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Abstract
Camouflage is a classic adaptation used to conceal an individual and avoid detection 
or recognition by both predator and prey. Research on camouflage spans both artificial 
systems and real animals, often focussing on the types of camouflage that exist and how 
they work. It has long been known that many animals also use behaviour to facilitate 
camouflage, but many questions remain, and most studies are limited to certain taxa such 
as moths and birds. Here we use behavioural choice experiments, testing the responses 
of furrowed crabs (Xantho hydrophilus) to backgrounds differing in brightness, substrate 
grain size, and complexity to determine if individuals use behavioural choice to facilitate 
camouflage. Crabs preferentially chose backgrounds that were more similar in bright-
ness to their own appearance but showed no preference for substrate size. In addition, 
crabs showed some tentative, but not statistically significant, preferences for complex, 
high contrast environments, providing some support for recent theories on the importance 
of environmental complexity in facilitating improved camouflage. We also found that fur-
rowed crabs exhibit reduced intraspecific variation in carapace colour with age, which 
most likely reflects ontogenetic changes in coloration that are common in crabs or may 
be due to greater predation on less well-camouflaged individuals. There was also some 
evidence that the propensity to choose backgrounds increased with age. Thus, individuals 
can improve their camouflage through substrate choice, and this may improve with age. 
These findings provide insights into the camouflage behaviour and ecology of crabs and 
other animals, with implications for the tuning and efficacy of camouflage strategies.

Keywords Camouflage · Background matching · Masquerade camouflage · Background 
complexity
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Introduction

Camouflage is an essential mechanism for avoiding detection and recognition by both pred-
ator and prey species across the animal kingdom. An organism’s ability to achieve conceal-
ment in an environment will determine their ability to survive and links with many aspects 
of their life history (Cott 1940; Stevens and Merilaita 2009; Cuthill 2019). Currently, there 
are a number of recognised methods of camouflage that work in different ways, from trans-
parency to matching the background, and a great deal of work has tested these ideas in both 
artificial and natural systems (see reviews by Stevens and Merilaita 2009; Ruxton et al. 
2019; Cuthill 2019). The evolution of camouflage is a classic example of natural selection 
and was a founding premise in Wallace’s theory of protection as he observed the camouflage 
coloration of, for example, arctic mammals (Wallace 1889), and a great deal of other early 
work of Thayer (1909), Cott (1940), and others.

Much work on camouflage has focussed on the various strategies that exist, and aspects 
related to phenotype-environment matching, though Wallace also noted that behaviour is 
key. That is, animals will often choose environments that facilitate their own camouflage 
(Wallace 1867). Since these initial observations, researchers have sought to understand the 
mechanisms by which the evolution of animal coloration and behaviour occurs, with early 
work focussing on background choice in moths (e.g., Kettlewell 1955a; Sargent 1966), 
which continue to be a key study species and have been widely shown to select both back-
grounds and resting postures that enhance camouflage (Kang et al. 2014, 2015). Since then, 
work has often explored questions of camouflage and substrate choice in birds and a few 
other taxa (e.g., Lovell et al. 2013; Stevens et al. 2017), and the key role that behaviour has 
in mediating successful camouflage across many species is increasingly recognised (Stevens 
and Ruxton 2019; Tan et al. 2024). The importance of behaviour is particularly relevant for 
individuals constrained by the bounds of their coloration that are unable to change appear-
ance. In spite of a growing body of work, important gaps in knowledge remain regarding 
how animals choose backgrounds for camouflage, what features they choose, and how this 
relates to aspects of appearance such as intraspecific variation in colour patterns (Stevens 
and Ruxton 2019).

