experimental temperatures were

selected based on ambient summer temperatures experi-

enced on reefs of Orpheus Island (central region of the

Great Barrier Reef). Early summer temperatures for this

region (October-December) are an average of 28.0 �C,
while later summer months (February–March) can regu-

larly reach an average of 30.0 �C (AIMS 2017). The

warmest treatment of 31.5 �C was experienced in the

Orpheus Island area during the heatwaves of 2016–2017

(Hughes et al. 2017, 2018; Veilleux et al. 2018; Eakin et al.

2019). These warmer temperatures of 30.0 �C and 31.5 �C
also coincide with expected average increases in ocean

temperature of the region due to climate change by the year

2070 (Hobday and Lough 2011). Temperatures were

maintained ± 0.05 �C of the desired set points (controlled

via MARFU OMNI system and confirmed via spot checks

with a Comark C22 temperature probe twice daily). Indi-

viduals were held at their respective temperature treatment

for 14 weeks.

Growth and development measures

At the start and end of the experiment, juvenile fish were

placed in a transparent plastic bag filled with a small

amount of seawater and photographed (Canon G15). A

5-mm-grid scale was placed in the background of each

photo. Photographs were later analyzed using ImageJ

(version 1.52a) to determine standard length and body

depth (measured from base of the first dorsal fin spine to

the anterior edge of the pelvic fin) to the nearest 0.01 mm

(average of 3 measurements). Fish were also weighed

before and after temperature treatments (Sartorius BL

150 S scale) to the nearest 0.001 g. Growth was calculated

as the change in standard length, body depth and mass over

the experimental period.

At the conclusion of the experiment, fish were eutha-

nized via pithing with their livers dissected out and

weighed to the nearest 0.0001 g. Hepatosomatic index

(HSI) was calculated as a proxy of energy reserve and

physical condition by dividing liver mass (g) by final total

body mass (g) (including liver) of each individual fish and

multiplying by 100 to get a percentage. Sagittal otoliths

were then extracted from a subset of individuals from each

species (S. doliatus n = 13, S. lineatus n = 13) for age

analysis. Otoliths were embedded in resin and mounted on

glass slides, ground and polished with increasingly fine

sand and polishing paper (800, 1200 and 4000 grit) and

viewed under a dissection microscope (Olympus BX41).

Daily growth increments (rings) were counted on two

separate occasions with at least 7 days between counts, and

the highest count was used (JMD). All observations were

made blind to species, temperature treatment and previ-

ously recorded counts for that particular otolith. Rings were

counted to the core and a settlement ring (where visible). If

settlement was not clearly visible, the published average

1 month pelagic larval duration (PLD, c.f. Taylor et al.

2017) was removed from the count. Visible settlement

rings corroborated this * 1 month PLD.

Immune response

In order to examine the sensitivity of the immune system of

S. doliatus and S. lineatus to thermal stress, we carried out

an immune challenge on all individuals. After 11 weeks of

exposure to their respective treatments, we measured the

immune response of each individual (S. doliatus n = 36; S.

lineatus n = 45) using a phytohaemagglutinin (PHA)

injection assay to elicit body inflammation as a proxy for a

cell-mediated immune response (O’Connor et al. 2014).

Since this was the first time that this method has been used

to quantify immunity in the two study species, we also

conducted separate control injections of phosphate buffer

saline solution (PBS) in order to validate the PHA assay

methodology for S. doliatus and S. lineatus. For both sets

of trials, fish were first anesthetized in a seawater solution

of clove oil (0.1 ml clove oil: 1 l seawater). While under

anesthesia, three consecutive measurements of caudal
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peduncle thickness were taken using pressure controlled

calipers (Mitutoyo Absolute AOS Digimatic Caliper;

accuracy: 0.1 mm), with the average of the three mea-

surements to be used in subsequent analyses (see Statistical

Analyses). We then injected a fixed volume (0.2 ml) of

either PHA (dissolved in PBS at 0.01 mg: 0.01 ml) or the

control PBS. Fish were immediately returned to their

individual aquaria and then re-measured 24 h after injec-

tion (again recording the average of three consecutive

measurements). Immune response was calculated as the

difference between pre- and post-injection measures. In

order to obtain adequate sample sizes for the control trials,

all fish underwent the experimental PHA trial (with asso-

ciated re-measurement of the injection site 24 h later)

