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Global temperature increases are predicted to have pronounced negative effects on the metabolic performance of both terrestrial and aquatic organisms. These metabolic effects may be even more pronounced in intertidal organisms that are subject to multiple, abruptly changing abiotic stressors in the land-sea transition zone. Of the available studies targeting the intertidal environment, emphasis has largely been on water-breathing model organisms and this selective focus resulted in limited reliable forecasts on the impact of global warming on primarily air-breathing intertidal species. We investigated the thermal sensitivity of six phylogenetically related fiddler crab species that occupy different microhabitats on intertidal shores from south America and east Asia to test how bimodal-breathing intertidal ectotherms cope with thermal stress. We examined the metabolic physiology and thermal limits of the crabs by measuring their cardiac function and oxygen consumption along a thermal gradient. Their specific thermal microhabitat was also appraised. We found that subtropical fiddler crab species inhabiting vegetated microhabitats have lower upper lethal temperatures and therefore greater thermal sensitivity in comparison to their tropical counterparts. Additionally, females exhibited higher oxygen consumption and lower lethal temperatures in comparison to males. Our results contradict previous predictions that species from higher latitudes that experience greater temperature variability have broader latitudinal distributions, greater phenotypic plasticity and lower thermal sensitivity. Furthermore, the higher thermal sensitivity demonstrated by female fiddler crabs with respect to males strongly suggests a role of both gametogenesis and physiological dimorphism on the thermal performance of tropical and subtropical intertidal organisms. These observations ultimately, advocates for further studies on sex-biased and development-biased thermal sensitivity before drawing any generalizations based on a single sex or life stage.
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Introduction

Intertidal habitats are challenging environments as organisms that colonize them must cope with tidal cycles and high thermal variability (Denny and Paine, 1998; Raffaelli and Hawkins, 1999; Denny et al., 2011). Due to the tides, for instance, organisms occupying the mid-high intertidal zone experience longer periods of emersion and greater thermal fluctuations compared to species present at the low intertidal zone (Williams and Morritt, 1995; Finke et al., 2007). These differences in inundation time often result in spatial patterns of species distribution along a mosaic of specific microhabitats (Peterson, 1991), mainly driven by species-specific thermal tolerances linked to evolutionary plasticity (Stillman and Somero, 1996; Stillman and Somero, 2000; Somero, 2002; Stillman, 2002). In these extremely variable habitats, resident organisms have evolved diverse strategies to mitigate the stress posed by fluctuating environmental conditions over different temporal scales (Viña et al., 2018). These strategies often involve the evolution of plastic morphological (Helmuth et al., 2006b; Harley et al., 2009), physiological (Somero, 2010) and behavioral (Chou et al., 2019) modifications, but local adaptation can play a role in coping with conditions fluctuating at small spatial and temporal scales (Jahnke et al., 2022).

Intertidal shores are also spatially diverse environments that range from bare rock surfaces and mud/sand flats to more structurally complex habitats, such as mangrove forests (Beck, 1998; Vorsatz et al., 2021b). Tidal ranges and local abiotic conditions interact to form complex thermal mosaics across the intertidal zone (Helmuth and Hofmann, 2001; Helmuth, 2002; Helmuth et al., 2006a). Thus, adjacent intertidal microhabitats can have variable microclimates, with areas directly exposed to solar radiation reaching higher temperatures than shaded habitat underneath mangrove trees (Seabra et al., 2011; Chou et al., 2019). This microclimate variability has been shown to influence the thermal tolerance of organisms, with species living in warmer areas showing higher thermal limits but lower physiological plasticity to cope with further warming (Stillman and Somero, 2000).

Temperature is a major factor linked to the life traits and geographic distribution of ectotherms (Roy et al., 1998; Helmuth et al., 2002; Brayard et al., 2005; Somero, 2010). Experienced extreme temperatures, in particular, are regarded as the driving factor that influences their physiological tolerance to heat stress (Pither, 2003; Gaston et al., 2009). Phylogenetic constraints can also drive tolerance traits of species, with phylogenetically related organisms exhibiting similar tolerance to heat stress (Bennett et al., 2021). These phylogenetic signals, also termed niche conservatism (Wiens and Graham, 2005), proved to be particularly important in setting the upper thermal limits of species (Hoffmann et al., 2013), ultimately limiting their phenotypic plasticity and response to climate change (Bennett et al., 2021). Thus, phylogenetic history can play a role in the differential response of intertidal species to fluctuating conditions, but this role was never tested in detail.

Intertidal ectotherms often live close to their thermal limits making these species vulnerable to further temperature increases linked to climate change. Many intertidal crustaceans, mollusks and some fish are bimodal breathers and are able to extract oxygen from both air and water (Mcmahon, 1988; Henry, 1994; Graham, 1997). Due to their thermal physiology and unique respiratory strategies, these organisms are interesting models to investigate the vulnerability of ectotherms to temperature changes. There is, however, a dearth of information on the response of primarily air-breathing intertidal ectotherms to environmental change, with the literature predominantly focused on water-breathing organisms inhabiting rocky shores (e.g. Stillman and Somero, 1996; Stillman and Somero, 2000; Przeslawski et al., 2005; Marshall et al., 2015).

