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A B ST R A CT 

Biogeographical patterns explain variation in body size, although the strength and directions of these patterns vary. When researchers account for 
the micro- or macrohabitats that species inhabit, they often find that biogeographical relationships with body size are modified, especially in taxa 
that inhabit diverse environments. Freshwater crayfishes are an ideal group in which to study the interaction between habitat, biogeography, and 
body size, because there are >700 crayfishes that inhabit aquatic environments, semi-terrestrial burrows, and caves. Here, we explore evolution of 
body size across 452 species of crayfish by considering the interaction between their habitats (aquatic, semi-terrestrial/aquatic, semi-terrestrial, 
and cave-dwelling) and the mean temperature of their geographical range. We documented 64-fold variation in body length. Aquatic species 
were the largest and had the greatest variation in body size. Crayfishes that inhabit both semi-terrestrial and aquatic habitats exhibit a weak nega-
tive relationship between body size and environmental temperature; solely aquatic species reverse this relationship. Evolutionarily, our ancestral 
reconstruction suggests that the ancestral crayfish was an aquatic species with a body length of 81.1 mm, which aligns with data from fossil cray-
fish. Overall, our study highlights how uniting biogeographical and evolutionary approaches improves our ability to explore patterns of animal 
body size and unearth explanatory mechanisms.

Keywords: Bergmann’s rule; burrow; latitude; ectotherm; environment; temperature

I N T RO D U CT I O N
Variation in body size can span orders of magnitude within a 
group. At their extremes, as within fully aquatic marine mam-
mals, species can range in size (i.e. mass) by eight orders of 
magnitude (i.e. from ~27 kg in Enhydra lutris to ~180 000 kg in 
Balaneoptera musculus; Smith and Lyons 2019). Explaining the 
disparity in body size between the largest and smallest mem-
bers of animal groups has been a long-standing puzzle among 
evolutionary biologists (Smith and Lyons 2019). One issue 
preventing biologists from explaining the disparity in body 
size in some groups relates to the correlated nature of body size 
with nearly every aspect of the biology of an animal (Peters 
and Wassenberg 1983, LaBarbera 1989, Blackburn and Gaston 
1994). Studies have indicated the importance of body size across 
all aspects of an animal’s natural history and life history, such as 
mating, predation, and habitat selection (reviewed by Smith 
and Lyons 2019). Consequently, understanding how and why 
body size varies so much within taxa is commonly investigated 

through an evolutionary (Butler and Losos 2002, Gould and 
MacFadden 2004, Cooper and Purvis 2010, Smith and Lyons 
2019, Womack and Bell 2020) or biogeographical and climatic 
lens (Blackburn and Hawkins 2004, Olson et al. 2009, Berke et 
al. 2013, Rollinson and Rowe 2018a, Johnson et al. 2019, Padilla 
Perez and Angilletta 2022, Weil et al. 2023).

Perhaps the most documented pattern used to explain vari-
ation in body size is Bergmann’s rule. Bergmann’s rule states that 
organisms at higher latitudes reach relatively larger body sizes 
in comparison to species at lower latitudes (Bergmann 1847). 
Bergmann’s rule was proposed initially to explain body size vari-
ation in endotherms based on thermoregulatory mechanisms; 
larger body size in endotherms helps to reduce heat loss be-
cause of greater surface area-to-volume ratios. Indeed, the ma-
jority of bird and mammal clades show patterns consistent with 
Bergmann’s rule, both intraspecifically and at higher taxonomic 
levels (Dayan and Meiri 2003, He et al. 2023). Since Bergmann’s 
initial work describing this relationship in endothermic 
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2  •  Graham and Richardson