followed, at least 4 d later, by the PBS control injection

(with associated re-measurement of injection site after

24 h). Note that tissue swelling at the injection site (the

lateral thickness of the caudal peduncle) disappears after

72 h (Iglesias-Carrasco et al. 2019a, b), meaning that

measurements taken in the second, PBS control test would

not be impacted by any immune response previously

recorded. A single investigator performed all measure-

ments for consistency (LEL), with data transcribed by a

second individual to ensure that the measurer was blind to

pre-injection values. In addition, all data were recorded

blind with respect to temperature treatment. To confirm the

absence of a response to injection with PBS, we ran one-

sample t-tests for each species, with the null hypothesis

that mean swelling response = 0.

Behavioral assays

Behavioral assays were conducted on each individual after

10 weeks of exposure to their respective temperature

treatment. The day prior, tanks were cleaned, two PVC

shelter pipes were placed in the back, left corner, and a

20-cm-long 4-mm-diameter tube was adhered to the

opposite upper corner of the tank. Fish were starved for

15 h prior to the commencement of trials, which were

conducted between 0900 and 1000 h and 1030–1130 h, in

keeping with their usual feeding regime (equal numbers of

fish were randomly assigned to each trial time). At the start

of each trial, a GoPro Hero 3 was placed below the 20 cm

tubing in the corner of the tank and set to record for a

period of 60 min (the first 20 min of each recording was

treated as acclimation to the presence of the camera and

was excluded from all subsequent analyses).

Following the 20 min period of acclimation, we com-

menced observations on the activity level of each fish.

Each trial lasted for 20 min, during which time we recor-

ded the amount of time (in s) fish spent either hiding in the

shelter of the PVC piping, or out swimming in the tank.

The amount of time fish were out of view of the recording

was also noted. Two individuals (both of them S. doliatus)

that were not visible for over 1000 s of the video were

excluded from further analysis. The proportion of time

spent inside versus outside the shelter was calculated as a

proxy for activity level. At the conclusion of the activity

level trial (40 min into recording), a solution of 0.5–0.6 g

of marine green with 5 ml of seawater was discretely

injected through the 20 cm tube above the GoPro.

Although S. doliatus and S. lineatus are known to have

distinct diets in the wild, they did not show differential

preferences for the artificial foods trialed as activity assays

for this study, enabling us to rule out food preference as a

determinant of observed feeding rates. In the 5 min fol-

lowing the injection, we noted the time (in s) for individ-

uals to start feeding and the total number of feeding forays

(with a foray defined as a discrete feeding bout with no

interval between bites). Fish that did not feed (S. doliatus

n = 5, S. lineatus n = 2) were excluded from the analysis

of this trait. All behavioral trials (activity level, latency to

feed and feeding rate) were scored blind with respect to

temperature treatment (LEL).

Statistical analysis

Given the potential for behaviors and somatic traits to be

highly correlated within a species, we performed an

exploratory linear discriminant analysis (LDA) to examine

the level of variation in the dataset explained by species.

All measured variables, centered and re-scaled, were

included in the analysis with the exception of latency to

feed (due to missing values for individuals). The primary

axis (LDA1) explained 85.5% of the variation in our trait

data, with strong separation of species along this axis. To

test for the effects of species and temperature (and their

potential interaction) on this variation within the dataset we

then used a general linear model with response variable as

the factor score of each fish on LDA1, and the species and

temperature treatment of each fish as fixed factors in the

model. The effect of species (also correlated with body size

and age at testing) was significant (GLM, F1,58 = 160.31,

p\ 0.001), with neither temperature (F2,58 = 1.125,

p = 0.33) or the interaction between species and tempera-

ture significant (F2,58 = 0.735, p = 0.48). This strong effect

of species was demonstrated using predicted probabilities

of class membership analysis, where the model was able to

assign an individual to the correct species grouping-based

63% of the time. This overwhelming effect of species (or

potentially body size or age) on the dataset meant that

examination of potential temperature effects across both

species would be uninformative. We therefore conducted

all further analyses of somatic and behavioral responses

within-species in order to determine the effect of
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temperature (i.e., thermal sensitivity) on S. doliatus and S.

lineatus.

