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Abstract

1. Visually hunting predators drive the evolution and maintenance of bold visual

defences, including aposematic signalling. Such visual signals must be encoun-
tered by predators in lighting conditions where the perception of colour patterns
is possible. Therefore, aposematic colouration is predicted to evolve in species
encountered by visually hunting predators during daytime, with diurnal species
most at risk of visual predation. However, colour patterns in diurnal and nocturnal
species are highly diverse, and little is known about the relationships between

prey colouration and daytime activity.

. To investigate correlations between daytime activity and colour pattern pheno-

types across species, we quantified colour patterns in 45 species (n=346 indi-

viduals) of eastern Australian sea slugs (Gastropoda: Heterobranchia).

. We used 158 descriptors of colour pattern morphology using the Quantitative

Colour Pattern Analysis (QCPA) framework, which models pattern appearance
using the visual system of a potential predator, a triggerfish (Rhinecanthus aculea-
tus). We then used phylogenetic factor analysis to identify a single factor that was
strongly correlated with daytime activity, comprising 55 individual colour pattern
descriptors. This dimension of pattern variation identified daytime activity in 87%

of species in our dataset.

. We found that daytime activity in heterobranch sea slugs was associated with a

distinct, highly descriptive set of spatiochromatic image statistics. Specifically,
diurnal species were more boldly patterned than nocturnal species, exhibiting
increased colour, luminance and pattern contrast, indicating the presence of vis-
ual signalling and, thus, visual predation as a key driver of heterobranch sea slug
phenotype.
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1 | INTRODUCTION

Animal visual signals, such as those used for aposematic signal-
ling, are shaped by both the biotic and the abiotic environment in
which they evolve (Cronin et al., 2014; Cummings & Endler, 2018;
Endler, 1991; Kemp et al., 2023). Therefore, understanding the con-
straints provided by the environment is crucial for understanding
the evolution of these signals. Biotic factors shaping the ecology
and evolution of defensive animal colouration, such as the role of
signal receivers and conspecifics, have received much consideration
(Briolat et al., 2019; Ruxton et al., 2018). In contrast, how abiotic
properties of the environment, such as temperature and light, shape
the ecology and evolution of aposematic colouration remains com-
paratively understudied (but see Dalrymple et al., 2018; Lindstedt
et al., 2009; Nokelainen et al., 2022).

Differing light environments can impact the perception of
aposematic colour signals, as the efficacy of visual signals re-
quires stable and sufficient environmental illumination (Cronin
et al., 2014). Indeed, Nokelainen et al. (2022) found that blue tits
(Cyanistes caeruleus) preyed on different colour pattern morphs of
wood tiger moths (Arctia plantaginis) depending on the brightness
of environmental light. Arenas et al. (2014) found colour pattern
contrast variation in different species of ladybirds (Coleoptera:
Coccinellida) across varying levels of daylight illumination when
modelled using the visual system of a potential predator, the blue
tit. Lastly, using human predators and artificial clay models in open
versus covered forest environments, Rojas et al. (2014) suggested
differential selection of their prey models to be influenced by
differences in environmental lighting. However, the contribution
of the light environment to predation rates was not investigated
experimentally.

Aposematic colour patterns are therefore assumed to be lim-
ited to predominantly contemporary (or during their recent evo-
lutionary history) diurnally active species (Daan, 1981; Merilaita &
Tullberg, 2005). As a potential exception to this rule, some species,
such as moths, can perceive colour in low-light conditions (Kelber
et al., 2002), and visual signalling in darkness is possible with biolu-
minescence (De Cock & Matthysen, 1999; Guilford & Cuthill, 1989;
Marek et al.,, 2011). However, little is known about correlations
between daytime activity and the presence of bold colouration
enabling aposematic signalling. Studies investigating correlations

5. Our study sheds light on the ecology and evolution of defensive colouration in
sea slugs and provides a novel and robust workflow for comparative phylogenetic
studies considering colour pattern spaces described by high-dimensional data-

sets, which can be applied to other species and ecosystems.