vertebrates, researchers have extended Bergmann’s rule to other 
organisms, including ectotherms, with varying levels of support 
(Timofeev 2001, Angilletta et al. 2004, Shelomi 2012, Rypel 
2014, Karagkouni et al. 2016, Velasco et al. 2020, Miller and 
Sheehan 2021). Taxa such as lizards, snakes, and treeshrews ex-
hibit a reverse relationship between body size and temperature, 
often described as reverse, inverse, or converse Bergmann’s rule, 
such that smaller species are found in colder climates (Mousseau 
1997, Ashton and Feldman 2003, Blanckenhorn and Demont 
2004, Sargis et al. 2018, Deme et al. 2023). Further complicating 
these results is the potential for biogeographical patterns, such as 
Bergmann’s rule, to be relaxed or reversed over short time frames 
( Juman et al. 2022, Wood and Cousins 2023). The contradictory 
findings related to biogeographical relationships and body size 
across animal taxa have therefore left several unanswered ques-
tions about why some groups exhibit patterns consistent with 
Bergmann’s rule, whereas others exhibit reverse Bergmann’s rule, 
and some show neither.

The mechanisms producing Bergmann’s or reverse Bergmann’s 
rules are assumed to relate to the thermoregulatory processes of 
organisms, influenced by the range and degree of temperatures 
they experience (Blackburn and Gaston 1994, Blackburn and 
Hawkins 2004). Thus, when a clade does not exhibit any rela-
tionship between body size and environmental temperature, that 
might be because some aspect of the biology of that group alters 
the temperatures they experience. Likewise, the temperature–
size rule is used to explain patterns of variation in body size with 
ectotherms specifically, because a majority of ectotherms exhibit 
faster growth rates and smaller adult size when reared at higher 
temperatures (Atkinson 1994). Thus, the habitats that a group of 
animals inhabit might select for smaller or larger body sizes dir-
ectly, in addition to indirectly, by altering their relationship with 
environmental temperatures. Imagine a group of closely related 
animals with varying body sizes that occupy fossorial, terrestrial, 
arboreal, aquatic, and semi-aquatic habitats, all within the same 
climatic region. An analysis of this clade might fail to show any 
relationship between temperature (or latitude) and body size, be-
cause researchers use a single environmental temperature (or lati-
tude) for each organism that does not account for microhabitat 
use and differential thermal environments. Despite living in the 
same region, a fossorial animal and an arboreal animal will experi-
ence a different suite of temperatures. In this way, the habitats in 
which animals reside, or the behaviours they exhibit, are likely to 
influence the strength and direction of biogeographical patterns, 
such as Bergmann’s rule. However, studies rarely account for 
how microhabitat use alters predictions of biogeographical pat-
terns. Similar ideas have been proposed to explain the evolution 
of physiological and behavioural thermoregulation, described as 
the Bogert effect (Huey et al. 2003, Muñoz 2022).

In the present study, we explore biogeographical and habitat-
related patterns of body size evolution in freshwater crayfishes 
(Decapoda: Astacidea). The extant freshwater crayfishes are 
monophyletic and represent two superfamilies and four families 
(Crandall and DeGrave 2017). Superfamily Astacoidea has three 
families: Cambaridae, Astacidae, and Cambaroididae in the 
Northern Hemisphere. Superfamily Parastacoidea has a single 
extant family, Parastacidae, found in the Southern Hemisphere. 
Both clawed lobsters (superfamily Nephropoidea) and reef 

lobsters (superfamily Enoplometopoidea) are also placed in the 
infraorder Astacidea, but live in marine environments and are 
less species rich than crayfishes (Bracken-Grissom et al. 2014).