We ran separate general linear models to test the effect

of temperature (fixed factor) on the growth of each species

(a) change in standard length, (b) change in mass and

(c) change in body depth. In each case, we included the

starting value of each growth variable (i.e., starting length,

starting mass or starting body depth) as a covariate in the

model. To test the effect of temperature on HSI, we ran

linear models with individual standard length at the end of

the experiment as a covariate. The inclusion of either

starting size or end standard length as a covariate was

supported by Akaike information criterion (AIC) model

comparison (improved model fit with covariate included).

Since behavioral metrics did not adhere to normality

assumptions of Gaussian linear models, separate general-

ized linear models were used to examine the effect of

temperature on (d) feeding latency (negative binomial error

distribution used to correct for over-dispersion), (e) feeding

rate (Poisson error distribution with an observation-level

random effect of fish ID to account for over-dispersion)

and (f) activity level (binomial error distribution). In all the

above cases, if the main treatment effect of temperature

was significant, we ran Tukey’s post-hoc tests to examine

pairwise differences between treatments (p\ 0.05).

To test for the effect of temperature on species’ immune

responses, we used a two-step analysis. We first ran a series

of one-sample t-tests to compare the immune response of

each temperature treatment to the null of zero response.

Where temperature treatment groups showed a significant

immune response we used linear models to check for an

effect of temperature (fixed effect) on the level of response.

The inclusion of final standard length, weight, and body

depth as covariates in these models were explored using

AIC model comparisons, and it was determined that they

did not significantly improve model fit.

All analyses were performed using R and Rstudio

(version 1.3.1073) and the associated packages ‘ggpubr,

‘ggplot2’, ‘car’, ‘MuMIn’, ‘emmeans’, ‘multcomp’,

‘lme4’, ‘candisc’, ‘caret’, ‘devtools’ and ‘AER’.

Results

Starting size and age

At the commencement of the study, juvenile S. doliatus

were, on average, 2.54 cm standard length (SL)

(± 0.03 SE), with an average mass of 0.41 g (± 0.02 SE)

and 0.93 cm (± 0.03 SE) body depth. The juvenile S.

lineatus used in the study were, on average, 6.31 cm SL

(± 0.16 SE), with a mass of 7.71 g (± 0.67 SE) and body

depth of 2.89 cm (± 0.08 SE). The aging of a subset of

individuals showed that S. doliatus were between 10 and

50 days post-settlement at the start of the treatment expo-

sure, and thus the individuals used in our study were

assumed to be from the Feb and Mar 2019 recruitment

events. The aged subset of S. lineatus were found to be

between 42 and 132 days post-settlement, thus the study

individuals were assumed to be from the Dec 2018-Mar

2019 recruitment events.

Growth and development

There was no effect of water temperature on the growth of

juvenile S. doliatus and S. lineatus measured in terms of

either increase in standard length (Fig. 1a; S. doliatus:

mean = 2.7 cm, F2,32 = 2.255, p = 0.122; S. lineatus:

mean = 1.83 cm, F2,41 = 1.189, p = 0.315), or mass

(Fig. 1b; S. doliatus: mean = 4.1 g, F2,32 = 0.783,

p = 0.466; S. lineatus: mean = 9.39 g, F2,41 = 0.768,

p = 0.471). We observed a trend of increasing body depth

of juvenile S. doliatus in elevated water temperature

(Fig. 1c; F2,32 = 5.630, p = 0.008), however the changes

between temperatures were non-significant (Tukey’s post-

hoc all p[ 0.05). There was a significant effect of tem-

perature on the liver to body weight ratio (HSI) of S.

doliatus (Fig. 1d; F2,29 = 4.077, p = 0.027), with fish held

at 31.5 �C in significantly lower HSI than those held at

28.0 �C (Tukey’s post-hoc 28.0 vs. 31.5 �C: p = 0.040;

30.0 vs. 31.5 �C: p = 0.059). By contrast, there was no

effect of temperature on either the body depth

(F2,41 = 0.732, p = 0.487) or HSI (F2,38 = 0.222,

i = 0.802) of juvenile S. lineatus (Fig. 1c, d).

