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Abstract 
 
Grazing is a pivotal function in many marine systems, conferring resilience to coral reefs by 1 

limiting algal overgrowth, but triggering phase shifts on temperate reefs. Thus, changes to 2 

consumption rates of grazing species in response to higher future temperatures may have 3 

broad ecological consequences. We measured how the consumption rates of a widespread 4 

mesograzer (the hermit crab Clibanarius virescens) responded to changing temperatures in 5 

the laboratory and applied these findings to model the spatial footprint on grazing animals 6 

throughout the Indo-Pacific region under climate change scenarios. We show that mean 7 

grazing capacity may increase in shallow coastal areas in the second half of the century. The 8 

effects are, however, asymmetrical, with tropical reefs predicted to experience slightly 9 

diminished grazing whilst reefs at higher latitudes will be grazed substantially more. Our 10 

findings suggest that assessments of the effects of climate change on reef ecosystems should 11 

consider how warming affects grazing performance when predicting wider ecological 12 

impacts.  13 

14 
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1. Introduction 15 

Marine ecosystems are increasingly affected by a suite of stressors (Boyd et al., 2015, 16 

Hoegh-Guldberg et al., 2007) which may interfere with important ecological processes that 17 

contribute to ecosystem resilience (Bellwood et al., 2003, Hoegh-Guldberg &  Bruno, 2010, 18 

Mumby et al., 2007). Surplus nutrients can lead to excessive algal growth and cause some 19 

ecosystems (e.g. coral reefs) to undergo phase shifts to alternative states, upsetting trophic 20 

structure and reducing biodiversity (Hempson et al., 2018). However, the functional roles of 21 

certain consumer groups can help ecosystems resist such changes (Goldenberg et al., 2018). 22 

Grazers, for example, exert strong top-down control on the abundance of primary producers 23 

in all benthic marine habitats (Poore et al., 2012), which can mitigate the effect of algal 24 

blooms (e.g. in coral reefs (Hughes et al., 2007) and rocky shores (Worm &  Lotze, 2006)), in 25 

effect increasing ecosystem resilience via resistance to phase shifts (e.g. from coral to algal 26 

dominated systems (Mumby et al., 2007)). The effect of grazers on primary producer 27 

abundance is strong globally, with both macrograzers and mesograzers (which are generally 28 

less recognised as ecosystem engineers) exerting strong control over algal biomass across 29 

most marine habitats (Poore et al., 2012). In temperate reefs, which are generally algae 30 

dominated, high grazing capacity may have the opposite effect and actually trigger phase 31 

shifts (Bennett et al., 2015), sometimes rapidly in response to even short term temperature 32 

changes (Wernberg et al., 2016). However, the process of grazing may also be affected by 33 

disturbance itself.  34 

Various stressors (e.g. acidification, eutrophication, temperature rise) are known to alter 35 

grazer biomass and/or consumption rates (Boyer et al., 2004, Mumby et al., 2006, Wernberg 36 

et al., 2016)  These stressors can trigger broad changes to  ecological function (Hoegh-37 

Guldberg &  Bruno, 2010, Smith, 2008), with temperature especially pertinent to tropical 38 
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species (Perez et al., 2016). As such, temperature plays a role in defining species distributions 39 

(Lancaster, 2016), with strong predictive capacity for identifying the latitudinal range of both 40 

tropical and temperate marine species (Poloczanska et al., 2013, Stuart-Smith et al., 2017). 41 

Changes in temperature can trigger behavioral responses within the distribution (Briffa et al., 42 

2013, Poloczanska et al., 2013), in some cases altering the feeding and metabolic rates 43 

(Fussmann et al., 2014, Rall et al., 2010). The shape of the relationship between grazing rates 44 

and temperature within the range of a species is a pivotal variable in predicting how rising sea 45 

temperatures will impact ecological functions. The simplest model would suggest that 46 

feeding rates rise in a linear fashion with temperature (e.g. Elner, 1980, Smith, 2008), 47 

probably resulting from faster metabolism at higher temperatures (Fussmann et al., 2014, 48 

Rall et al., 2010). However, the shape of the relationship cannot be truly linear because 49 

feeding rates will plateau or decline as temperatures approach physiological tolerance limits 50 

(Newell &  Branch, 1980). Thus, it is plausible, if not likely, that the functional response to 51 

rising temperature is unimodal (hump shaped).  52 

It follows that rising sea temperatures may increase grazing performance only if the 53 

temperature change corresponds or approaches the peak behavioral response. Conversely, 54 

temperature beyond the peak behavioral response point will result in lower consumption 55 

rates. Understanding this relationship, especially where peak grazing occurs and how rapidly 56 

it declines at sub-optimal temperatures may support predictions of ecosystem responses to 57 

climate warming. Field studies can rarely manipulate temperatures sufficiently to identify 58 

end-points (for both ethical and practical reasons), whereas this is possible in the laboratory. 59 