Fiddler crabs (Ocypodidae: Gelasiminae) are represented by an Atlantic-East Pacific (AEP) and an Indo-West Pacific (IWP) clade (Shih et al., 2016a). Crabs from both clades can be found in a wide range of intertidal habitats, such as mud/sand flats and mangrove forests (Crane, 1975), where they experience different thermal environments (Alongi, 1990). Fiddler crabs have functional lungs and are true air breathers (Paoli et al., 2015). They show strong morphological and behavioral differences between sexes. Males have one enlarged cheliped used to court females and fight competitors, which is also useful for thermoregulation (Windsor et al., 2005; Darnell and Munguia, 2011; Darnell et al., 2013). Females have two small chelipeds that they use for feeding (Levinton et al., 1995). This difference in cheliped characteristics cause sex-related constraints on their time-energy budget (Valiela et al., 1974; Darnell et al., 2013), which, ultimately, reflect on the individual thermal physiology (Pörtner, 2012). During the reproductive season female fiddler crabs invest more energy than males to develop their gonads (Yamaguchi, 2003; Hartnoll, 2006; Colpo and López-greco, 2018). The higher energetic investment in reproduction by females is known to constrain their energy budgets, limit growth, increase mortality rates, reduce feeding and hinder other functions (Hartnoll, 2006; Guderley and Pörtner, 2010).

Here, we tested the physiological responses to temperature of six fiddler crab species with tropical and subtropical distributions belonging to two separate phylogenetic clades and from two geographic realms, the IWP and the AEP. We investigated whether fiddler crab species that occupy intertidal habitats with contrasting environmental characteristics could display differences in their thermal limits across sexes. Our hypotheses were: (1) the habitat occupied by ectotherms in physiologically challenging intertidal zones is reflected in their thermal limits, with species living in more thermally stressful environments being better adapted to cope with heat stress; (2) during their extended reproductive season, male and female fiddler crabs have different physiological responses to increasing temperature, with females being more vulnerable due to higher reproductive investment and (3) the phylogenetic distance and evolutionary history of the selected fiddler crabs result in different adaptations in thermal tolerance. Understanding the physiological responses of fiddler crabs to thermal stress can improve our comprehension on the consequences of climate change effects on intertidal ectotherms. Furthermore, investigating the physiological responses to temperature increase of closely related species from different geographical regions can inform which species are most at risk to climate change.



Materials and Methods


Study Areas and Model Species

Two localities, Tung Chung, Hong Kong Special Administrative Region, People’s Republic of China and the Itaguaré river mouth, Bertioga, São Paulo State, Brazil, were selected for crab collection. These mangrove areas placed in the IWP and AEP regions, respectively, have very similar thermal and environmental characteristics (Table S1).

The Hong Kong fiddler crabs were Gelasimus borealis, Austruca lactea, and Paraleptuca splendida; while the species from Brazil were Leptuca thayeri, L. leptodactyla, and L. uruguayensis. The model species were selected to represent different distributions along a latitudinal and intertidal habitat gradient (Figure 1; Table 1).




Figure 1 | Map showing the latitudinal range of the model species (based on Shih, 2012; Shih et al., 2012; Thurman et al., 2013; Kostina et al., 2016; Shih et al., 2016b; Yuhara et al., 2017). Yellow stars represent the sampling areas: Itaguaré river mouth, Bertioga, São Paulo, Brazil in the Atlantic-East Pacific, and Tung Chung, Hong Kong SAR, PR China in the Indo-West Pacific.




Table 1 | Summary of the habitat characteristics where the model species occur.



Thirty adult males and 30 females of each species were collected by hand on the mud/sandflats and under the mangrove canopy at both regions. Sampling occurred during the reproductive season, with ovigerous females present in all the sampled fiddler crab populations. Only non-ovigerous females were used in the experiments, because brood care is an energetically costly activity that affects the crabs’ physiology (Fernández et al., 2000; Baeza and Fernández, 2002). For each species, the experimental crabs collected belonged to similar size classes, to reduce the variance in size related differences. The carapace width (CW) of the crabs ranged from 17.5 to 23.9 mm in G. borealis males and 13.6 to 18.6 mm in females; 15.0 to 18.0 mm in A. lactea males and 12.1 to 15.8 mm in females; 14.7 to 19.3 mm in P. splendida males and 12.8 to 19.5 in females; 17.7 to 22.6 in L. thayeri males and 16.3 to 23.4 in females; 10.6 to 14.4 mm in L. leptodactyla males and 8.8 to 11.4 in females; and 8.7 to 11.4 mm in L. uruguayensis male and 8.7 to 10.4 mm in females. The collected males had integral chelipeds and collected individuals of both sexes lacked no more than two walking legs, to reduce any effect of crab mutilation on the results. Crabs collected in Hong Kong and Brazil were transported in boxes and buckets with sediment to the facilities of the Swire Institute of Marine Sciences (SWIMS), the University of Hong Kong, and to the Laboratory of Ecology and Animal Behavior (LABECOM), Sao Paulo State University - Coastal Campus, respectively. At each institution, crabs were conditioned in three separated outdoor stock tanks, one for each species, measuring 41 × 56 × 78 cm (height × width × length), prepared with a layer of 10 cm of sediment from the sampling sites. In the tanks, water influx was controlled to simulate a semi diurnal tidal regime. Sea water (salinity ~ 34‰) was used for the tide simulation. Fiddler crabs are osmoregulators capable of maintaining their blood osmolarity over a large range of salinities (Lin et al., 2002). These crabs tolerate great variations in salinity across short temporal scales due to the tidal influence, with sea water being well within their tolerance range (Lin et al., 2002; Thurman et al., 2010; Faria et al., 2017). The stock tanks were kept under temperatures similar to the sampling sites, to avoid effects of acclimation in the crabs’ physiological responses. No more than 20 crabs were held in each stock tank at once. Since fiddler crabs can have fast acclimation to different thermal conditions (Darnell et al., 2015), experiments were performed within two to 14 days from the sampling date, to avoid effects of long-term captivity on their physiology.