Immune response

Both S. doliatus (t(35) = - 0.887, p = 0.3813) and S. lin-

eatus (t(43) = 1.6711, p = 0.102) showed no significant

response to injection with PBS, validating the use of PHA

as a method for measuring immunity in these two species

(Fig. 2a). Juvenile S. doliatus held at 28.0 and 30.0 �C both

mounted a significant immune response in the 24 h fol-

lowing injection with PHA (28.0 �C treatment,

t(11) = 3.048, p = 0.011; 30.0 �C treatment t(12) = 3.981,

p = 0.002), with no difference in the magnitude of

response observed at these two temperatures (t(23) = -

0.423, p = 0.676, Fig. 2b). By contrast, S. doliatus held at

31.5 �C showed no immune response over the same period

(t(10) = 1.4888, p = 0.167). Juvenile S. lineatus were able

to mount a significant immune response at all temperature

treatments (28.0 �C t(12) = 2.330, p = 0.038; 30.0 �C
t(15) = 2.268, p = 0.039; 31.5 �C t(15) = 2.629, p = 0.019)

(Fig. 2b), with no difference in the magnitude of this

response across temperatures (F2,41 = 0.016, p = 0.984).
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Behavior

Individuals of both species generally fed within the first

45 s of food being provided. For S. doliatus there was no

effect of temperature on latency to feed (Fig. 3a; GLM,

v2(2) = 2.621 p = 0.270), with fish at the ambient temper-

ature visually exhibiting greater variation in their feeding

latency than individuals at both of the higher temperatures

although this was not statistically supported (Fligner Kill-

een test, v2(2) = 1.127, p = 0.57). S. lineatus fed faster in

warmer temperature treatments (Fig. 3a; GLM,

v2(2) = 13.503, p = 0.001) with no difference in variation

observed between temperature groups (Fligner Killeen test,

v2(2) = 5.006, p = 0.08). The reduction in latency to feed

by S. lineatus was significant when comparing fish held in
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the 31.5 �C treatment to those held at 28.0 �C (Tukey’s,

p = 0.001).

For both species, feeding rates increased with increasing

water temperature (Fig. 3b), although for S. doliatus there

was no statistical effect of temperature on feeding rate

(Fig. 3b; GLM, v2(2) = 1.785, p = 0.410). S. lineatus

feeding rate was significantly greater in the higher tem-

perature treatments (Fig. 3b; GLM, v2(2) = 6.183,

p = 0.045) driven by differences between individuals at

28.0 �C and both 30.0 �C (z = 2.26, p = 0.024) and

31.5 �C (z = 2.14, p = 0.033).

There was no effect of temperature on the activity level

of S. doliatus (GLM, v2(2) = 1.45, p = 0.484) or S. lineatus

(GLM, v2(2) = 1.44, p = 0.486), however S. lineatus dis-

played a more consistent general increase in activity levels

with increasing temperature (Fig. 3c). Individuals of this

species in the 30.0 and 31.5 �C treatments were, on aver-

age, 19% more active than those housed at 28.0 �C
(Fig. 3c).

Discussion

Previous studies of effects of increasing ocean temperature

on the growth and physiological condition of coral reef

fishes have focused on small, site-attached species, such as

damselfish. Here we investigated the thermal sensitivity of

two closely-related, but habitat-distinct species of mobile

fishes belonging to the family Siganidae, following a per-

iod of a 14 week exposure to ambient and elevated tem-

peratures during juvenile development. In comparison to

results previously reported for site-attached species, which

displayed high thermal sensitivity and negative physical

effects at 1.5 to 3 �C warming above summer averages

(Munday et al. 2008b; Zarco-Perelló et al. 2012; Motson

and Donelson 2017), we found evidence of robustness of

juvenile rabbitfish to elevated thermal conditions. Although

juvenile S. lineatus exhibited behavioral changes (feeding

rates and propensity to feed) in response to higher water

temperatures, they were able to maintain growth, physical

condition and immune function across the 28.0 to 31.5 �C
developmental temperature range. Juvenile S. doliatus did

show greater sensitivity in terms of physiological response,

with significant reductions in HSI and immuno-competence

at 31.5 �C. The observed differences between the two

species are most likely linked to adaptations to the different

habitats with which they are associated, with S. lineatus

primarily associated with estuarine and mangrove habitats

that experience greater thermal variation daily and sea-

sonally (Kenny 1974; Wolanksi et al. 1981; Whitfield

1999; DAFF 2018). Observed differences may, of course,

also be partially attributable to the effects of the size dif-

ference between the species (S. lineatus individuals being

larger than S. doliatus) and the slight differences in their

ages when tested.