animal colouration, aposematism, colour pattern space, comparative phylogenetics,
Heterobranchia, phylogenetic factor analysis, quantitative colour pattern analysis, visual

between daytime activity and aposematic signalling remain largely
theoretical (Merilaita & Tullberg, 2005), with only a few suggestive
examples (Cott, 1940; Semlitsch & Pechmann, 1985; Wollenberg
& John Measey, 2009). Crucially, these studies do not consider the
visual abilities of ecologically relevant observers (e.g. Nokelainen
et al.,, 2024). However, the ecology and evolution of aposematic
animal colouration and visual signals are, in general, shaped by the
properties of the visual systems of the intended signal receivers
(Cummings & Endler, 2018; Endler, 1991, 1992; Ruxton et al., 2018).
Therefore, comparative studies that consider the visual abilities of
ecologically relevant observers to investigate the presence and di-
versity of defensive colouration in prey communities are lacking.
Furthermore, the limited research on correlations between
daytime activity and the prevalence of aposematic signalling has
focused almost exclusively on terrestrial systems (e.g. Merilaita &
Tullberg, 2005; Nokelainen et al., 2024). However, the physical en-
vironment of aquatic habitats and the optical confounds on visual
signalling differ dramatically from those on land (Cronin et al., 2014).
Crucially, 80%-90% of animal phyla do not exist on land or, if so,
are represented by a fraction of their taxonomic diversity (Hickman
et al., 2000). This substantial bias highlights the need for investiga-
tions into aquatic and particularly marine, systems to investigate the
prevalence and generalisability of correlations between daytime ac-
tivity and warning signals, or even defensive signalling more broadly.
To investigate the relationship between colour pattern, environ-
ment, and receiver vision, spatiochromatic colour pattern analyses
using calibrated digital imaging provide a significant quantitative
and qualitative advance in visual ecology (van den Berg, Troscianko,
et al., 2020). Such analyses can provide hundreds of phenotypic
descriptors that incorporate the visual capabilities of ecologically
relevant observers. However, harnessing the analytical power of
such high-dimensional datasets in an ‘agnostic’ approach (i.e. with-
out any prior selection of phenotype descriptors due to assump-
tions on underlying relationships) requires appropriate statistical
tools (Kemp et al., 2023; van den Berg et al., 2022; van den Berg,
Condon, Conradsen, White, & Cheney, 2024; van den Berg, Santon,
et al., 2024; van den Berg, Santon, Endler, & Cheney, 2024; van den
Berg, Troscianko, et al., 2020). Furthermore, many species have
poorly or patchily resolved phylogenies, making the correct use of
comparative analyses accounting for shared ancestry difficult. In
combination with the effort needed to obtain and analyse suitable
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calibrated image data, these factors likely contribute to the lack of
comparative studies using more than a handful of pre-selected co-
lour pattern descriptors (e.g. Allen et al., 2019; Arias et al., 2016;
Cheney et al., 2014; Cortesi & Cheney, 2010) that often do not
account for non-human visual perception (e.g. Alfaro et al., 2019;
Nokelainen et al., 2024).

Here, we investigated the relationship between daytime activity
and colour pattern morphology in 346 individuals belonging to 45
species of co-occurring marine heterobranch molluscs (Gastropoda:
Heterobranchia). We quantified colour patterns by approximating
chromatic and achromatic contrast sensitivity and spatial acuity of
an ecologically relevant observer, a triggerfish (Rhinecanthus acu-
leatus), using Quantitative Colour Pattern Analysis (QCPA) (van den
Berg, Troscianko, et al., 2020). Following colour pattern quantifica-
tion, we used a modified Bayesian phylogenetic factor analysis (PFA)
(Hassler et al., 2022; Tolkoff et al., 2018) and a customised approach
for complementing partial phylogenetic trees with taxonomic clas-
sification to investigate correlations between 158 pattern statistics
and daytime activity. We then used previously published measures
of secondary defences (Winters et al., 2022) for eight species to
investigate if colour pattern morphology associated with diurnal
activity also coincides with the presence of secondary defences.
Specifically, we hypothesised that the colour patterns of nocturnal
species would appear notably different from those of diurnally ac-
tive species when viewed from a close distance by an ecologically
relevant observer. Furthermore, we expected colour pattern statis-
tics associated with bold patterning to be correlated with daytime

activity and the strength of secondary defences across species.