Freshwater crayfishes are an ideal group in which to study the 
interaction between habitat, biogeography, and body size evolu-
tion, because there are >700 species within this group that in-
habit streams, rivers, swamps, lakes, caves, and semi-terrestrial 
burrows on every continent except continental Africa, the 
Indian sub-continent, and Antarctica. Likewise, crayfishes in-
habit diverse climates; most crayfishes are found in temperate 
climates, but others live in the tropics. Furthermore, crayfish 
vary in body size; species in the dwarf crayfish genus Cambarellus 
rarely exceed 25 mm in total length, whereas the Tasmanian 
giant freshwater crayfish, Astacopsis gouldi, regularly reaches 
lengths of >0.5 m and is sometimes described as a ‘freshwater 
lobster’. Additionally, a recent time-calibrated phylogeny (Stern 
et al. 2017) allows the use of comparative methods to investigate 
the effects of phylogeny on the evolution of crayfish body size. 
Following other studies on ectotherms (Atkinson 1994), we hy-
pothesize that environmental temperature influences crayfish 
body size, but that this relationship will be modified by habitat 
affinities of crayfishes. Specifically, we predict that aquatic spe-
cies inhabiting colder climates will exhibit larger body sizes, 
consistent with predictions of both Bergmann’s rule and the 
temperature–size rule. Conversely, for crayfishes that reside in 
burrows or caves, we predict that they will exhibit a dampened 
or reversed pattern of Bergmann’s rule, because these environ-
ments minimize thermal constraints faced by aquatic species. We 
test these predictions with temperature data specifically, and not 
with latitudinal data, because most mechanisms used to explain 
such biogeographical results invoke some temperature-related 
phenomena. Nonetheless, studies often find similar patterns 
when separately analysing the relationship between tempera-
ture, latitude, and body size across species (Horne et al. 2015).

In addition to testing longstanding hypotheses related to 
animal body size and biogeography, we aim to provide insight 
into the evolution of body size through comparative methods. 
Phylogenetic comparative methods allow for the reconstruc-
tion of ancestral traits, such as body size or habitat use, which 
provides insights into the divergence of the ancestral marine 
astacideans (Nephropoidea and Enoplometopidae) and fresh-
water crayfish. Based on fossil records of crayfishes and crayfish 
burrows, it has been assumed that the ancestor of modern cray-
fishes was capable of burrowing and therefore would be classi-
fied as either a semi-terrestrial or semi-terrestrial/aquatic species 
(Hasiotis 1998, Martin et al. 2008, Fiorillo et al. 2016, Audo et al. 
2023). An ancestral state reconstruction of body size and habitat 
affinities provides information on the ancestral crayfishes, which 
underwent significant radiation in body size and habitats com-
pared with their marine ancestors. This work integrates both 
evolutionary and biogeographical analyses to explain patterns of 
body size across crayfishes.

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

Data sources
We conducted literature searches for sources that report size 
measurements in freshwater crayfish. Searches were conducted 
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on Web of Science using the term ‘crayfish’ paired with the modi-
fier ‘AND’ followed by one of several terms, including: ‘carapace 
length’, ‘post-orbital carapace length’, ‘total length’, ‘body size’, 
‘body length’, ‘size’, and ‘length’. Richardson (2019) has previ-
ously compiled data on body size across crayfishes, which we 
used as primary sources for our study. Additionally, we refer-
enced crayfish field guides (Pfleiger and Dryden 1996, Taylor 
and Schuster 2004, Schuster et al. 2022) and taxonomic descrip-
tions to gather additional data. When presented, we collected 
data on the minimum body size, average body size, maximum 
body size, and the sample size of measured individuals. We also 
recorded what metric of body size was used (see below). A list 
of the sources and body size measurements is presented in the 
Supporting Information (File S1).

The primary goal of our searches was to obtain data on max-
imum total body length, because we were interested in the po-
tential body size of a species, regardless of sex (Womack and Bell 
2020). However, crayfish body size is most often reported using 
one of three metrics: carapace length, post-orbital carapace 
length (also known as ocular/orbital carapace length), and total 
body length (carapace length and abdomen length combined). 
To overcome these differences in the measurements reported, we 
collected data on all three metrics (carapace length, post-orbital 
carapace length, and total body length) from 78 species in 31 
genera (2–204 individuals per species; mean = 17.27). This al-
lowed us to transform carapace length and post-orbital carapace 
length into estimates of total body length. We collected these 
data from published sources and from measurements we col-
lected from specimens at the Smithsonian Museum of Natural 
History, using digital callipers. For data collected from museum 
specimens, it is worth highlighting that our measurements come 
from the intermoult carapace, which is not known to distort or 
shrink in size when preserved in fixative liquid (typically, 70% 
ethanol; Crandall 2016). We also solicited size data from cray-
fish researchers who had recorded these measurements for their 
research. With data on these three measurements of body size, 
we used ratios that we calculated for each genus to convert any 
carapace length/post-orbital carapace length data presented 
to a measurement of total body length. For example, if we had 
measurements on carapace length but not total body length 
for a species, we used the ratio of carapace length to abdomen 
length calculated from one or more species of the same genus 
to convert this measurement into a total body length measure-
ment. If ratio data were not available for a genus, we used the 
average ratio for the entire family to transform the given meas-
urement into a measurement of body length. Although crayfish 
carapaces exhibit variation in shape, the primary axis of variation 
in crayfishes carapaces is in the width of the carapace relative to 
its height (Delekta and Kolmann 2024), rather than carapace 
length, which is the body size metric used in the present study. 
Regardless, ratios between carapace and abdomen length varied 
minimally across families and genera, with a genus-level range of 
carapace length to abdomen length varying from 0.78 to 1.19, 
with a mean of 0.95. If we had collected multiple measurements 
for a single species, we used the maximum body size value re-
ported from all sources. The number of individuals measured 
per species, measurements, and calculated carapace length to ab-
domen length ratios used for these conversions can be found in 
the Supporting Information (File S2).