Overall, our results suggest that juvenile rabbitfish may

be less sensitive to small increases in water temperature

than previously studied site-attached species such as

damselfish, cardinalfish and wrasses (Sponaugle et al.

2006; Munday et al. 2008a, b; Gardiner et al. 2010; Nilsson

et al. 2010; Nowicki et al. 2012; Zarco-Perelló et al. 2012;
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Motson and Donelson 2017). Juvenile rabbitfish in the

current study also exhibited lower thermal sensitivity than

larval and adult coral trout (Plectropomus spp.) in terms of

development and growth, although they did demonstrate

similar increases in feeding rate at elevated temperatures

(Pratchett et al. 2013; Johansen et al. 2015). The absence of

significant observed physiological effects for S. lineatus

and S. doliatus at 30.0 �C and S. lineatus at 31.5 �C is

encouraging, given that both species, as well as the family

more broadly, provide essential ecosystem services on

Indo-Pacific coral reefs (Fox and Bellwood 2008, 2013;

Fox et al. 2009; Hoey et al. 2013) and are targets of

commercial and artisanal food fisheries in many parts of

the Indo-Pacific (Campos et al. 1994; Rhodes et al. 2008;

Soliman et al. 2009; Soliman and Yamaoka 2010; Gillett

2011). It is perhaps also worth noting here that, with

respect to behavior and immune response in S. doliatus we

recorded considerable levels of variation between individ-

uals, suggesting that even within the relatively small

number of individuals sampled for the current experiment,

there exists intraspecific variation. This variation could

potentially provide a target for selection processes to act

upon during warming events, suggesting a potential role for

evolutionary responses to rising temperatures.

Traits in juvenile S. doliatus that were affected by water

temperature were related to physiological stress responses

and were seen only in the group exposed to 31.5 �C.
Populations of S. doliatus on the Great Barrier Reef,

Australia already experience temperatures of 31.5 �C dur-

ing heatwave events associated with thermal anomalies

(Hughes et al. 2017, 2018; Eakin et al. 2019), although

only for periods of days. Physical condition (HSI) and

immunity were significantly reduced when fish developed

at 31.5 �C, both of which could impact negatively on

individual survival in a natural setting (Wendelaar Bonga

1997; Barton 2002; Stallings et al. 2010). If prolonged, the

physiological effects of thermal stress could therefore lead

to changes in whole organism attributes such as growth and

behavior (Wedemeyer and McLeay 1981; Wendelaar

Bonga 1997; Barton 2002). While we observed trends of

decreased latency and increased feeding rate with warming,

S. doliatus showed no significant differences in behavior

between temperature treatments. We also observed no

differences in the overall length and mass of fish exposed

to higher temperatures, although fish had greater body

depth as water temperature increased (counter to the

expected pattern of reduced growth at elevated tempera-

tures (Munday et al. 2008b; Zarco-Perelló et al. 2012;

Motson and Donelson 2017)). This result could have been

due to the experimental temperatures being within the

thermal tolerance of the species, meaning that higher

temperature treatments could have simply provided a

thermal advantage in terms of growth rate. It is also

possible that the absence of length and mass effects of

temperature in S. doliatus (and in S. lineatus) were due to

entrainment of ontogenetic growth patterns that are

exhibited by many juvenile reef fish as a means of avoiding

predation at smaller body sizes (Werner and Hall 1988;

Dahlgren and Eggleston 2000; Persson et al. 2000). If so,

this could suggest that the negative effects of temperature

on HSI and immune function observed in S. doliatus were

the result of energetic trade-offs, with resources diverted to

maintenance of growth, at the expense of immunity and

stored energy (Werner and Hall 1988; Angilletta et al.