Thermal Characterization of Microhabitats

To measure the soil surface temperature (°C) of the natural environment of the tested species, four iButton® (Maxim Integrated®) thermologgers, waterproofed in silicon glue, were deployed at the two sampling sites, in areas dominated by the different species. In Tung Chung, the thermologgers were deployed during September, at the unshaded intertidal flats, where G. borealis and A. lactea are found in mixed populations, and at the vegetated area dominated by P. splendida. At the Itaguaré river mouth, the thermologgers were deployed in January/February, at the sand flat dominated by L. leptodactyla, the vegetated area dominated by L. uruguayensis, and at the lower intertidal zone dominated by L. thayeri.



Phylogenetic Relationships and Phylogenetic Signal on Thermal Limits

A phylogenetic tree was constructed to investigate phylogenetic relationship between model fiddler crabs. Mitochondrial gene sequences for subunits 16S and 28S ribosomal and cytochrome oxidase subunit I (COI) were obtained from Genbank (Clark et al., 2016) (accession numbers are in Table S2) for each of the tested species and for Ocypode ceratophthalmus, selected as an outgroup because it belongs to the same family of the fiddler crabs, Ocypodidae, but not to the Gelasiminae subfamily.



Determination of Cardiac Function

Experiments were conducted to determine the heart rate of males and females of the model species in response to temperature (n = 10 for each experimental group, N = 120 specimens). The specimens were placed in ‘blacked-out’ containers to reduce exposure to visual stimuli. A layer of seawater (salinity 30 ‰) that extended to the height of the crab’s ventral surface was added to each holding container to avoid the potential influence of water loss on crab physiology (Burggren et al., 1990; Burggren, 1992). The heart function was measured using a method adapted from Depledge and Andersen (1990). An infrared sensor (Vishay Semiconductors®, CNY70) was attached to each crab’s carapace, above the cardiac region, using Blu Tack® adhesive together with cyanoacrylate glue. The sensor was used to record heartbeat signals, which were filtered (Burnett et al., 2013), sent to an oscilloscope (PicoScope® 2204) connected to a computer and recorded with PicoScope 7 software. Individual crabs were placed in individual holding containers positioned in a programmable water bath (Grant® Optima TXF-200 heated circulation bath, Cambridge, UK). The crabs were allowed to recover from handling stress and to acclimate to the initial experimental temperature for 30 min at 25°C. Then, the crabs were exposed to an increasing thermal ramp, starting at 25°C, with a 1°C increase every 20 min until heart function ceased. The initial temperature of 25°C was chosen because it is close to the average minimum air temperature experienced by the crabs at Tung Chung and Itaguaré river mouth during summer The temperature increase was based on the 95th percentile for the temperature variation rate in the vegetated habitats occupied by L. uruguayensis and P. splendida, 1.2 and 0.8°C each 20 min respectively, thus, mimicking actual conditions and avoiding possible effects of extreme heating rates on the crabs.

Crab body temperatures were corrected in relation to the water bath temperature by employing a method similar to (Levinton et al., 2020). We recorded the body temperature of crabs subjected to the same temperature-ramp used for the heart rate experiments by means of a temperature probe. For these tests, ten male and female individuals of each model species (N = 120), of comparable size to those in the heart function experiments, were subjected to an identical thermal ramp as previously described. A k-type thermocouple was inserted and fixed in their branchial chambers using Blu Tack® adhesive and cyanoacrylate glue. The thermocouples were connected to a thermometer (Lutron® TM-947SD) that logged the crab body temperature (± 0.1°C) every minute for the duration of the thermal ramp. The temperature inside the water bath was also recorded every minute. Body temperature was then plotted against the water temperature and sex-specific linear regressions were fitted to describe the body/water temperature relationships for each species. The linear regressions were then used to correct body temperature in relation to the temperature within the water bath in the heart function experiment.