Habitat classification
We used reviews of burrowing crayfish life-history studies to 
classify crayfish species into three categories related to habitat 
use: primary, secondary, and tertiary burrowing species (Hobbs 
1942, 1981, Bloomer et al. 2021), which are correlated to species 
that inhabit semi-terrestrial habitats, a mixture of semi-terrestrial 
and aquatic habitats, and exclusively aquatic habitats, respect-
ively. Semi-terrestrial (i.e. primary burrowing) species of cray-
fish rarely inhabit permanent bodies of water and instead rely on 
terrestrial burrows, which they excavate down to the water table 
or to a reservoir above the water table, such as in some Australian 
Engaeus spp. Aquatic species (i.e. tertiary burrowing species) 
live in lentic and lotic bodies of water and construct only rudi-
mentary burrows underneath cover objects. Species classified 
as semi-terrestrial/aquatic (i.e. secondary burrowing species) 
exhibit a mixture of traits between aquatic and semi-terrestrial 
species; they can be found in permanent bodies of water but may 
also construct expansive semi-terrestrial burrows depending on 
environmental conditions. Although the crayfish literature often 
uses the terms primary, secondary, and tertiary burrowing spe-
cies, we use the terms semi-terrestrial, semi-terrestrial/aquatic, 
and aquatic because we believe these terms better align with 
our habitat-related hypotheses. In cases where the species were 
not listed by Bloomer et al. (2021), we consulted species de-
scriptions and other published sources to categorize a species 
appropriately, based on habitat use. Lastly, we classified species 
that permanently inhabit cave environments. Cave crayfish are 
unpigmented, often lack or have underdeveloped eyes, and are 
rarely found in surface waters. We categorized cave species separ-
ately based on literature sources and species descriptions (Buhay 
and Crandall 2009, Stern and Crandall 2018).

Climate data
We downloaded 543 polygon shape files, representing the dis-
tribution of 513 species of crayfish from the IUCN Red List 
(IUCN 2024). Shape files were uploaded into ARCGIS (ESRI 
2011), and we calculated the centroid size of each species range 
using the ‘contained within each input’ feature to ensure that 
centroids were placed within (and not outside) of a species 
polygon. For some species with multiple polygons (i.e. invasive 
species with one polygon in their native range and one or more 
polygons in their invasive range), we inspected these polygons 
and kept only the ones that represented their native range. Then, 
we gathered monthly temperature data (in degrees Celsius) at 
a resolution of ~20 km2 (i.e. 2.5�) from WorldClim (Fick and 
Hijmans 2017). WorldClim uses mean temperature data from 
20 268 locations collected between 1970 and 2000 and models 
these variables across the globe (Fick and Hijmans 2017). Mean 
temperature data were then extracted at the centroid for each 
species using the R package raster (Hijmans 2022). Although the 
data we extracted are calculated from terrestrial environments, 
previous studies have found strong correlations between terres-
trial temperature data and aquatic temperature data (Rollinson 
and Rowe 2018a). Similar studies investigating Bergmann’s rule 
use temperature instead of latitude to study biogeographical 
trends because environmental temperature is the leading plaus-
ible mechanism driving animal body size patterns (Atkinson 
1994, Horne et al. 2015, Rollinson and Rowe 2018a).
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Phylogeny
For phylogenetic analyses, we used a recent time-calibrated 
phylogeny of 466 species of crayfish (Stern et al. 2017). This 
phylogeny was estimated using a maximum likelihood analysis 
of 1565 total sequences [three mitochondrial gene regions (16S, 
12S, and COI) and three nuclear gene regions (18S, 28S, and 
Histone H3)] from 466 taxa (~70% of the described diversity). 
The tree was dated using penalized likelihood and eight fossil 
calibration points (Stern et al. 2017). We then pruned the phyl-
ogeny based on the species for which we had data for each ana-
lysis.