As almost all environments are heterogenous, non-colour changing species must rely 
on their habitat or substrate choices for camouflage to be effective. Early work on behav-
ioural choice in camouflage focussed on moths, whereby work by Kettlewell (1955b) and 
Sargent (1966) found that lighter moths chose lighter backgrounds and darker moths chose 
darker backgrounds, using a camouflage technique referred to as background matching. 
These experiments were limited by the simplicity of the backgrounds but work since then 
with more natural backgrounds has obtained similar results in moths (Kang et al. 2013; 
Kang et al. 2014; Kang et al. 2015), and in various species across other taxa (Boardman et 
al. 1974; Kang et al. 2016; Stevens et al. 2017; Twort and Stevens 2023; reviewed by Ste-
vens and Ruxton 2019). For example, ground nesting birds improve their egg camouflage 
by matching the appearance of their eggs to that of the substrate (Lovell et al. 2013; Stevens 
et al. 2017). Research in moths shows that individuals can also adjust their position and 
orientation to improve camouflage, if their initial position is not cryptic enough (Kang et al. 
2013). In crustaceans, crabs have been shown to choose backgrounds of matching bright-
ness (Jensen and Egnotovich 2015; Stevens et al. 2013; Uy et al. 2017; Price et al. 2019; 
Twort and Stevens 2023), and prawns will select seaweed that matches individual colour 
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variants (Green et al. 2019). Other aquatic species, such as cuttlefish (Buresh et al. 2011; 
Hanlon et al. 2009) and freshwater fish (Kelley and Merilaita 2015; Kelley et al. 2017) have 
been shown to choose matching backgrounds to avoid detection.

Many animals that utilise camouflage vary in coloration from one individual to the next, 
either in the form of discrete polymorphisms or continuous variation. Such variability may 
arise under frequency-dependent selection stemming from predator search image forma-
tion and hunting strategies (Clarke 1962; Allen 1988; Bond and Kamil 2002; Karpestam 
et al. 2014; Troscianko et al. 2021). However, in many instances, intraspecific variation 
will arise either due to divergence in populations among habitats of different appearance 
(e.g. Rosenblum et al. 2010), or phenotypic plasticity with individuals changing colour to 
match the prevailing substrates that they live on (e.g. Green et al. 2019). Changes may also 
occur owing to ontogenetic processes and changes in life history with age (Booth 1990), 
such as in crabs (e.g. Nokelainen et al. 2019), or even with the use of different camouflage 
strategies among habitats (e.g. Price et al. 2019). Intraspecific variation is common in a 
number of brachyuran crabs (Todd et al. 2009). For example, juvenile Atlantic rock crabs 
(Cancer irroratus) exhibit a wide range of colours including white, brown and yellow, but 
individuals larger than 10 mm are mostly brown or very dark (Palma and Steneck 2001). 
Nonetheless, for all the above cases, the question arises as to whether animal groups that 
exhibit intraspecific variation show behavioural preferences for matching substrates, and 
the nature of such choices. In birds and crabs in particular, there is growing evidence that 
individuals can make substrate choices to improve their camouflage even in species that 
show continuous variation in appearance (Lovell et al. 2013; Stevens et al. 2017; Twort and 
Stevens 2023).

While in general we would expect animals to select backgrounds that are closer in 
appearance to their own colour or brightness, there may be other important considerations. 
For example, it is appreciated that there is a role of background complexity on an indi-
vidual’s camouflage success (Merilaita 2003), with camouflage being facilitated in back-
grounds of higher complexity (Dimitrova and Merilaita 2010; Xiao and Cuthill 2016). This 
idea has been confirmed in various studies, such as those using birds, which have found 
detection times of targets to be longer on backgrounds of complex shapes and high contrast 
(Dimitrova and Merilaita 2012). As such, we may expect that animals show preferences for 
backgrounds that are of higher complexity. This has rarely been tested although experiments 
with fish have found some evidence of preferences for complex environments (Kjernsmo 
and Merilaita 2012).