2003; Clotfelter et al. 2007; Sandersfeld et al. 2015).

Finally, the absence of any temperature effect on measured

growth and behavioral traits in juvenile S. doliatus could

also be a temporal phenomenon, with effects of sustained

exposure to elevated temperatures in early life only

becoming visible much later in life in terms of impact on

adult life-history (Monaghan 2008; Jonsson and Jonsson

2014). For example, exposure to poor environmental con-

ditions during development may have negative effects on

adult growth, reproduction and rate of aging (Nussey et al.

2007; Marshall et al. 2017; Cooper and Kruuk 2018) in a

reversal of ‘silver spoon’ hypothesis (Grafen 1990). The

current study did not take into account these potential

longer-term trade-offs representing a critical future

research priority.

Juvenile S. lineatus were robust to exposure to temper-

atures from 28.0 to 31.5 �C in terms of their growth and

physiology (body length, body depth, mass, physical con-

dition and immunity were not significantly affected).

However, latency to feed decreased and feeding rate

increased with warming potentially indicating a greater

need to acquire more energy at higher temperatures. While

not measured directly in this study, elevated water tem-

perature increases basal metabolic costs in fish (Pörtner

2001; Pörtner and Farrell 2008; Norin et al. 2014; Hoey

et al. 2016). It is therefore likely that the increased

propensity to feed by S. lineatus was driven by a need to

meet additional energetic costs at warmer temperatures and

maintain growth and condition across the temperature

range (Brett 1979; Bowen et al. 1995; Arrington et al.

2002; Sandersfeld et al. 2015). The lack of any temperature

effect on HSI and immune function in this species (con-

trary to S. doliatus) supported our hypothesis that juvenile

S. lineatus would exhibit higher thermal tolerance, due to

their association with estuarine habitats. However, the

absence of any perceived costs of the higher energetic

demands of warmer temperatures in S. lineatus could also

have been partially due to their larger size at testing than S.

doliatus, or could be an artifact of laboratory conditions,

under which fish were fed ad libitum twice daily and are

therefore likely to have access to ample compensatory food

resources. In the wild, this may or may not be the case
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(Clements et al. 2009) and could also be contingent on the

productivity of reef and estuarine ecosystems under future

climate conditions, where studies have shown the potential

for reductions in primary production under global change

(Johnson et al. 2017; Graba-Landry et al. 2020).

S. doliatus and S. lineatus are known to share a close

phylogenetic relationship (Kuriiwa et al 2007; Borsa et al.

2007; Siqueira et al. 2019) with the two species consis-

tently positioned within the same phylogenetic clade hav-

ing diverged from a common ancestor only about 2�
million years ago (Siqueira et al. 2019). However, they are

primarily associated with two different habitat types, S.

doliatus being strongly reef-associated and S. lineatus

typically associated with estuarine and mangrove habitats

(although it does also occur on reefs with neighboring

mangrove areas). Is it possible, then, to extrapolate phys-

iological and behavioral responses to thermal stress

between sister congeners from different habitats? Our study

suggests not: S. doliatus and S. lineatus showed differences

in (1) the nature and (2) the threshold of their temperature

responses. S. lineatus exhibited behavioral changes while

S. doliatus exhibited a physiological response with

decreased immunity and physical condition with warming.

As we outline above, these differences are likely

attributable to adaptations associated with their different

habitats, with S. lineatus being adapted to estuarine envi-

ronments. Since S. lineatus also has a broader habitat niche

(being associated with areas of coral reef as well as shallow

mangroves and estuaries), the species might be expected to

have a broader range of physiological tolerances than the

coral reef specialist, S. doliatus.