2 | MATERIALS AND METHODS

2.1 | Sampling

We captured calibrated images of 346 individuals belonging to 45
species of heterobranch sea slugs (Figure 2) (median individuals per
species: 3, 96% ClI [LL, UL]: [2, 7]) between March 2016 and June
2019 (Table S1). Calibrated images were acquired while SCUBA
diving (n=304) or post-collection in a wet lab (n=42) during three
consecutive field trips to Nelson Bay, New South Wales (Australia,
32.7207° S, 152.1415° E) at the following dive sites: Little Beach,
Fly Point, Pipeline and Seahorse Garden (Table S1). Sampling was
conducted during 38 dives, distributed roughly equally among sites
and different times of the day (18 night/20day) at depths between
2 and 20m. Night dives were conducted after sunset (~6pm) and
before sunrise (~6am). All dives were performed in groups of 2-4 di-
vers, conducting roving diver sampling (Rassweiler et al., 2020). The
species in this study represent 84% of all heterobranch sea slugs
captured by systematic nighttime surveys along transects at the
same location, and 87% of all animals found during daytime surveys
(Larkin et al., 2018). This excluded Aplysia sp., Elysia sp., Chelidonura
sp. and any species with external shells, which were omitted from
our study.
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2.2 | Photography
All images contained a custom-made colour and grey standard
to allow for image linearisation and normalisation (Troscianko &
Stevens, 2015). All standards were crafted from a Tiffen colour sep-
aration guide and grayscale (Q-13) (Tiffen, NY, USA), but cast into
different materials. The standard for the first trip was cast into a
plastic key ring, whereas the standard for the other trips was cast
into clear resin and dried in a vacuum to remove any trapped air (de-
tailed instructions can be found on www.empiricalimaging.com).
The camera was equipped with two 12,000-lumen VKé Pro
Scubalamp and two 6500-lumen PV6S Scubalamp video lights,
providing 37,000-lumen white LED light (van den Berg, Troscianko,
et al., 2020). We calibrated an Olympus E-PL5 PEN camera with
a 60mm macro lens (van den Berg, Troscianko, et al., 2020) in an
Olympus PT-EP10 housing. All pictures were taken in RAW format
using manual aperture and shutter speed at a fixed ISO 200. We
aimed to achieve slight underexposure, thus preventing the loss of
pixel information due to overexposure. Animals collected during
dives before images could be taken (N=42) were placed in a petri
dish submerged in water before photography under white LED light.
Nudibranchs were collected under the NSW Scientific Collection
Permit P16/0052-1.0, with no ethics approval required. All photos
were taken dorsally at an approximately 90-degree angle relative to
each animal and its background, with the animals moving forward,
stretched out in a more-or-less neutral position (i.e. neither con-

tracted nor overly bent).

2.3 | Activity time

As Larkin et al. (2018) conducted standardised transect surveys, we
used their data to determine the daytime activity of most species
in our study (Table S1). For four species without data, we used the
predominant time of day during which we encountered the species
on our dives. Species with considerable sightings during both day
and night were considered diurnal. Thus, only species predominantly

found during nighttime were considered nocturnal.

2.4 | Taxonomy and phylogeny

Species identity was determined using available literature, field
guides and internet resources. Taxa which could not be identi-
fied at the species level were described at the genus level (e.g.
Discodoris sp., Marionia sp.). Animals categorised as Discodoris
sp. could not be reliably distinguished between Tayuva lilacina,
Jorunna pantherina or Sebadoris fragilis. However, all individuals
were found exclusively during nighttime and shared a remark-
able visual similarity. Marionia sp., Rostanga sp., Onchidoris sp. and
Goniobranchus sp. consisted of a single, unidentified species. A
phylogeny was constructed for those species for which genetic
sequences were available (n=33, Figure S1). Available data for
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COl and 16S genes were extracted from GenBank and aligned in
Geneious Prime 2022.2 (Biomatters, Kearse et al., 2012) using the
plug-in for MAFFT (Katoh & Standley, 2013). Auto options were
used for aligning COl, and 16S was aligned with the iterative algo-
rithm FFT-NS-1 x1000 using the default scoring matrix 200PAM.
Primer regions were removed, and both datasets were concate-
nated and analysed (partitioned by gene) with maximum-likelihood
in 1Q-tree (Trifinopoulos et al., 2016).