Determination of Metabolic Rate

To investigate the basal metabolic rate of the model species in response to increasing temperature, oxygen consumption (MO2) experiments were conducted on crabs subjected to a thermal ramp. Before the experiments commenced, the carapace and appendages of ten males and females of each of the six species (N = 120) were blotted dry and cleaned with a cotton swab using distilled water and absolute ethanol. The crabs were then allocated to individual ethanol sterilized glass chambers (130 mL), fitted with an oxygen spot sensor (Loligo Systems®, Viborg, Denmark) glued to its inner wall. The respirometry chambers containing the smaller species (L. leptodactyla and L. uruguayensis) had glass marbles inserted in them, to reduce the volume and ensure an adequate drawdown of oxygen. The total volume of the glass marbles was subsequently subtracted from the chamber volume. All MO2 measurements were recorded in air, as fiddler crabs are subjected to intense heat stress during their activity periods at low tides (Powers and Cole, 1976; Allen and Levinton, 2014). The chambers were sealed and placed in a water bath (Grant® Optima TXF-200 heated circulation bath). Before the experiment started, the crabs within the chambers were left in the water bath for 30 min at 25°C, to recover from handling stress and acclimate to the initial experimental temperature. Subsequently, the crabs were exposed to a thermal ramp, starting from 25°C up to 50°C, with an increase of 1°C every 20 min. Two oxygen saturation measurements were recorded at each one-minute interval, at every 1°C stepwise increase along the thermal ramp, using a Witrox® oxygen meter (Loligo Systems®), through a fiber optic cable connected to the oxygen spots. The data were then logged on a computer with the Witrox® View software. The MO2 was then calculated using the difference in oxygen saturation of air between the two points in time. To record the temperature inside the containers, a temperature probe was inserted into an empty and sealed container subjected to the same thermal ramp in parallel with the ones containing the crabs. The recorded temperature was used in the subsequent MO2 analyses. Chambers without animals (N = 10) were used as blanks, to control for background changes in oxygen saturation in each trial. The absolute values for oxygen saturation changes obtained in the control chambers were then subtracted from the experimental values. Crab volume was also measured using water displacement in graduate cylinders and subtracted from the volume of the chamber upon completion of experiments. Oxygen measurements were taken up to the upper lethal temperatures (LT) obtained for each species from the heart rate experiments. During the experiments, the oxygen saturation inside the chambers never fell below 70%, avoiding hypoxic conditions (Burke, 1979). The crabs used in the experiment were weighted on a precision scale (± 0.001g), and the oxygen consumption was expressed as mg O2 g-1 h-1.

For the cardiac function, body temperature and metabolic rates experiments, crabs were weighed with a precision scale (± 0.001 g) and measured with a dial caliper (CW; ± 0.1 mm). The sizes of the animals used in the experiments are summarized in Table S3.



Data Analyses

For the data analyses, the model species were grouped according to their geographic region (factor cluster, IWP and AEP) and the microhabitat they occupy. Thus, G. borealis and L. thayeri were classified as lower intertidal flat (LI) species, A. lactea and L. leptodactyla as sand flat (SF) species, and P. splendida and L. uruguayensis as vegetated area (VG) species. Data analyses were performed in Primer7 and R version 4.0.3 (R core team, 2021).

The temperatures (average, average daily maxima, and minima) were compared among sites (N = 11 days in Hong Kong and N = 14 days in Itaguaré river mouth). To check for differences in temperature, models were constructed with cluster (IWP and AEP) and habitat (unshaded intertidal flat, which comprise lower intertidal and sand flat where A. lactea and G. borealis coexist, vs vegetated area for Hong Kong, and lower intertidal, sand flat and vegetated area for Brazil) as fixed factors and the temperatures as response variables. The data were not normally distributed (Shapiro-Wilk test, p < 0.05) and did not meet the assumptions of homogeneity of variances (Levene test, p < 0.05). Euclidean distance matrices were built for each of the response variables. The matrices showed homogeneity of the multivariate dispersion (Betadisper, p > 0.05) and were analyzed using a PERMANOVA routine (9999 permutations). When necessary, post-hoc pairwise PERMANOVA tests were used to check for differences among experimental groups, with Holm adjusted p values (Holm, 1979). The significance level for all statistical analysis was set as α = 0.05.