Thus, we opted to test the effect of temperature on feeding rates under controlled laboratory 60 

conditions using a common shallow-water mesograzer, the yellow-footed hermit crab 61 

(Clibanarius virescens (Kraus, 1843)). This crab is widely distributed across a broad 62 

latitudinal range (approx. N37° to S37°) in low intertidal and shallow subtidal habitats 63 
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throughout the tropical and warm temperate Indo-West Pacific (Dunbar, 2005, Kunze &  64 

Anderson, 1979, Morgan, 1988), and is possibly the most diffusely distributed hermit crab in 65 

the region (Lewinsohn, 1982). These crabs have shown demonstrable physiological responses 66 

to temperature changes (e.g. respiration rate increases with temperature (Dunbar, 2005)), that 67 

are consistent with the metabolic theory of ecology. This theory suggests that body size and 68 

temperature induce predictable effects on metabolic rate and resource uptake that are 69 

relatively consistent across taxa (Brown et al., 2004). Thus, if measurable changes to the 70 

grazing capacity of these widespread mesograzers are indicative of similar effects on other 71 

consumers, this could suggest concurrent wide-ranging changes to grazing in coastal 72 

ecosystems.  73 

Here we quantify the shape of the grazing-temperature response of a widespread shallow 74 

water mesograzer (C. virescens), and model how climate change may affect its contribution 75 

to this important ecosystem function. We do this first by establishing the effect of 76 

temperature on the feeding and behavior of C. virescens in the laboratory. We then estimate 77 

the effect of climate change (temperature rise) by applying these findings to model potential 78 

changes in grazing performance throughout the present distribution of C. virescens under two 79 

climate change scenarios - RCP 4.5 and RCP 8.5 (Moss et al., 2010, NOAA/ESRL Physical 80 

Sciences Division, 2018) across two yearly periods: January to March (JFM); and July to 81 

September (JAS).  82 

2. Material and Methods 83 

We measured grazing rate of the yellow-footed hermit crab in the laboratory across 84 

temperatures between 23°C and 38°C. Crabs were collected from shallow water at low tide at 85 

Burleigh Heads, Queensland, Australia (S 28° 5' 21", E 153° 27' 18”) on multiple occasions 86 

in the months leading up to an acclimation period. They were then acclimatised to the 87 
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laboratory conditions and feeding schedule for at least three months prior to inclusion in these 88 

experiments. Monthly average sea surface temperatures (SST) in the region range between 89 

21.4°C in August, to 27.1°C in February (World Sea Temperature, 2018). Crabs were kept in 90 

aquaria at constant 23°C, under a 12 hour light/dark regime, and on a four day feeding cycle 91 

(i.e. crabs were fed the same algal pellets as used in these experiments once every four days). 92 

In the morning of the fourth day of each feeding cycle (and prior to feeding), a sub-set of 93 

crabs were selected at random (from a pool of approximately 200 total crabs) and placed into 94 

individual containers within larger water baths (one bath per temperature treatment). Each 95 

water bath contained 10 crabs in individual containers. Given the expectation that crab size 96 

may affect consumption rates, crab size was restricted to those with shell volumes between 97 

500 and 1500 mm3 to maintain similar size distributions across all treatments. Shell volume 98 

was calculated from height and width measurements and no difference in mean size was 99 

observed among levels.  100 

Temperature was increased to one of five experimental levels (23, 26, 30, 34, 38°C) 101 

gradually over a six hour period in an effort to mirror daily warming cycles in shallow 102 

waters. An additional level above 38°C was attempted (target 42°C). However, temperatures 103 

between 39 – 40°C elicited a clear stress response, with many crabs exiting their protective 104 

shells and moving in an erratic twitching manner and this treatment was therefore abandoned.  105 

In this experiment we simulate the effect of grazing by using algal pellets of a standard size 106 

to quantify grazing rates. Thus, after reaching the target temperature, 10 x 1 mm algal pellets 107 

were provided to each crab (New Life Spectrum AlgaeMAX 1 mm sinking pellets, containing 108 

nine types of algae). The number of pellets consumed was recorded after one hour. Sample 109 

sizes per level ranged between 30 and 39, for a total of 177 hermit crabs. We note here that 110 

because hermit crabs exchange shells it was impracticable to identify individual crabs. Thus, 111 
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we were unable to quantify any potential re-use of individual crabs throughout the 112 

experiment beyond ensuring that no crab was included more than once every four days.  113 