To complement the primary (genetic) tree, we constructed
a second tree using all species' taxonomic classification in the
World Register of Marine Species (WoRMS, Ahyong et al., 2024)
as the input character matrix (Table S3; Figure S2). Species de-
noted with ‘cf.’ or ‘Sp.” were identified at the genus level (Table S3;
Figure S2) for the taxonomic tree. Tayuva lilacina in the genetic
tree was treated as Discodoris sp. We then used the resulting
classification tree to complement the phylogenetic tree using
a modified approach from Schluessel et al. (2008) to build a ‘su-
pertree’ (Figure S3). This supertree approach aims to maintain
the information in the phylogenetic tree while introducing miss-
ing species with information from the taxonomic tree, assuming
that the taxonomy encodes at least some phylogenetic informa-
tion. Specifically, we used SuperTree0.85b (Salamin et al., 2002) to
construct two character matrices using matrix representation with
parsimony with Baum-Ragan encoding (Baum, 1992; Ragan, 1992),
with unordered or irreversible characters. We analysed the result-
ing matrices using Phylip (program “mix”, Felsenstein, 2005). The
unordered character set was analysed with Wagner parsimony
(Eck & Dayhoff, 1966; Kluge & Farris, 1969), and the irreversible
character set was analysed using Camin-Sokal parsimony (Camin
& Sokal, 1965). The quality of this composite supertree depends
strongly on the contributing sub-trees and is by no means a true
substitute for a completely resolved phylogenetic tree. For ex-
ample, a supertree constructed with Matrix Representation with
Parsimony will never have interpretable branch lengths and does
not provide information about phylogenetic uncertainty. However,
our approach aims to use the maximum possible phylogenetic in-
formation available and, by definition, provides a more accurate
base for comparative analysis than assuming no phylogenetic
structure to the data.

To ensure our supertrees were predominantly driven by the
genetic data (i.e. the phylogeny), characters derived from the tax-
onomy were given a weight of 1. In contrast, characters derived
from the phylogeny were given the highest possible weight (35) in
Phylip. In addition, we rooted the tree with Pleurobranchus peroni,
as pleurobranchs are consistently recovered as the sister group to
Nudibranchia (e.g. Krug et al., 2022). We made 50,000 random ad-
ditions to the tree in each run. The 100 most parsimonious trees
were retained from each run, and we built two extended majority
rule consensus trees using Phylip (program ‘consense’). The result-
ing trees conserved monophyly and were highly congruent, so we
combined both tree sets and computed a consensus tree based on
the ordered and unordered analyses. Combining both sets of trees
from the ordered and unordered analysis resulted in the retention of

generic monophyly and the maintenance of the dorids and aeolids
as distinct sister taxa (Wigele & Willan, 2000). We used this tree
with Grafen's (1989) arbitrary branch length, with Grafen's p=1in all
subsequent comparative analyses (Figure 3). While it is ideal to use
a phylogeny with time-calibrated branch lengths, comparative anal-
yses are usually robust to misspecification of branch lengths (Diaz-
Uriarte & Garland, 1998; Li et al., 2019; Stone, 2011).