Statistical analyses
Before analysis, we log10-transformed the measurements of max-
imum body length. This allowed us to include data from nat-
ural outliers, such as the Tasmanian giant freshwater crayfish, 
Astacopsis gouldi.

First, to test the hypothesis that habitat influences the max-
imum body length, we fitted a phylogenetic linear model to our 
data using the phylolm function in the package phylolm (Tung 
et al. 2014) in R (R Core Team, 2019). phylolm models were 
fitted with 1000 independent bootstrap replicates and assumed 
a Brownian motion model of evolution. In this model, the de-
pendent variable was the maximum body length of each spe-
cies, and the independent variable was crayfish habitat coded 
as a factor (cave, semi-terrestrial, semi-terrestrial/aquatic, or 
aquatic). Phylogenetic linear models account for phylogeny by 
integrating branch lengths between species into a variance–co-
variance matrix, which models trait evolution across the phyl-
ogeny.

Given that we also hypothesized an interaction between body 
length, habitat, and environmental temperature, we ran a second 
model to determine how temperature influences the relationship 
between habitat and maximum body length in crayfishes. Thus, 
we fitted a second phylogenetic linear model, in which the de-
pendent variable was the maximum body length of a species and 
the independent variable was an interaction between the mean 
annual temperature from the centroid of each species range and 
habitat. Importantly, in this analysis, we removed cave species, 
based on the fundamental differences in how temperature inter-
acts with surface vs. subterranean environments (Rollinson and 
Rowe 2018a). One hundred and three species lacking distribu-
tional data from the IUCN polygons were excluded from this 
analysis, leaving 350 species.

We also conducted an ancestral state reconstruction of the 
habitat categories and maximum body length across the cray-
fish phylogeny. For the ancestral reconstruction of habitat, 
we initially used stochastic character mapping to determine 
whether an ER (equal rates), SYM (symmetric), or ARD (all-
rates-different) model best fitted the evolution of habitat. The 
ER model assumes that the rate of change between character 
states is equal across the phylogeny, whereas the ARD model 
enables transitions among states to occur at different rates. The 
SYM model assumes that the rate of change between character 
states is the same strength forwards as it is backwards. Then, to 
compare these three models, we calculated their Akaike infor-
mation criterion corrected for small samples (AICc; Burnham 
and Anderson 2002). We chose the model with the lowest AICc 

unit and considered it to be a better fit if one model had a ∆AICc 
value greater than two. In instances where a model was within 
two AICc units, we chose the model with the fewest parameters. 
For this analysis, we used the function fitDiscrete, with 1000 it-
erations in the package geiger. Then we used the make.simmap 
function from the phytools package, with 1000 iterations for each 
model to map character states onto the nodes of the phylogeny 
(Revell 2012). For the ancestral reconstruction of body size, 
we used the fitContinous function in the R package geiger to fit 
early burst, Brownian motion, and Ornstein–Uhlenbeck models 
of evolution to our data. Brownian motion is a model in which 
the evolution of a trait is assumed to evolve by accruing incre-
mental changes drawn from a random distribution. Ornstein–
Uhlenbeck models are similar to Brownian motion, except that 
there is an additional parameter in which the trait has an optimal 
value to which lineages are drawn. Early burst models fit a trajec-
tory of increased evolution early in the phylogeny, followed by a 
reduction in the rate of evolution. These three models were com-
pared by calculating their AICc, and the model with the lowest 
AICc was determined to be the best-fitting model. From the best-
fitting model, we also calculated the evolutionary rate parameter 
(σ2) and the rate of adaptation parameter (α). The σ2 parameter 
determines how fast traits will randomly walk throughout time, 
whereas the α parameter characterizes how fast or slow the char-
acter is drawn towards an optimal value.