For the phylogenetic analyses, the mitochondrial gene sequences were aligned with the software mega X (Kumar et al., 2018), using the MUSCLE method (Edgar, 2004). The phylogenetic relationships were estimated using a Bayesian tree. The phylogenetic tree was obtained through conducting a Bayesian Markov Chain Monte Carlo simulation with 100,000,000 generations, sampling parameters every 1000 generations in BEAST v.1.10.4 (Drummond and Rambaut, 2007; Suchard et al., 2018), using a GTR substitution model (Tavaré, 1986), with Γ site heterogeneity model (4 Γ categories) to account for invariable sites (Yang, 1994), using a uncorrelated relaxed clock with log-normal distribution (Drummond et al., 2006) and a tree prior based on Yule Process speciation model (Yule, 1924; Gernhard, 2008). The GTR+I+ Γ model was used because it leads to accurate phylogenies and ancestral sequences (Abadi et al., 2019). The sampled parameters were examined in Tracer 1.7.1 (Rambaut et al., 2018), where effective sampling size was found to be higher than 1000 for all parameters. The first 10% of the Bayesian analysis were discarded as burn-in trees, and the remaining trees were summarized by Maximum Clade Credibility using the software TreeAnnotator 1.10.4. To account for non-independence of the data that could arise from phylogenetic relationships, a Pagel’s λ approach, which assumes a Brownian motion model of trait evolution (Pagel, 1997; Pagel, 1999), was applied to investigate phylogenetic constraints in the recorded physiological traits. Values of Pagel’s λ approaching 1 indicate a Brownian model of evolution, where the evolution of a trait is proportional to branch lengths in the phylogenetic tree (Pagel, 1999), while lower values indicate a star phylogeny model of evolution. Pagel’s λ was calculated using the package “phytools” (Revell, 2012).

The heart rate (BPM, beats min-1) was determined at one-minute intervals along a thermal ramp and plotted against the temperature. The endpoint of heart function, i.e., when the heart stops beating, was taken as a proxy for LT (Marshall et al., 2010). Then, the LT50, i.e., the median temperature at which 50% of the organisms died was obtained for each species. The Optimum Performance Temperature (OPT), i.e., the temperature where the heart rate is at its maximum, was obtained by applying Lowess smoothers to the heart rate thermal performance curves obtained (smoother span = 0.05, robustifying iterations = 3). The temperature at which the heart rates were at their maximum in the smoothed curve was taken as the OPT. The Arrhenius Breakpoint temperature (ABT), i.e., the temperature at which there is a discontinuity in the slope of the Arrhenius plot and the heart rate rapidly drops (Stillman and Somero, 1996; Marshall et al., 2010; Marshall et al., 2011) was also calculated by plotting the natural log of the heart rates BPM against the inverse Kelvin temperature in Arrhenius form. The ABT was calculated for every individual by piece-wise regression using the package ‘segmented’ (Muggeo, 2003) on R. As an estimate of vulnerability to climate warming of the studied fiddler crabs, we used the thermal safety margin (TSM) concept (Deutsch et al., 2008). The TSM’s of terrestrial and marine ectotherms have been defined and calculated in various ways in the literature and we calculated this margin by subtracting the LT of each species from their maximum experienced habitat temperature, following the definition of Sunday et al. (2014). The data describing OPT, ABT and LT were non-normally distributed (Shapiro-Wilk test, p < 0.05). To check for differences in OPT, ABT and LT among experimental groups, Euclidean distance matrices were constructed for each response variable and PERMANOVA (9999 permutations) routines were computed with cluster (IWP and AEP), habitat (LI, SF and VG) and sex (male and female) as fixed factors. The matrices for ABT and LT showed homogeneity of the multivariate dispersion (Betadisper, p > 0.05) but not the matrix for OPT (Betadisper, p < 0.05). Nonetheless, PERMANOVA was still used, as this routine is robust with non-homogeneous data in balanced designs (Anderson and Walsh, 2013).

Thermal performance curves for MO2 were fitted for each sex of each species using the R packages ‘nls.multstart’ (Padfield and Matheson, 2020) and ‘rTPC’ (Padfield and O’Sullivan, 2020; Padfield et al., 2020). Twenty-one non-linear regression models were constructed to determine the best-fitting TPC for our data (Table S4). Using measures of relative fit, Pawar’s model for fitting TPC’s (Kontopoulos et al., 2018) was selected as the best-fitting model through the Akaike information criterion (AIC) (Table S4). For further details about the selected model parameters see Equation S1. Confidence intervals were computed using bootstrapping (case resampling method, 999 iterations). Parameters obtained from the fitted TPC and LT50 are shown in Table S5.

The MO2 in response to temperature were compared among model species for each 1°C interval ranging from 26°C until the LT for each species. The differences in MO2 among species were tested according to four fixed factors: cluster (AEP and IWP), temperature, habitat (LI, SF and VG) and sex (male and female), and individual as a random factor. The data showed a non-normal distribution (Shapiro-Wilk test, p < 0.05), therefore a PERMANOVA (9999 permutations) was applied to test the design (Euclidean distances matrix with homogeneity of the multivariate dispersion, Betadisper, p > 0.05).




Results


Microhabitats Thermal Characterization

Average daily soil surface temperature variability at the Itaguaré river mouth ranged from 19.6°C to 36.8°C at the L. thayeri area, 20.1°C to 45.3°C at the L. leptodactyla area, and 20.7°C to 39.7°C at the L. uruguayensis area (Figure 2A). The temperature at Tung Chung was less variable, ranging from 25.1°C to 37.6°C at the P. splendida area and 24.4°C to 44.7°C at the G. borealis and A. lactea area (Figure 2B).




Figure 2 | Temperature and tidal regimes recorded at the collection sites during the sampling period. (A) Itaguaré river mouth, (B) Tung Chung. The orange line in (B) represents the mud-sand flat in Tung Chung where both A. lactea and G. borealis are found in mixed populations.