2.5 | Colour pattern analysis
Images were analysed using the QCPA framework (van den
Berg, Troscianko, et al., 2020), which is part of the ‘Multispectral
Image Calibration and Analysis’ (MICA) toolbox (Troscianko &
Stevens, 2015) in ImageJ (Mutterer & Rasband, 2012). Images were
linearised and normalised using the ‘estimate black point’ option in
MICA and a grey standard in each image. The images were then trans-
formed into cone catch images as per the photoreceptor stimulation
of a Picasso triggerfish (Rhinecanthus aculeatus) (Cheney et al., 2013)
at a slightly greenish illumination (typical for NSW coastal waters) as
measured at 5m depth (van den Berg, Troscianko, et al., 2020). The
same illuminant was used for analysis as all species are commonly
found across the depth range (~2-20m) considered in this study.
Rhinecanthus aculeatus was chosen as a representative eco-
logically relevant observer as they are abundant, active during
daytime, omnivorous (including feeding on small invertebrates)
(Kuwamura, 1997; Randall et al., 1997) and have a compara-
tively well-studied trichromatic visual system representative of
many fish in shallow coastal waters (Cheney et al., 2022; Losey
et al., 2003). Trichromatic fish (with spectral sensitivities lacking
UV sensitivity) are plausible to be a common predator of het-
erobranch sea slugs across most of their past and present global
distribution in shallow marine habitats, with the vast majority of
colour patterning being visible to non-UV sensitive visual systems
with spectral sensitivities covering—400-700nm (e.g. Cortesi &
Cheney, 2010). The amount of spatial information perceived by
the fish was modelled using a combination of Gaussian acuity fil-
tering followed by image smoothing using the receptor noise lim-
ited (RNL) ranked filter, both implemented in QCPA. Images were
rendered assuming a spatial acuity of 3 cycles/degree (Champ
et al., 2014), a 2cm viewing distance and Weber fractions of
0.07:0.05:0.05:0.05 (sw:mw:lw:dbl) derived from a relative re-
ceptor abundance of 1:2:2 (sw:mw:lw) (Cheney et al., 2013), with
luminance contrast perception mediated by the double cone re-
ceptors measured as (mw +1Iw)/2 (Siebeck et al., 2014). Also, 2cm
was chosen as an arbitrarily small viewing distance roughly cor-
responding to immediate prey subjugation at which the vast ma-
jority of colour pattern detail would be visible to a predator. Each
animal was manually isolated from its visual background before
acuity modelling using Imagel's ‘Region of Interest’ (ROI) selec-
tion tool. This was followed by image segmentation into colour
pattern elements using RNL clustering with a chromatic threshold
of 2 AS (Green et al., 2022) and an achromatic threshold of 4 AS
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(van den Berg, Hollenkamp, et al., 2020). A distance of 1 AS in
RNL space equates to a theoretical discrimination success of 75%
between two colour pattern elements under ideal viewing condi-
tions (Kelber et al., 2003; van den Berg, Troscianko, et al., 2020;
Vorobyev & Osorio, 1998).

To quantify each animal's visual appearance, 158 pattern pa-
rameters were selected from the QCPA output (Table S3). These
included QCPA's modified versions of the colour adjacency anal-
ysis (CAA) (Endler, 2012), visual contrast analysis (VCA) (Endler
& Mielke, 2005) and boundary strength analysis (BSA) (Endler
etal.,2018) as well as the Gabor ratio contrast (GabRat) (Troscianko
et al., 2017) and local edge intensity analysis (LEIA) (van den Berg,
Troscianko, et al., 2020). These analyses provide a vast colour
pattern descriptor space, quantifying colour, brightness, pattern
geometry and their combination in the form of spatiochromatic
measures of pattern contrast.

For a detailed description of each colour pattern statistic,
please refer to Supporting Information (Table S5) and van den
Berg, Troscianko, et al. (2020). In short, LEIA quantifies edge
contrast in an image using RNL colour and luminance contrast at
the scale of an edge-detecting visual field without clustering the
image. CAA, VCA and BSA rely on an RNL clustered image and
quantify colour pattern geometry (for CAA), visual contrast of
colour patches (for VCA) and the boundaries between them (for
BSA) using a transition matrix that counts pixel class transitions
at the scale of an edge detecting receptive field (van den Berg,
Troscianko, et al., 2020). GabRat quantifies the ratio of edge con-
trast along the outline of an animal in line with the outline (shape)
of the animal and is a means of describing disruptive colouration
(Troscianko et al., 2017). To account for animals photographed
against artificial backgrounds, we ignored the GabRat values from

those observations.