Lastly, we calculated a measurement of phylogenetic signal 
using Blomberg’s K statistic (Blomberg et al. 2003). Blomberg’s 
K compares the observed measure of phylogenetic signal with 
an expected measure based upon the topology of the tree and 
a Brownian motion model of evolution. Values of K near one 
indicate similarity between the observed and expected values, 
whereas values of K > 1 indicate that closely related taxa have 
trait values more similar than expected, and values of K < 1 indi-
cate that closely related taxa have trait values less similar than ex-
pected. Blomberg’s K was plotted against a null distribution with 
10 000 simulations to determine whether this value exceeds the 
level of phylogenetic signal expected by random chance.

R E SU LTS
In total, we collected data from 776 sources concerning 553 
species (Supporting Information, File S1) across all four fam-
ilies and all 33 genera. Maximum body length varied 64-fold 
among the species in our study (Fig. 1). Maximum body length 
ranged from 12.5 mm (Cambarellus diminutus) to 800 mm 
(Astacopsis gouldi), with the average across all species being 
79.8 mm (Fig. 1).

The phylogenetic analysis of habitat and body size in 452 spe-
cies demonstrated that the mean maximum body size of crayfish 
exhibits moderate changes based on habitat, with cave crayfish 
being slightly smaller than other groups of crayfishes (Table 1; 
Fig. 2). This conclusion is drawn based on the significance of the 
cave species intercept effect from the phylogenetic linear model 
(Table 1). The untransformed average maximum sizes reached 
by cave, semi-terrestrial, semi-terrestrial/aquatic, and aquatic 
species were as follows: 58.61, 65.42, 76.59, and 94.26 mm. 
Visual inspection of our data (Fig. 2) also reveals differences 
in variation within the maximum body length in each habitat 
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category. The untransformed standard deviations of maximum 
body length for cave, semi-terrestrial, semi-terrestrial/aquatic, 
and aquatic species were as follows: 19.58, 24.26, 45.25, and 
76.77 mm. The maximum body size observed for each habitat 
category also increased as species rely more on surface waters 
and less on burrows, with several large outliers being apparent, 
such as Astacopsis gouldi, the largest of the aquatic species. 
For semi-terrestrial/aquatic species, the largest outliers were 
both spiny crayfishes in the genus Euastacus species: Euastacus 
valentulus and Euastacus armatus.

Regarding the interaction between temperature and habitat, 
our analysis of 350 species shows that the relationship between 
temperature and body size changes weakly based on habitat 

(Table 2; Fig. 3), with several terms (both intercept and slopes) 
having statistically significant effects. According to our model, 
both aquatic and semi-terrestrial/aquatic crayfishes show sig-
nificant effects (Table 2). However, despite these significant ef-
fects, the fit of this model is limited, with R2 = .05. Therefore, 
conclusions should be drawn with caution from this model, 
based on the poor predictability of the model fit, which requires 
careful interpretation. Based on the effects of this model, how-
ever, semi-terrestrial/aquatic crayfishes show a weak negative 
association between maximum body length and mean envir-
onmental temperature, whereas aquatic species show the op-
posite: larger aquatic species are correlated with warmer mean 
environmental temperatures. Thus, semi-terrestrial/aquatic 

Figure 1. Phylogeny depicting the evolution of body size across 452 species of freshwater crayfish. Peripheral bars at the tips of the tree 
are coloured based on habitat and depict the untransformed maximum body size reported from the literature for each species. Pie charts 
on internal nodes represent posterior probability estimates resulting from 1000 simulations of the character histories. Crayfish silhouettes 
represent the average maximum body length for select genera placed approximately at their location on the phylogenetic tree. Data from all 
four extant families are presented, with the outer range alternating between black and grey to depict locations of each family on the tree. Nodes 
and bars for species that are semi-terrestrial are coloured brown, semi-terrestrial/aquatic species black, aquatic species light blue, and cave 
species purple.
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crayfishes exhibit weak patterns consistent with Bergmann’s 
rule and the temperature–size rule, whereas aquatic crayfishes 
reverse this relationship.