Furrowed crabs (Xantho hydrophilus) are an intertidal crab species distributed around the 
coasts of the UK and Mediterranean (Fish and Fish 1996). They exhibit a range of colours 
and brightness, with lighter individuals sometimes possessing patterns that appear to vary 
with age. Although little research on furrowed crabs exists, it is likely their coloration and 
variability facilitates concealment, particularly in the furrowed crab’s early life history 
stages, when predation threat is greatest. To our knowledge, the existence of colour change 
to match the background has not been properly tested in this species, and we did not observe 
any changes in colour or brightness during this experiment (personal observation). Like-
wise, our basic, provisional tests of colour change in the laboratory did not yield evidence of 
change (unpublished data) over a period of a few weeks, at least compared to other species 
such as shore crabs (e.g. Carter et al. 2020). This is perhaps not surprising since furrowed 
crabs have a noticeably thicker carapace than many other species. Certainly, any changes in 
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colour that they can achieve, will be slow and, therefore, behaviour is likely to be essential 
for their camouflage. As a herbivorous marine decapod, living in the subtidal and littoral 
zone, they play an influential role in structing their benthic habitat and ecosystem, but can 
be heavily influenced by changes in predation (Boudreau and Worm 2012). Like many other 
camouflaging species, furrowed crabs are likely to use multiple, interacting camouflage 
mechanisms, and live on a variety of substrates that vary greatly in appearance. While there 
is no direct evidence, subjectively, small furrowed crabs resemble pebbles or stones (e.g., 
use masquerade) and will tuck their legs into a pebble form if disturbed, as well as likely 
using background matching. Thus, understanding whether furrowed crabs show behavioural 
preferences will enable a better understanding of how animals living in complex and vari-
able environments, that themselves are diverse in appearance, achieve concealment.

Here, we use behavioural choice experiments of different habitat characteristics to estab-
lish if and how the furrowed crab uses behavioural choices to improve its camouflage. We 
utilise crabs of a range of colour morphs and sizes, and test these against habitat brightness, 
substrate grain size, and habitat complexity. We predict that each colour variant would select 
a substrate similar to their colour or brightness. Similarly, if furrowed crabs use masquer-
ade camouflage, and crabs mimic pebbles in their environment, we expect crabs to show 
increased camouflage against a substrate with elements similar to their size. Such behaviour 
may also change with age, whereby as individuals increase in size, they may preferentially 
choose substrates with larger elements. Furthermore, we predict that crabs will preferen-
tially camouflage in complex environments as opposed to more uniform ones, due to both 
concepts of background complexity improving camouflage and the heterogenous nature of 
the crabs’ natural environment. Additionally, since we were able to sample crabs of a range 
of appearance, we expect the degree of variation in crab colour patterns to change with age 
as predation threat, and potentially the selection pressure on camouflage, changes.

Materials and methods

Crab collection

We sampled Furrowed crabs (Xantho hydrophilus) of varied sex and size from rock-
pools of the intertidal zone of Gyllyngvase beach, Falmouth, Cornwall, UK (50°08′33′′N, 
05°04′08′′W). Crabs were collected from rockpools at low tide when the height was below 
0.8 m (Tides4Fishing accessed 2020) between October and December 2020. To prevent 
overcrowding or anoxic conditions, crabs were collected in groups of four and kept in black, 
polyethene plastic 14.8 L buckets with 1 L of seawater in the bottom for a maximum of 
45 min. At the top of the beach, with the choice chambers, individuals’ carapace width was 
measured in millimetres, using Tacklife digital callipers (DC01), and they were weighed 
in grams, using Biliq waterproof, digital weighing scales, before being visually classified 
into colour types (brown, yellow brown, red brown grey, purple or white coloration), and 
assigned a light or dark shade type. Coloration and category assignment was further refined 
later using photos (see Colour standardisation below). Each crab was photographed on a 
whiteboard with their crab ID using an iPhone 6 S camera. Crabs were collected and treated 
in accordance with an ethics application approved by the University of Exeter Biosciences 
Ethics committee (eCORN003151).
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Choice chamber preparation

Two choice chambers were created using a 41.4 × 30.9 × 7.6 cm tray. The tray was split 
into three sections along the longest edge, using 30 × 10 cm pieces of 400 grit waterproof 
sandpaper, to create a central zone with variable habitats on either side (Fig. 1). Each side 
was then filled with equal weights of stones and 1 cm deep seawater straight from the sea 
to keep it at sea temperature, between 10-13oC. Heavy duty opaque black plastic, cut to 
42.5 × 31.5 cm, was stretched over each habitat to create shelters on each side, whilst the 
central zone remained exposed. This design aimed to instigate a choice in the crabs by 
making the two habitats inviting, but keeping the central zone unpreferable, whilst keeping 
stress to a minimum by using the sandpaper for texture to help crabs grip. We haphazardly 
rotated the arena such that side of each habitat was changed among trials, and trays were 
always oriented to keep them flat and shaded to avoid a habitat being deemed preferable 
due to water, depth, or light conditions. There was a 5-minute interval between trials as con-
textual data was collected on each crab. Stones were washed, and water was changed after 
every second crab in each chamber to minimise any interference with crab behaviour from 
chemical cues left in the water.