The response of grazing rate to temperature was used to develop a model of grazing 114 

performance, which we then used to predict grazing performance across the current 115 

distribution under recent temperature conditions and two climate change scenarios. Grazing 116 

performance was calculated as the consumption rate per individual per hour, represented as a 117 

percentage compared with maximum rate defined by the model. Long term sea surface 118 

temperature (SST) data (1981 – 2010) and future predicted SST (2050 – 2099) for two 119 

periods, January to March (JFM) and July to September (JAS) were used to model changes to 120 

the grazing performance of subtidal crabs across their range. These two periods were selected 121 

because they were the closest representation of the warmest (and coldest) months in each 122 

hemisphere available from the pre-determined periods of the source datasets (NOAA/ESRL 123 

Physical Sciences Division, 2018). We note here that crabs that feed primarily in intertidal 124 

rock-pools (as opposed to subtidally) will likely be exposed to higher temperature 125 

fluctuations and thus beyond the scope of available climate models. Hence, our focus is on 126 

the subtidal scenario in temperatures similar to observed and future predicted SST.  127 

Historical data were monthly means between 1981 and 2010, averaged across the target 128 

months (Reynolds et al., 2002). Future climate projections were from the NOAA Climate 129 

Change Web Portal (NOAA/ESRL Physical Sciences Division, 2018), using the average of 130 

all models for the RCP4.5 and RCP8.5 warming scenarios (Moss et al., 2010). SST values 131 

were extracted for each scenario and period for every 0.5° lat × lon and used to model 132 

grazing performance at this scale. These data show mean temperatures across the entire 133 

distribution between 1981 and 2010 were approximately 27°C, which could increase to 134 

29.5°C under the RCP 8.5 emissions scenario. Per scenario, increases are 1.10°C ± 0.01°C 135 

(mean ± S.E.) RCP4.5 for JFM and 1.11 ± 0.01°C for JAS, and, under RCP8.5 temperature 136 
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increases of 2.08 ± 0.01°C for JAS, and 2.03 ± 0.01°C for JFM. We applied our model of 137 

grazing performance from the laboratory experiments (equation 1; in Microsoft Excel) to 138 

these temperature data in order to predict how grazing performance might change under each 139 

scenario.  140 

3. Results 141 

3.1 Grazing changes with temperature 142 

The shape of the relationship between grazing rates and temperature was strongly unimodal. 143 

Thus, fitting a non-linear (negative quadratic) curve to our laboratory data showed a strong 144 

relationship (r2 = 0.99) in which peak grazing performance (quadratic maximum) occurred at 145 

29.5°C (Equation 1; Fig. 1). This model predicts a 70% decrease in grazing performance at 146 

our maximum temperature (38°C) compared with peak grazing at 29.5°C, and a 41% 147 

decrease at our minimum temperature (23°C; Fig. 1). Solving this quadratic equation for zero 148 

suggests grazing would cease at 19.3°C and 39.6°C (Fig. 1). 149 
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 150 

Figure 1.  Grazing rate and relative grazing performance for hermit crabs at each 151 
experimental temperature. Left axis represents measured grazing rates (mean, SE) with 152 
negative quadratic fit-line (black). Right axis represents calculated grazing performance 153 
compared with peak at 29.5°C (based on black quadratic model). Equation for red fit-line 154 
(relative grazing performance) is used in modelling future effects of temperature on grazing 155 
performance throughout the yellow-footed hermit crab’s Indo-Pacific distribution. 156 

 157 

Equation 1: 158 

 159 

3.2 Predicting changes in grazing performance under future climate warming 160 

Applying this equation for temperature data from 1981 to 2010 across the full range of 161 

C. virescens predicts that grazing is highest in the tropics and declines towards temperate 162 

regions (Fig. 2a,b). Under both future warming scenarios, grazing performance is predicted to 163 

decrease slightly in tropical seas (max decrease: -18%) during the warmer months in each 164 

hemisphere. The largest and most widespread declines will occur during summer under the 165 

more extreme RCP 8.5 scenario (Fig. 2e,f). However, in both scenarios examined, less than 166 
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2% of the total area will experience declines in grazing greater than 10%. Ten percent was 167 

selected as a threshold for this analysis for consistency, because 1 S.D. from the mean across 168 

all scenarios ranged between 5-10%. In contrast to declines nearer the equator, grazing is 169 

expected to increase substantially (max increase: +56%) at higher latitudes (Fig. 2c-f). 170 