The average soil surface temperature differed between sites and was higher at Tung Chung (PERMANOVA, pseudo-F(1,18795) = 2225.201, p < 0.005). Soil surface temperature also differed among habitats (PERMANOVA, pseudo-F(1,18795) = 187.954, p < 0.005), with the sand flat experiencing higher temperatures at both sites, followed by the vegetated areas. The lower intertidal shore at Itaguaré river mouth experienced the lowest temperatures among the three habitats (p < 0.05, PERMANOVA post-hoc test). The average daily soil surface minimum temperature was lower at the Itaguaré river mouth than at Tung Chung (PERMANOVA, pseudo-F(1,59) = 51.398, p < 0.005), but was not different among habitats. The average daily maximum soil surface temperature did not differ between the two collection sites (PERMANOVA, pseudo-F(2,59) = 1.350, p > 0.05). The maximum temperature however differed among habitats (PERMANOVA, pseudo-F(2,59) = 8.828, p < 0.005), with higher temperatures in the sand flats compared to the vegetated areas and lower shores (p < 0.05, PERMANOVA post-hoc test).



Phylogenetic Relationships and Phylogenetic Signal on Thermal Limits

As expected, the phylogenetic tree constructed to investigate phylogenetic relationship between model fiddler crabs showed that the fiddler crabs from AEP and IWP form two distinct clades (Figure 3). The results related to the possible phylogenetic signal on the physiological traits of the different species are shown in Table S6. As there was no significant effect of phylogeny on cardiac function and metabolic rate patterns, the data were treated as independent and phylogeny was not accounted for in further analyses.




Figure 3 | Phylogenetic relationships among species of fiddler crabs from the Atlantic-East Pacific and Indo-West Pacific. Ocypode ceratophthalmus is an outgroup. Node numbers are the posterior probability from the Bayesian analysis.





Cardiac Function

There was no significant difference in size when comparing animals of the same sex and species in the heart rate and body temperature experiments (data non-normally distributed, Shapiro-Wilks, p < 0.05; and non-homogeneous, Levene Test, p < 0.05; Mann-Whitney comparisons, p > 0.05).

There was a significant effect of the interaction between the factors cluster and habitat on OPT, ABT and LT among the model species (Tables S7, S8). The OPT was similar among the species within clusters and habitat types although L. uruguayensis had a lower OPT in comparison to A. lactea and G. borealis (Figure 4A). Leptuca uruguayensis had lower ABT and LT compared to the other model species (Figure 4B). Austruca lactea, had a higher LT compared to G. borealis, the lower intertidal species in Hong Kong (Figure 4C). Furthermore, there was a significant difference in ABT and LT between sexes (Table S7). The model also shows higher LT and ABT in males compared to females (Figure 5).




Figure 4 | Comparison of: (A) Optimum temperature (OPT); (B) Arrhenius Breakpoint Temperature (ABT); and (C) Lethal temperature (LT) among the model species across habitats. Boxplots show the median, 25th and 75th percentiles, and whiskers are 1.5 times the spread beyond the hinge. White boxes represent Hong Kong species, grey boxes represent Brazilian ones. Circles are the raw data points. Dashed lines and continuous lines represent the maximum temperatures experienced by the model species at the collection sites in Brazil and Hong Kong, respectively. Different letters represent significant differences among species (PERMANOVA pairwise, p < 0.05).






Figure 5 | Comparison of: (A) Lethal temperature and (B) Arrhenius Breakpoint temperature between male and female fiddler crabs. Boxplots show the median, 25th and 75th percentiles, and whiskers are 1.5 times the spread beyond the hinge. White and grey boxes represent females and males, respectively. Orange and blue circles characterize raw data points for females and males, respectively. Red lines show mean and standard errors. Asterisks denote significant differences (PERMANOVA, p < 0.05).



Thermal safety margins were negative for crabs inhabiting exposed areas (Figure 6; Table S8). Leptuca leptodactyla, which inhabits the mid-intertidal zone in the AEP, had the lowest TSM, followed by G. borealis and A. lactea that occupy the low- and mid-intertidal zone, respectively, in the IWP (Figure 6). In the AEP, L. thayeri, which occupy the low-intertidal shores, had the highest TSM, followed by P. splendida and L. uruguayensis that both inhabit vegetated areas at the high-intertidal shore in the IWP and AEP, respectively. Furthermore, females showed consistently lower TSM’s for the majority of studied species.




Figure 6 | Thermal safety margins of each species across habitats in the present study. Females are represented by blue circles and males are represented by orange triangles. Species on the left of each facet represent the Indo-West Pacific, species on the right of each facet represent the Atlantic East Pacific.





Metabolic Rate

There was a significant effect of the interaction between temperature, cluster, and habitat on MO2 (Table S9). Leptuca uruguayensis, showed the highest MO2, followed by L. leptodactyla. These species had higher rates of MO2 compared to crabs from Hong Kong (Figure 7). There was also an effect of the interaction between cluster, habitat, and sex on MO2 (Table S9). The MO2 differed between males and females in all species (post-hoc PERMANOVA, p < 0.05). The fitted TPCs for the MO2 showed lower activation energy in both male and female L. uruguayensis indicating a higher temperature sensitivity in this species.