Experiment 1

Experiment 1 (n = 30) tested whether crabs exhibited background matching behaviour based 
on the brightness of the substrate in relation to their own appearance. The two substrates 
were created using 1 kg each of dark and light stones, collected from Gyllyngvase beach 
and ranging from 1 to 45 mm in size (Fig. 1a), measured using Tacklife digital callipers. 
Although we did not use gravel of a specific and controlled size, we ensured that both 
substrates had a similar range of gravel sizes, by measuring them with callipers, such that 
gravel size itself would be unlikely to be a cue crabs could use for substrate choice. For this 

Fig. 1 The choice chamber set-up for each 
of the three experiments; substrate (1) 
brightness, (2) size, and (3) complexity. 
Shelters were put over each end, keeping 
the central zone, made of sandpaper, 
exposed. Crabs acclimatised here under a 
cup before being released and observed as 
they chose between the two habitats, each 
made up of equal weights of stones
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experiment, we collected crabs using a haphazard approach to ensure both light and dark 
crabs were sampled but other variables remained random.

Experiment 2

Experiment 2 (n = 30) was designed to explore the possible use of putative masquerade 
camouflage behaviour, or at least whether crabs selected gravel sizes closer to their own 
body size, in furrowed crabs by creating two environments with different sized stones. We 
tested if crabs preferentially chose habitats with stones that matched their carapace size. One 
substrate was made using 1 kg of small stones ranging 5–15 mm in size and the other with 
1 kg of large stones ranging 25–35 mm (Fig. 1b). Both were measured using callipers. For 
this experiment, we adopted a targeted sampling approach to collect 15 crabs with carapace 
sizes within the range of the small stone substrate, and 15 crabs with carapace sizes match-
ing the large stone substrate.

Experiment 3

Experiment 3 (n = 30) tested whether crabs would preferentially choose a more complex 
background for camouflage, regardless of substrate colour or size. For this, one substrate 
was made using 1.2 kg of only grey stones and the other, 1.2 kg of equal amounts of grey, 
black, and white stones, to retain a similar overall colour and brightness but to increase 
contrast complexity of the habitat (Fig. 1c). Stones were fish-safe from an approved retailer 
and ranged from 14 to 20 mm for both substrates. For this experiment, crabs were collected 
using a haphazard sampling method.

Behavioural observations

After a 5-minute acclimatisation period under an opaque 600 ml cup, crabs were free to 
roam the choice chamber for 10 min. The time it took to make a choice was noted, along 
with the chosen background. We determined a choice to be made when the crab tucked its 
legs under itself and/or remained in the same place for more than 3 min. No choice was 
determined when the crab did not leave the central zone, even if they moved to the edge 
against the wall of the tray. Additionally, notes on carapace markings and behaviours, such 
as rigidness and curling up when touched, were taken throughout the experiment.

Colour standardisation

Although objective quantification of colour was beyond the scope of the study here, our 
aim was simply to broadly categorise crabs based on general appearance. Nonetheless, to 
account for potential observer bias and to standardise colour assignment for crabs, two 
people, not affiliated with the experiment, were shown the ID photos taken of crabs and 
asked to assign each to one of the five colour groups: brown, yellow brown, red brown, grey, 
and purple. In addition, they marked each crab as either light or dark. This was checked 
against the original colour and shade assignment to prevent inconsistencies and improve 
repeatability. From this, each crab was assigned a colour category and either light or dark 
shade, to be used for the analysis. We acknowledge that it would have been desirable to 
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undertake quantitative and objective analyses of crab coloration and direct matches to the 
background. However, the work here was undertaken during the COVID-19 pandemic and 
we were limited in various aspects and resources, making this not possible at the time. We 
note, however, that given the large differences in background appearance that analysis of 
substrate choice would be highly unlikely to differ with a quantitative analysis, though we 
would have been able to obtain more refined information on crab appearance and substrate 
matching.