Considerable area at higher latitudes (e.g. sub-tropic and warm temperate areas) will increase 171 

in grazing performance by more than 10% under all scenarios (Fig. 2c-f).  172 

 173 

Figure 2 Estimates of grazing performance throughout the range of the hermit crab 174 
between 1981 - 2010 (top) and change in grazing performance between 2050 - 2099 175 
under two climate scenarios (RCP 4.5: middle, and RCP 8.5; bottom). Two periods are 176 
represented January to March (JFM; left column) and July to September (JAS; right column). 177 
Red colours represent a decrease and blue colours represent an increase in grazing 178 
performance (2050-2099). Dashed line represents the equator. Note: colour bands are not 179 
equally sized.  180 

Current grazing is near peak performance (i.e. >95% of maximal feeding rate) in many parts 181 

of the present day distribution (Fig 2a,b & 3b). Under all warming scenarios, mean grazing 182 
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performance is likely to increase from approximately 90% between 1981 and 2010 to a 183 

maximum of 93.9% under the RCP8.5 scenario in JAS (Fig. 3a). Grazing performance is 184 

expected to increase across more than half of the distribution in all but one case (RCP8.5 185 

JFM), which is expected to experience increases over only 45% of the distribution. At the 186 

other extreme, grazing performance is expected to increase across 68% of the distribution 187 

under RCP4.5 in the JAS period (Fig. 3c). 188 

 189 

190 
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 191 

 192 

Figure 3. Changes in grazing performance under each scenario. a) Grazing performance 193 
(mean, SE) under each scenario and time period; b) Area (% of total area within current 194 
distribution) expected to have >95% grazing performance under each scenario; c) Area (%) 195 
that is expected to see an increase in grazing performance (positive change) between 2050 196 
and 2099 compared with 1981 to 2010 levels. Bars above the 50% mark (dashed line) show 197 
scenarios under which more than half the area will increase in grazing performance. 198 

199 
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4. Discussion 200 

Here we demonstrate that rising sea temperatures may trigger asymmetrical changes to 201 

grazing performance throughout the Indo-Pacific. Grazing by the model species (C. 202 

virescens) may increase on average across the full range, but with notable differences 203 

between the tropics and higher latitudes. Grazing performance for C. virescens under both 204 

RCP 4.5 and RCP 8.5 will likely decrease marginally in the tropics (generally <10%, max 205 

18%), but over a reasonably large area. In contrast to tropical reefs, the model predicts an 206 

increase in grazing performance year-round at higher latitudes, with larger changes expected 207 

than in the tropics (up to 56%). Intertidal and subtidal mesograzers (including small 208 

crustaceans) exert strong control over algal biomass across rocky and coral habitats globally 209 

(Poore et al., 2012). This suggests that the changes in grazing performance we predict for 210 

C. virescens may play some role in structuring reef habitat in the future. However, should 211 

these predictions be representative of similar changes in other taxa, then compounding effects 212 

could be considerable. Macrograzers exert a stronger effect on algal growth than mesograzers 213 

(Poore et al., 2012)  and our findings appear to align with thermal responses (e.g. altered 214 

consumption and/or distribution with temperature) in other taxa that are better known for 215 

their functions as ecosystem engineers (urchins, parrotfishes, etc. (Bennett et al., 2015, Dillon 216 

et al., 2010, Lemoine &  Burkepile, 2012)). Thus, if the asymmetrical shifts in grazing 217 

performance that we predict for the model species are indicative of similar changes in other 218 

consumers, there is potential for broad ecological implications in coastal ecosystems as sea 219 

temperatures rise.  220 

The temperature preference of C. virescens as estimated from its natural range coincide with 221 

those temperatures where it grazes most efficiently. C. virescens reached peak grazing 222 

performance at 29.5°C with relative grazing decreasing predictably as temperatures moved 223 
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away from this maximum, possibly reaching zero at approximately 19.3°C and 39.6°C. Other 224 

tropical taxa show similar trends, whereby consumption rates tend to reach a maximum 225 

between 26°C and 30°C and decline beyond 30°C (Lemoine &  Burkepile, 2012, Smith, 226 

2008). The preferred temperature range for C. virescens (based on >2700 field observations 227 

(Aquamaps, 2018, Palomares &  Pauly, 2018)) lies between 24.1°C and 29.3°C (Palomares &  228 

Pauly, 2018) and species distribution modelling shows low likelihood of occurrence 229 

(generally <30%) in areas where winter temperatures average below 19°C (Aquamaps, 2018, 230 