Figure 7 | Thermal performance curves and activation energy (e) for the oxygen consumption of the studied fiddler crab species. Boxplots show the median, 25th and 75th percentiles, and whiskers are 1.5 times the spread beyond the hinge of MO2 for each species. Orange and blue circles characterize raw data points for females and males, respectively. Orange and blue lines characterize raw data points for females and males, respectively. The shading represents the bootstrapped 95% confidence interval around the thermal performance curves.






Discussion

As a transitional zone between the land and the sea, intertidal habitats are subjected to strong thermal variations and represent a challenging environment that requires adaptations to withstand variable milieus and high thermal stress. Here, using six species of fiddler crabs inhabiting similar thermal habitats along a very wide geographical range, we showed that primarily air-breathing intertidal organisms are indeed adapted to cope with high temperatures. Additionally, we showed that gross latitudinal temperature gradients may in part explain the thermal vulnerability of intertidal species. This macrophysiological conformity is signified by the lower thermal tolerance of species distributed in the subtropics when compared to those in the tropics, even when colonizing similar habitats. More importantly, our data demonstrate that species living in areas where the temperatures exceed their thermal limits are still thriving, casting doubt over the universal use of TSM as predictors for thermal vulnerability in ectotherms, at least for intertidal habitats. We also found differences in thermal sensitivity between sexes of fiddler crabs. This notion strongly suggests refraining from generalizing species-specific patterns of thermal sensitivity based solely on data related to one sex or a single ontogenetic stage.

The physiological performance of ectotherms is governed by temperature dependent processes that either enhance or impair metabolic functions (Brown et al., 2004). Species occupying different habitats in this study had similar thermal limits, indicating that the temperatures experienced by fiddler crabs in their habitats alone do not satisfactorily explain their thermal performance. The high thermal limits of the species inhabiting the exposed area of the shore (such as A. lactea, G. borealis and L. leptodactyla) seem congruent with the Climate Extremes Hypothesis, which postulates that thermal limits are set by the temperature extremes that organisms face in their specific habitats (Pither, 2003; Sunday et al., 2019). The conservation of thermal limits in ectotherm evolutionary history, however, could explain the high thermal tolerance showed by P. splendida and L. thayeri, despite occupying areas where the upper limit temperatures are lower (Hoffmann et al., 2013; Gutiérrez-Pesquera et al., 2016).

Intertidal crabs derived from marine ancestors maintain functional gills, which enable gaseous exchanges in water (Burggren, 1988). However, fiddler crabs have also evolved an efficient mechanism to breath in air through the development of a functional lung within the gill chambers (Bliss, 1968; Días and Rodríguez, 1977; Farrelly and Greenaway, 1993; Farrelly and Greenaway, 1994; Paoli et al., 2015). Oxygen is less limiting, and gaseous exchange less costly, in air than in water (Giomi et al., 2014), regardless of temperature. Thus, at high temperatures, air-breathing intertidal ectotherms are less constrained by oxygen limitation and show wider thermal tolerances than water breathing ectotherms (Fusi et al., 2016). The broader thermal window allows the maintenance of the animals’ aerobic scope at higher temperatures (Fusi et al., 2016) and it is probably a major factor allowing the high thermal tolerance of air-breathing intertidal ectotherms.

The acclimatization of our model crabs to their localized thermal extremes is demonstrated by the variability of their TSM, which was independent of their latitudinal ranges (see, for example, L. leptodactyla vs. L. thayeri and A. lactea vs. P. splendida). Even at negative TSM, the Brazilian species with a more tropical latitudinal range colonizing bare intertidal flats actively thrived in thermally stressful conditions, even reproducing during the warmest months of the year (Costa et al., 2006; Bezerra and Matthews-Cascon, 2007; Masunari, 2012). This indicates that TSM; usually calculated by subtracting a proxy for upper thermal limit from a constant metric of experienced temperatures (Sunday et al., 2014; Marshall et al., 2015; Rezende and Bozinovic, 2019; Vinagre et al., 2019; Dahlke et al., 2020), although useful to predict the vulnerability of species to temperature increases, may fail to account for relevant factors involved in thermal tolerance. Moreover, the methods used to estimate TSM are often inconsistent throughout the literature and in many instances ignore local thermal heterogeneity. Additionally, ectotherms often live at supra-lethal temperatures, and behavioral thermoregulation is an essential trait in these animals (Sunday et al., 2014). Fiddler crabs, for example, can thermoregulate by retreating to their burrows (Munguia et al., 2017). Our data confirm that the full understanding of the thermal vulnerability of a particular group of organisms requires a deep knowledge on their behavioral and physiological adaptations, as well as information on possible thermal refugia.