Size and weight analysis

Due to right skew in carapace size data, a Spearman’s rank correlation was used to analyse 
the relationship between weight and crab carapace size, which showed a significant positive 
correlation between carapace size and weight (rS = 0.972, S = 3457, n = 90, p < 0.001). As the 
correlation was strong, we used carapace size alone in further analyses.

Analysis/statistics

All data was analysed using statistical software R version 2024.04.01 (Build 748). Crab 
choices were analysed using fisher’s exact tests for Experiments 1 and 2 to understand how 
crabs’ features, brightness and size, affected their substrate choices. The small sample sizes 
of these experiments prevented us from using stronger tests. Experiment 3 was analysed 
using a binomial analysis to see whether crabs preferentially chose complex substrates, 
regardless of individual features. Here, a fisher’s exact test could not be applied as there 
were not enough variables. An ANOVA was used to establish whether the carapace size of a 
crab, as a response variable, was dependent on the colour of the crab as the explanatory vari-
able to assess the degree of variation across the size range, and therefore whether furrowed 
crabs exhibit ontogenetic colour change. A post-hoc Tukey analysis tested the direction of 
variation between crab colours and carapace sizes.

For the secondary analysis, exploring in more detail the behavioural choices crabs made, 
‘no choice’ results were removed from the data set. To test the effects of crab size on the time 
to make a choice, data was plotted and analysed using a Spearman’s rank correlation, due 
to skewed crab carapace size data in the data. A two-sample student’s t-test was then used 
to establish whether or not the size/age of a crab influenced their ability to make a ‘correct’ 
choice.

Results

Experiment 1

To understand the distinct difference between crab shades and background shade prefer-
ences, we used a fisher’s exact test. This analysis found that there was a significant, though 
weak, association between the two variables, suggesting that crabs will preferentially choose 
backgrounds of matching substrate shade (two tailed, odds ratio = 8.84, p = 005). Subsequent 
probability analysis showed that dark crabs chose matching dark backgrounds 90.9% of 
the time (binomial test: p < 0.001). Light crabs showed no detectable preference, with three 
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crabs choosing light and three choosing dark (p = 1), but the sample size is too small to draw 
any firm conclusions (Fig. 2).

Experiment 2

We conducted a fisher’s exact test to determine if there was a significant association between 
crab carapace size and background susbstrate size. This test found no significant associa-
tion between which shows that crabs carapace size does not have a significant effect on the 
chosen substrate size (two tailed, odds ratio = 1.550, p = 0.711) (Fig. 3).

Experiment 3

In the third experiment, testing crabs’ choices around habitat complexity, the only variable 
was habitat choice, so we used an exact binomial text which showed crabs had a tendency 
to choose a more complex than simple backgrounds, but not significantly so (Exact binomial 
test: proportion = 0.64, n = 28, p = 0.185) (Fig. 4).

Fig. 2 Behavioural choices for matching substrate, depending on carapace shade, facilitate crypsis. Dis-
tribution of choices made by furrowed crabs (Xantho hydrophilus) (n = 30) between light and dark back-
grounds. Sample sizes shown above bars. When given a choice, there appears to be a preference for 
matching backgrounds
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Ontogenetic change in appearance

Carapace size data was log transformed due to non-normal, right skewed distribution of 
data. Log transformation created a normal distribution and a Levene test with a mean cen-
tre found equal variances among the log-transformed carapace size for each of the colour 
groups (F5,84=1.47, p = 0.21), so the assumptions of the model could be met. An ANOVA 
analysis found a significant relationship between log-transformed crab carapace size and 
crab carapace colour (F5,84=9.87, p < 0.001) (Fig. 5). Specifically, 34% of variation in colour 
could be accounted for by the effect of carapace size with red-brown crabs being the largest 
(F2,84=4.250, p < 0.001). A post-hoc Tukey analysis also found that red-brown crabs were 
larger than brown (p = 0.006), grey (p = 0.008), yellow brown (p = 0.001), purple (p = 0.001) 
and white (p < 0.001) crabs. Additionally, the size of brown crabs was significantly differ-
ent to the size of white crabs (p < 0.001). All other pairs were non-significant. Small crabs 
exhibited a wider array of colour pattern variation than larger crabs.