Palomares &  Pauly, 2018, Reynolds et al., 2002). Thus in a broad sense, the observed range 231 

of C. virescens reflects those temperatures at which its grazing is maximised.   232 

Range shifts of grazers toward higher latitudes, generally driven by rising temperatures, can 233 

have significant consequences for the functioning of ecosystems through altered grazing 234 

regimes (Ling et al., 2009, Vergés et al., 2016, Vergés et al., 2014b). Our finding that grazing 235 

performance also depends on temperature suggests that models of range shifts should also 236 

consider animal performance under local thermal regimes. We show a likely increase in 237 

grazing at higher latitudes for the model species, and species distribution modelling for 2100 238 

(Aquamaps, 2018, Palomares &  Pauly, 2018)  suggests higher probabilities of occurrence for 239 

C. virescens in regions where we predict higher grazing performance (e.g. warm temperate 240 

regions). A range shift driven by warming that saw an increasing abundance of grazers at 241 

higher latitudes may interact with the effect of warming on grazing performance to 242 

synergistically increase grazing rates. These findings are also consistent with observed range 243 

shifts in other species (Bennett et al., 2015, Dillon et al., 2010, Hoegh-Guldberg et al., 2007, 244 

Vergés et al., 2014a). As distribution and disturbance effect models move from predicting 245 

pure abundance changes toward functional measures (Bonebrake et al., 2018, Mouillot et al., 246 

2013, Murray et al., 2018, Sunday et al., 2015), we therefore should consider the effects of 247 

temperature on animal performance. This suggests that measuring the grazing performance of 248 
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ecosystem engineers (e.g. urchins, parrotfish, rabbitfish (Vergés et al., 2014a)), in parallel 249 

with further studies adding to the limited literature on mesograzer responses to changing 250 

climates (e.g. Leidenberger et al., 2015), should be a research priority if we are to accurately 251 

estimate the full effects of herbivore range shifts on ecosystem function. 252 

Temperature increases will also trigger a broader suite of changes to reef systems that may 253 

affect habitat structure and stability beyond the consumer performance model we present. For 254 

example, habitat formers themselves (e.g. algae (O'Connor, 2009), corals (Lough et al., 255 

2018), seagrass (Hernán et al., 2017)) will also respond to warming by altering growth rates, 256 

abundance, and ranges. These changes may dampen or exacerbate the effect of altered 257 

grazing performance depending on the region, direction, and rate of change (O'Connor, 258 

2009). While there are also broader, indirect effects associated with an abundance of grazers 259 

in algal-dominated communities (e.g. potential concurrent changes in predator abundance), 260 

when considering the direct effects of grazing across taxa it is generally accepted that this 261 

function is less beneficial to ecosystem stability in temperate reefs than in coral systems (e.g. 262 

Mumby et al., 2006, Wernberg et al., 2016).  263 

We assessed the effect of temperature on grazing performance in the absence of other 264 

stressors or influencing factors and based on short-term exposures in the laboratory. As a 265 

result, the findings we present are likely indicative of the nature of trends we would expect to 266 

arise from real-world temperature increases, but not the magnitude of them. There are likely 267 

to be interacting effects from multiple stressors (e.g. Boyd et al., 2015, Hughes et al., 2018, 268 

Scartazza et al., 2017) under future climate scenarios which may confound the effect of 269 

temperature (either exacerbating or dampening the magnitude). Thus, we suggest that future 270 

studies would do well to investigate the effect of interacting stressors (e.g. acidification, 271 

prevalence of disease; Cao et al., 2018) and interacting responses (e.g. concurrent changes in 272 

producer biomass, algal growth rates) on important ecological processes such as grazing. We 273 
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also acknowledge that our crabs were collected from a single location, which may not 274 

account for different temperature sensitivities of individuals from other regions. Variation in 275 

thermal tolerances among geographically separate populations has been found in marine 276 

invertebrates (Sorte et al., 2011). The amount of variation, however, varies among taxa, from 277 

substantial to trivial differences (Sorte et al., 2011). Given that no information is available 278 

about geographic variation in tolerances for hermit crabs, we simply point out that variability 279 

in temperature sensitivity for crabs between regions may alter the response curve. This would 280 

result in a different magnitude of change (and direction for areas close to the peak) in grazing 281 

performance than we present here.  Notwithstanding any shortcomings of laboratory 282 

experiments and modelling, there is supporting evidence from other field studies and models, 283 

suggesting that the type of functional responses presented here are plausible. We therefore 284 

posit that our results provide a useful conceptual advance of how climate change may alter 285 

pivotal ecological functions, represented here by subtidal grazing in the tropical to warm-286 

temperate Indo-Pacific region.  287 
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