For our ancestral reconstruction of habitat, we found that 
the ARD (AICc = 591.54) model was the best-fitting model. 
The ER (AICc = 613.63) and SYM (AICc = 595.90) models 
were a comparatively poorer fit to our data. Posterior probabil-
ities from stochastic character mapping suggest that the most 
likely ancestor of all freshwater crayfishes was an aquatic species, 
with a posterior probability of 51.3%. Posterior probabilities 
suggest that there is a 39.8% likelihood of this species being a 
semi-terrestrial species. It is unlikely that the crayfish ancestor 
was a semi-terrestrial/aquatic species (.087%) or cave species 
(.002%). Ancestors of the superfamily Astacoidea (i.e. Northern 
Hemisphere crayfishes in the families Cambaridae, Astacidae, 
and Cambaroididae) were 98.12% likely to be an aquatic species, 
but this family then diversified quickly into the other four habi-
tats. In contrast, the ancestor of the superfamily Parastacoidea 

was 64.1% likely to be semi-terrestrial and 31.7% likely to be 
aquatic.

The ancestral reconstruction of body size determined 
the Ornstein–Uhlenbeck model to be the best fit to our 
data (AICc = 5008.16), in comparison to the early burst 
model (AICc = 5569.06) or the Brownian motion model 
(AICc = 5567.05). According to the Ornstein–Uhlenbeck 
model, the ancestor of all crayfish has a maximum body size of 
81.1 mm. The evolutionary rate parameter (σ2) of this model 
was 20632.89, and the rate of adaptation (α) is 2.72. The meas-
urement of phylogenetic signal using Blomberg’s K statistic was 
.048, and randomized simulations resulted in a non-significant 
P-value (P = .391), demonstrating that species do not resemble 
one another more than expected by chance.

D I S C U S S I O N
Our study supports the hypothesis that habitat and temperature 
interact to influence body size in freshwater crayfish. However, 
our predictions that aquatic species would be largest at the colder 
temperatures and that species capable of burrowing would ex-
hibit the opposite trend were not supported, because we found 
the opposite of our predicted patterns. Regardless, these results 
demonstrate the importance of accounting for habitat differences 
when investigating biogeographical rules. Previous studies that 
account for habitat-related effects on the relationship between 
body size and temperature confirm this notion. For example, 
across 53 species of mustelids, Rodrigues et al. (2023) showed 
that habitat, but not environmental temperature, was related to 
evolution of body size in this group; semi-aquatic species, such 
as otters and mink, were larger compared with terrestrial spe-
cies. The authors hypothesized that thermal inertia in aquatic vs. 
terrestrial habitats (amongst other ecological variables) might 

Table 1. Results from the phylogenetic linear model predicting the 
relationship between maximum body size and habitat for 452 species 
of crayfish. In this model, the intercept term was aquatic species. 
Significant effects are shown in bold.

Intercept Coefficients SE t-value P-value

Intercept of aquatic species 4.459 .753 5.920 <.001
Intercept of cave species 4.049 .178 −2.307 .022
Intercept of semi- 
terrestrial/aquatic species