Fig. 3 Substrate size appears not to facilitate crypsis. Distribution of background choices between the 
two categories of crab size, based on the substrate sizes. One habitat was comprised of small stones of 
5–15 mm (light grey) and the other of large stones, 25–35 mm (black). Small and large crabs reflected 
these size brackets (n = 30). Sample sizes are shown above bars. When given a choice crabs do not appear 
to make a preferential choice for substrate matching their body size
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Choice behaviour analysis

Due to a right skew in carapace size data, a Spearman’s rank correlation was used to analyse 
the relationship between crab carapace size and their time to make a decision. Spearman’s 
rank correlation showed no significant correlation between crab size and time to decision 
(rS = 0.003, S = 102,004, n = 85, p = 0.9762). This suggests that crab size, or age, does not 
have an effect on how long the crabs took to make a decision.

A two-sample student’s t-test was used to analyse the difference between log transformed 
carapace size of crabs making correct and incorrect choices. The test found a significant dif-
ference between the carapace size of crabs making correct and incorrect choices (t83 = 2.791, 
p = 0.007): larger crabs made more correct choices in each experiment (Fig. 6.).

Discussion

These results demonstrate that furrowed crabs (Xantho hydrophillus) use behaviour to facili-
tate camouflage according to environmental background characteristics. Crabs preferentially 
chose habitats that more closely match their own brightness and showed some preference 

Fig. 4 Substrate complexity facilitates crypsis. Distribution of background choices made by furrowed 
crabs (Xantho hydrophillus) for complex and simple backgrounds (n = 30). Sample sizes are shown 
above. Complex backgrounds appear to be preferred
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for more complex environments, though there are limitations in these conclusions due to the 
small sample sizes used. Although we did not test this directly with quantitative analyses of 
crab appearance, this behaviour should improve the camouflage of an individual. We found 
small crabs to exhibit a wide array of colour patterns, whereas large crabs were mostly red-
brown or brown in colour, suggesting potential for ontogenetic colour change in the species. 
This is an important consideration in terms of camouflage behaviour and predation threat 
since colour pattern match is likely to be important for survival in this species in avoiding 
predation. Furthermore, we present evidence that furrowed crabs may show stronger and 
more appropriate choices as they age, potentially through experience or learning of certain 
cues in the environment. We found older, larger crabs to make more correct decisions. This 
suggests that older crabs exhibit more adaptive camouflage, though they were not quicker 
to make such choices. This could be due to reduced pressure on small crabs if they can hide 

Fig. 5 Crab colour morphs plotted against crab carapace size with a log transformation due to non-normal 
distribution (n = 90) to visualise the distribution of crab colours across the size range. Sample sizes are 
shown above boxes with a photo of a crab of corresponding colour. Boxes display medians and inter-
quartile ranges, whiskers represent lowest and highest values, and black filled circles represent outliers. 
Smaller crabs display a greater variation in the range of colours whereas, larger crabs a predominantly 
brown or red brown
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in the environment more easily. Alternatively, such differences could also arise if crabs that 
are less likely to make appropriate choices are removed from the population through preda-
tion with time.

We found that furrowed crabs chose backgrounds which better matched their own bright-
ness (Fig. 2). This implies that their ability to camouflage in a natural environment, and thus 
their predation risk, is somewhat dependent on their environment and according behaviour. 
Dark crabs exhibited background matching behaviour more strongly than light crabs, which 
only chose light backgrounds 50% of the time, though we note that light crabs had a par-
ticularly small sample size. Background matching has been observed in other crustaceans 
such as the chameleon prawn (Hippolyte varians) (Green et al. 2019), yellow shore crab 
(Hemigrapsus oregonensis) (Jensen and Egnotovich 2015), and horned ghost crabs (Ocy-
pode ceratophthalma), with individuals preferentially choosing backgrounds according to 
their own coloration (Stevens et al. 2013), though Uy et al. (2017) noted that intermediate 
colorations of the pallid ghost crab (Ocypode pallidula) showed little preference for either 
extreme. This is likely due to the fact that the environment of the pallid ghost crabs exhibits 
both of the extremes tested in the experiment.