The comparison of species belonging to separate, but closely related, clades revealed similar thermal limits between the two taxa. Our observations do not support the hypothesis that the phylogenetic distance and evolutionary history of fiddler crabs led to different thermal adaptations. Our data, instead, show that the thermal vulnerability of species may not only be related to the experienced temperatures, but also to their latitudinal distribution, since the only truly subtropical species we tested, L. uruguayensis, showed significantly lower thermal limits than the other species tested. This indicates that L. uruguayensis populations inhabiting the lower latitudinal ranges of its distribution are highly vulnerable to extreme temperature events. Accordingly, this species is more prone to latitudinal shifts or local extinctions at the lower edges of its latitudinal distribution (Thomas, 2010; Hoffmann et al., 2013; Kingsolver et al., 2013). Their populations are also vulnerable to invasions by low latitude species due to temperature increases (Murphy, 2020). Poleward distribution shifts are already occurring in Gelasiminae species (e.g. Perry et al., 2005; Castiglioni et al., 2010; Thurman et al., 2013; Johnson, 2014; Arakaki et al., 2020), and the invasion of low latitude species is projected to affect native populations, due to the very similar ecological characteristics shared by fiddler crab species.

Of course, future latitudinal distribution of these fiddler crabs, and local extinction events of their populations, will not be determined by their thermal vulnerability alone. Being part of the mangrove associated fauna, their vulnerability to the ongoing climatic changes is inherently linked to the resilience of such intertidal forests to global warming and ocean acidification. Mangrove ecosystems showed to be rather resilient to the ongoing decrease in pH of coastal waters (Alongi, 2008) and their resident fauna proved to be well adapted to the periodic events of hypoxia regularly affecting this habitat, mainly though the evolution of semi-terrestrial adaptations (Fusi et al., 2015; Fusi et al., 2017). At present, the most impacting consequence of climate change for mangrove ecosystems proved to be sea level rise (Gilman et al., 2008; Ellison, 2012), which will also strongly affect the microhabitat of the fiddler crab species we studied. A more holistic approach, taking into account the influence of climate change on their micro-habitat and their food sources is thus necessary to model future distribution of these crabs.

In the present study, sex-specific responses to temperature increases were evident, with females showing greater MO2 than males. These metabolic differences can be both a consequence of the strong sexual dimorphism of fiddler crabs and of the differential sex-related energy allocation in reproduction common in most animals. During the reproductive season, female fiddler crabs produce large quantities of eggs (Yamaguchi, 2001; Koch et al., 2005; Litulo, 2005; Castiglioni et al., 2007), at energetic costs higher than the ones involved in sperm production (Hartnoll, 2006; Rennie et al., 2008). A large allocation of energy on reproduction reduces the available aerobic scope of organisms (Sokolova, 2013) and it is assumed to reduce their thermal window (Pörtner and Farrell, 2008; Vorsatz et al., 2021a). If female fiddler crabs are more thermally sensitive, they may be the first to succumb to temperature increases, thereby reducing the viability and resilience of populations. Similar results have been observed in spawning fishes (Dahlke et al., 2020) and mangrove crabs (Vorsatz et al., 2021a), suggesting that reproductively active females may constitute an ontogenetic thermal bottleneck in climate change scenarios.

Our data confirmed that bimodal-breathing ectotherms are able to cope with ambient temperatures that regularly reach levels above their thermal limits, showing the efficiency of their thermoregulatory and respiratory mechanisms. These mechanisms allow ectotherms to conform and acclimatize to the conditions they experience, thus supporting the Climate Extremes Hypothesis (Pither, 2003; Bozinovic et al., 2011; Sunday et al., 2019) whereby an ectotherms’ thermal tolerance reflects the thermal extremes they face in their habitat along their geographical distribution. Differences in the thermal vulnerability between males and female, however, might also be an important factor in predicting species distributions and the resilience of populations of ectotherms to temperature rises. Indeed, reliable models on the impact of global warming on intertidal species distribution and resilience should include data on both sexes, reproductive biology and different ontogenetic stages, as well as information on local thermal environment. Based on our data, we advocate for the inclusion of physiological traits such as breathing mode and sex-related differences in energy allocation to reproduction in general models aimed to describe and forecast the relationship between thermal sensitivity and the present and future distribution of intertidal species.
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Region Species Habitat

WP Gelasimus borealis Exposed sandy to muddy flats at mid-low intertidal levels (Kwok and Tang, 2006)

Austruca lactea Exposed open sand flats at high-mid intertidal levels (Kwok and Tang, 2006)

Paraleptuca Sandy mudflats, salt marshes and mangroves at mid-high intertidal levels. Also, at landward fringes of sandy beaches (Shih et al., 2012)
splendida

AEP Leptuca thayeri Clay and mud, often associated with vegetation at mid-low intertidal levels (Diele et al., 2010; Thurman et al., 2013)
Leptuca Sandy soil, in exposed areas at high-mid intertidal levels (Thurman et al., 2013)
leptodactyla
Leptuca Firm sandy to silty clay flats at mid-high intertidal levels. Burrows can be exposed but often associated with vegetation (Thurman et al.,
uruguayensis 2013; Ribeiro et al., 2016)

IWP. Indo-West Pacific: AEP, Atlantic-East Pacific.