4.652 .127 1.520 .129

Intercept of semi-terrestrial 
species

4.382 .130 −.591 .554

Figure 2. Box-and-whisker plot showing the maximum body length (logarithmically scaled) and habitat for 452 species included in the study. 
Boxes indicate the interquartile range for each habitat classification, while the whiskers indicate the range when including outliers.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article/143/3/blae096/7852789 by guest on 02 N

ovem
ber 2024



Body size in freshwater crayfishes  •  7

explain these patterns (Rodrigues et al. 2023). Likewise, the 
mean adult body size of terrestrial salamanders is unrelated to 
the mean environmental temperature across their distribution 
(Rollinson and Rowe 2018a). In aquatic salamanders, however, a 
different relationship appears, such that aquatic species without 
lungs are smaller in warmer environments and larger in cool 
environments (Rollinson and Rowe 2018a). Interestingly, this 
pattern is reversed in aquatic salamanders with lungs, such that 
larger species occur in warmer climates. These results suggest 
that among aquatic ectothermic species, such as salamanders, 
Bergmann’s rule will be found more commonly compared with 
terrestrial ectotherms not based solely on environmental tem-
perature, but also based on potential oxygen limitation in their 
respective environments (Rollinson and Rowe 2018a, 2018b).

Aquatic organisms might be unable to thermoregulate be-
haviourally across microhabitats in comparison to terrestrial or 

semi-terrestrial organisms. Data on marine copepods support 
this hypothesis, because the largest copepod species occur in 
highly oxygenated waters, rather than colder ones (Chapelle 
and Peck 1999, Moran and Woods 2012, Verberk and Atkinson 
2013). Oxygen limitation in aquatic vs. terrestrial environments 
is likely to be a driver of these relationships, demonstrating that 
habitat can alter the traditional predictions of Bergmann’s rule 
based not only on habitat differences but also on physiological 
constraints, such as respiration (Rollinson and Rowe 2018a). 
Across studies, whenever researchers account for ecological or 
habitat data, the predictions of Bergmann’s rule are often altered, 
as demonstrated above.

Although our study found support for the hypothesis that the 
habitat of a crayfish influences maximum body size, when we also 
account for environmental temperature (i.e. Bergmann’s rule), a 
more complex result appears. In other taxa that inhabit a range of 
terrestrial and aquatic habitats, such as salamanders, differences 
in aquatic or terrestrial respiration are known to alter patterns of 
body size and temperature distributions (Rollinson and Rowe 
2018a). Our study finds limited support for this pattern. Despite 
showing statistically significant interactions between body size, 
habitat, and environmental temperature, our models fit the data 
poorly, limiting our conclusions. Further exploration of this re-
lationship is warranted, because the thermal environment that 
each crayfish exhibits is likely to be modified by their burrowing 
ability. Our measure of environmental temperature came from a 
database of surface temperature, and although surface tempera-
ture and aquatic temperatures are often correlated (Rollinson 
and Rowe 2018a), when an organism burrows in an aquatic or 
a semi-terrestrial environment, the temperature it experiences 
is likely to differ from ambient surface or water temperature. 
Terrestrial burrows are likely to produce a buffer against extreme 
high and low temperatures, and thus provide a stable thermal en-
vironment in a variety of species (Hall and Myers 1978, White 
2005, Brischoux et al. 2009, Whitford and Steinberger 2010, 

Table 2. Results from the phylogenetic linear model predicting 
the relationship between maximum body size and the interaction 
between mean annual temperature of their range and burrowing 
habitat based on 350 species of crayfish. In this model, the intercept 
term was aquatic species. Significant effects are shown in bold.

Intercept Coefficients SE t-value P-value

Intercept of aquatic species 3.999 .649 6.164 <.001
Slope of aquatic species .043 .010 4.165 <.001
Intercept of semi- 
terrestrial/aquatic species

4.871 .261 3.339 <.001

Slope of semi-terrestrial/ 
aquatic species

−.008 .015 −3.518 <.001

Intercept of semi-terrestrial 
species

4.676 .482 1.403 .161

Slope of semi-terrestrial 
species

−.008 .030 −1.684 .093

Figure 3. The relationship between mean annual temperature calculated from the centroid of the species range and log10-transformed 
maximum carapace length for semi-terrestrial (A), semi-terrestrial/aquatic (B), and aquatic (C) crayfishes. In each panel, the line represents 
the relationship between both variables derived from the phylogenetic linear model. In each panel, grey points represent data from the other 
habitat classifications, with the coloured dots representing data from the single habitat classification in each panel.
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