While the fisher’s exact test indicates that there is an association between crab colour 
and background choice, more research should be done with larger sample sizes to determine 
how strong this preference is and to what extent, environmental imprinting has an effect. In 
this experiment, furrowed crabs were collected from the rockpools of Gyllyngvase beach 

Fig. 6 The distribution of correct and incorrect choices across the three experiments in relation to crab 
carapace size with a log transformation because of non-normal distribution (n = 90). Boxes display me-
dians and inter-quartile ranges, whiskers represent lowest and highest values, and black filled circles 
represent outliers. Sample sizes are shown above. Larger crabs in all three experiments make more correct 
choices
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where the substrate is heterogenous in colour but, on the whole, is fairly dark. The contrast-
ing light stones were collected from elsewhere on the same beach, in sandy areas, where 
crabs are not found as frequently, although lower on the shore the sandy patches can become 
quite light. Therefore, a preference for darker stones could have been largely due to the 
darker habitat better resembling crabs’ natural habitat and could explain the weaker prefer-
ence found in lighter crabs. Similarly, Twort and Stevens (2023) found common shore crabs 
(Carcinus maenas) to preferentially choose backgrounds which matched their own bright-
ness, if the environment resembled a rockpool pattern. Our results align with these observa-
tions and suggest that, this species’ overall camouflage strategy is potentially influenced by 
their predominant environment, driving a general preference for darker substrates, though 
an individual’s specific coloration has some effect on their background matching behaviour 
to persist in the highly changeable littoral zone. The extent to which crabs learn or imprint 
on their environment, and to which choice is mediated by specific individual coloration is 
unknown, and lab-based experiments with more detailed colour classification to test this 
would help answer these issues. Indeed, previous experiments in newts have found imprint-
ing to be a factor in background choice (Polo-Cavia and Gomex-Mestre 2017).

Crabs showed no preference for stones of corresponding size in Experiment 2 (Fig. 3), 
but the substrate of rockpools is heterogenous in size, and therefore it is perhaps unlikely 
that crabs have evolved under selection pressure to mimic the size of pebbles, not least 
since this will change with age and growth. Rather, it is more likely they broadly resemble 
pebbles of a spectrum of sizes and with their carapace colour, all of which can be found 
in rockpools, along with their behaviour. During crab collection and the trials, we noted 
that individuals would often remain very still, sinking down into the stones as they were 
approached, touched, or, in the trials, when they had settled on a choice. Therefore, rather 
than specifically matching the size of substrate around them, it seems possible that furrowed 
crabs resemble stones with carapace and behaviour as this has been shown to be a key 
aspect to success in masquerade camouflage (Stevens and Ruxton 2019; Suzuki and Sakurai 
2015). However, research on cuttlefish (Sepia officinalis) found that whilst individuals will 
masquerade as something 3D, they will alter their camouflage mechanism if the 2D back-
ground has high contrast as this makes their camouflage easier (Buresch et al. 2011). This 
demonstrates how individuals will change their camouflage behaviour depending on the 
environment available but suggests that a complex environment is preferable.

High complexity environments offer a route to improved camouflage (Hughes et al. 
2019; Merilaita 2003; Rowe et al. 2021; Stevens and Ruxton 2019; yet there is limited 
empirical research in natural systems. Our results here show some tentative (albeit non-
significant) support for the concept (Fig. 4), though we suggest that more work be con-
ducted with a larger sample size to determine the extent of this trend. In experiment 3, crabs 
showed a slight preference for a habitat with three contrasting colours, as opposed to one of 
the same overall brightness with uniform substrate. This suggests that furrowed crabs could 
have a potential ability to observe contrast and may recognise it as a benefit to camouflage. 
Empirical evidence is limited, so research on the extent to which other rockpool species can 
recognise contrast is an interesting area of potential future work. However, again, rockpools 
are a heterogenous environment and therefore often exhibit contrast so their preference for 
a natural habitat could be a potential reason for the behavioural choice observed. The pref-
erence for complexity has been studied behaviourally before in marine systems in the least 
killifish (Heterandria formosa), with the study finding preferences for complexity in back-
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grounds was only evident when individuals were faced with predation pressure, and only 
in females (Kjernsmo and Merilaita 2012). Nevertheless, our findings presented here, offer 
a further understanding of complexity-related camouflage behaviour which can be related 
to other common camouflage strategies found in rockpool environments, such as disruptive 
coloration (Price et al. 2019).