The second notable difference in the responses exhibited

by these two species was the temperature at which we

observed the respective effects. For S. doliatus, effects

were seen only at the highest temperature treatment group

(31.5 �C), while for S. lineatus we recorded effects even at

30.0 �C. The lower temperature threshold for observation

of behavioral changes could be due to the lower relative

costs of adopting the strategy of behavioral plasticity in

response to the environmental variation (S. lineatus)

compared to those associated with making physiological

changes (S. doliatus) (Clark et al. 2013; Wong and Can-

dolin 2015; Habary et al. 2017). It is also possible that S.

lineatus juveniles were more readily able to show a posi-

tive behavioral response at 30.0 �C and 31.5 �C due to

their prior exposure to similar fluctuations within their

natural estuarine setting (Brett 1979; Bowen et al. 1995;

Arrington et al. 2002; Sandersfeld et al. 2015). The dif-

ferences in thermal sensitivity observed in the current study

for these two species could suggest that they have different

thermal performance ranges, based on their different

habitats. Certainly previous studies from freshwater envi-

ronments have demonstrated that thermal history

associated with habitat or geographic cline can be a driver

of variation in thermal sensitivity even within populations

of a single species (Chrétien and Chapman 2016; Reizen-

berg et al. 2018), and the fact that changes in ocean tem-

perature can influence the selection of different habitats by

species (Freitas et al. 2016). To our knowledge, however,

there have be no previous investigations of inter-habitat

differences in the thermal sensitivity of closely-related,

reef-associated species. The negative physiological effects

observed for juvenile S. doliatus at 31.5 �C suggests to us

that this temperature lies above the thermal optimum for

this species, whereas for juvenile S. lineatus our treatments

did not exceed its optimal thermal range. As noted above

however, thermal effects on the juvenile life-stage cannot

necessarily be extrapolated to adult organisms when

determining species’ thermal performance range, temper-

atures conducive to early growth and development can

impact negatively on later life stages (e.g., effects on

maturity timing, reproductive capacity) (Munday et al.

2008a; Hofmann and Todgham 2010; Donelson et al. 2011;

Pankhurst and Munday 2011).

Our study examined the thermal sensitivity of two clo-

sely-related yet habitat-distinct species of mobile reef

fishes belonging to an under-studied functional group

(rabbitfish). By broadening the study of thermal tolerance

of reef fishes beyond its current focus on site-attached

species such as damselfish (Pomacentridae) (Munday et al.

2008a, b; Nowicki et al. 2012; Zarco-Perelló et al. 2012),

wrasses (Labridae) (Sponaugle et al. 2006; Motson and

Donelson 2017) and cardinalfish (Apogonidae) (Gardiner

et al. 2010; Nilsson et al. 2010), our results make a novel

contribution to the understanding of how temperature

increases expected under future climate change will impact

critical ecosystem services (herbivory and detritivory)

along with human food security (fisheries catches). Our

study showed that juvenile S. doliatus are thermally sen-

sitive in terms of their physiology while S. lineatus respond

to increased temperature via changes in their feeding

behavior. We found that, under warmer conditions, S. lin-

eatus increased their feeding rate while maintaining growth

and physical condition. Whether this behavioral buffering

could occur in a natural setting would depend on avail-

ability of food resources. Interestingly, both species

showed lower thermal sensitivity than has been recorded

previously for site-attached and mobile species, highlight-

ing that not all reef fish species show equal responses to

temperature change. This is certainly encouraging, espe-

cially considering that there is also the potential for these

mobile species to further buffer the effects of environ-

mental change via movement and behavioral thermoregu-

lation (not accounted for in the current laboratory setting).

Incorporating this aspect of ecological realism into our

studies via observations of field-active individuals remains
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a key research priority. While our results suggest that

juvenile rabbitfish may be robust to low levels of future

global warming, it will also be important to investigate

larval and reproductive stages, as these have been shown to

be the most sensitive and likely to limit survival in a

warmer future ocean (Houde 1989; Green and Fisher 2004;

Pankhurst and Munday 2011; Munday et al. 2013; McLeod

et al. 2013; Donelson et al. 2010, 2016; Hoey et al. 2016).

Understanding the mechanistic drivers of our findings

(undetermined in the current study) via the measurement of

cellular- or tissue-level physiological parameters (e.g.,

enzyme activities, hematology, metabolomics), as well as

testing additional (or fluctuating) temperature regimes to

fully describe the thermal performance curves of the

measured traits in these rabbitfish species would represent

useful avenues for future research. Finally, our findings

suggest there are likely to be inaccuracies associated with

extrapolating physiological and behavioral responses

across closely-related species associated with different reef

habitats. Our results therefore point to a strong role of

habitat in determining the thermal sensitivity of individual

reef fish species.
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