A strategy of high variation in camouflaged individual appearances has been shown to 
be most successful in heterogenous environments (Sherratt et al. 2006), such as rock pools. 
Our study found colour variation to be most evident among juvenile furrowed crabs (Fig. 5), 
whereas larger, older individuals tended to be brown or red brown. Juvenile crabs are known 
to be vulnerable to predation in their early life stages which could explain the high degree of 
variation here. Not mutually exclusively, the lower degree of variation in larger crabs could 
result from less effectively camouflaged individuals being preyed upon more heavily than 
darker, brown individuals, in early life history stages. Colour variation, or polymorphisms, 
can confuse the search image of predators and allow crabs some safety as they camouflage 
in their environment (Bond 2007; Karpestam et al. 2014), including in the sympatric and 
also highly variable shore crab (Troscianko et al. 2021). Crabs are desirable prey in their 
juvenile stages (Palma and Steneck 2001), which makes effective camouflage, particularly 
in early life stages, essential to survival. We present evidence here that colour variation 
may be a critical aspect of the juvenile furrowed crabs’ camouflage strategy, but that this 
changes with age and size, potentially resulting from ontogenetic colour change. Evidence 
of ontogenetic colour change has previously been found in common shore crabs in response 
to changes in predation threat, behaviour, and habitat use (Todd et al. 2006; Palma and 
Steneck 2001; Nokelainen et al. 2019). Therefore, as furrowed crabs age and grow similar 
changes in selection pressure may arise. However, we acknowledge that our current work 
lacks quantitative assessment of crab appearance and camouflage, and future work should 
quantify levels of variation and match to the background objectively, or with regards to 
predator vision. We also recognise the potential that reduced variation in older crabs could 
be as a result of biased predation pressure in early life stages.

As crabs aged, they also chose the more advantageous habitat to camouflage in more 
frequently, making them more effective in their camouflage (Fig. 6.). We found larger crabs 
to make more ‘correct’ choices than smaller ones, which provides some evidence that crabs 
may learn improved camouflage tactics as they age (or that crabs with less refined behav-
ioural choices are more heavily preyed upon). Such adaptive behaviour has been rarely 
experimentally tested before but there is some evidence to support the idea. Research in 
other species such as birds (Stevens et al. 2017) and cuttlefish (Sepia pharaonis) (Lee et 
al. 2012) has indicated evidence of learning in camouflage behaviour. It is also likely that 
ontogenetic colour change, or an increased fitness of darker coloration, plays a role in this 
behaviour too. More research on predation pressure and learning in furrowed crabs would 
be valuable to establish the linking mechanisms between ontogeny and background choice.

Our research provides insights into the behaviourally mediated camouflage of furrowed 
crabs (Xantho hydrophilus) and could be applied to a number of other under-studied, cam-
ouflaging species. Furrowed crabs appear to make finely tuned camouflage behavioural 
choices within their environment, likely to avoid detection, for both background bright-
ness and complexity, favouring closely matching substrates and possibly also more complex 
backgrounds, though future work with larger sample size would provide further insights into 
these behavioural dynamics. There was little preference for matching substrate size, though 

1 3



Evolutionary Ecology

there is potential for masquerade behaviour, independent of size and preferences may occur 
between more extreme backgrounds, such as fine sand and larger pebbles. We also provide 
evidence that camouflage strategies change with age in that there is evidence of ontogenetic 
colour change in the species, tentatively linked to a change in predation threat with size and 
age. There is some evidence that crabs learn and improve camouflage behaviour with age, 
but future work with a greater focus on habitat imprinting in crabs would decipher the extent 
to which our results are due to the crabs choosing habitats that they recognised, as opposed 
to a camouflage driven preference for high contrast and complexity. The potential for such 
fine-tuned behaviour to be exhibited in a number of other rockpool species is an interesting 
line of potential subsequent work and would create a better understanding of the ecological 
environment and how adaptive coloration is tuned in complex real-world habitats.
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