2.6 | Statistical analysis

To meaningfully interpret the hundreds of colour pattern descrip-
tors from the QCPA using dimensionality reduction analysis, we
applied a phylogenetically corrected factor analysis (PFA) (Tolkoff
et al., 2018). This enabled us to identify latent variables correlat-
ing with daytime activity in our dataset while accounting for shared
ancestry. The 158 QCPA pattern parameters were normalised and
used as inputs in a modified version of PFA (Hassler et al., 2022).
Statistical analyses were done using R software (R Core Team, 2021)
and Julia software (Bezanson et al., 2017). Specifically, phylogenies
were handled using the R packages ‘ape’ (Paradis et al., 2004) and
‘ggtree’ (Yu et al., 2017).

Many QCPA parameters are organised into triplets comprising
the horizontal (.hrz), vertical (.vrt), and combined parameters. We
removed horizontal and vertical parameters >90% correlated with
their combined measure to reduce model size and aid interpret-
ability. This procedure removed 103 highly collinear parameters,
resulting in 55 remaining for analysis (for residual collinearity, see
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Figure S6). We adapted PFA to estimate the evolutionary correla-
tion between the latent factors associated with the QCPA param-
eters and daytime activity. Specifically, discrete activity patterns
were mapped to continuous space using a phylogenetic latent lia-
bility model (Cybis et al., 2015), and the QCPA factors and latent
daytime traits were jointly modelled according to a multivariate
Brownian diffusion (MBD) model (Felsenstein, 1985). Additionally,
rather than taking the average QCPA value for each species, our
PFA analysis used all 346 individuals across 45 species by append-
ing zero-branch length polytomies to the phylogeny for each indi-
vidual in each species.

We compared the posterior mean values for the first row of
the PFA loadings matrix to determine four factors sufficient to
explain the variation in our dataset (Figure S4). As Bayesian la-
tent factor models (of which PFA is an example) can suffer from
parameter non-identifiability (Anderson & Rubin, 1956), we post-
processed the posterior distribution using generalised Procrustes
analysis to induce parameter identifiability (ABmann et al., 2016;
Okada & Mayekawa, 2018). We then rotate all posterior samples
so that only the first factor can (but not necessarily does) have a
non-zero expected correlation with daytime activity. The correla-
tion between two latent variables can be challenging to interpret.
As such, we evaluated the ability of this factor to predict daytime
activity via its receiver operating characteristic (ROC) and predic-
tion accuracy. See the Supplement on Github for a complete re-

pository of all code.

2.7 | Chemistry data

We discuss the putative signalling function of colour patterns
using previously published toxicity and unpalatability assays
on eight species of nudibranchs included in this study (Winters
et al., 2022; Winters, White, et al., 2018) (Table S2). Winters
et al. (2022) quantified unpalatability by measuring the concen-
tration of whole-body extracts at which 50% of rockpool shrimps
(Palaemon serenus) would reject feeding pellets (ED.,). Toxicity
was measured by observing the concentration of dissolved whole-
body extracts at which 50% of brine shrimp would die (LD;,). See
the original publications for details on the precise methodology of
how chemicals were extracted. In short, animals were collected
on-site across Queensland and New South Wales in Australia, with
many individuals originating from the same sites as those visited
for this study. Individuals were stored at -20°C until processed.
Using vertebrates for toxicity and palatability assays is difficult
for ethical reasons and remains rare (e.g. Cortesi & Cheney, 2010;
Mollo et al., 2005; Winters et al., 2022). Therefore, toxicity and
palatability assays using invertebrates such as crustaceans are
more common and considered broadly ecologically representative
(e.g. Haber et al., 2010; Wigele et al., 2006; Winters et al., 2022),
with the suitability of brine shrimp assays to indicate the toxicity
of nudibranch chemical defences for fish predators having been in-
vestigated in detail by Chan et al. (2021). Given the highly uneven
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spread of these values and to represent them in rough catego-
ries, we ranked them from highest to lowest by subtracting each
LD;, and ED,, value from 1 and designating each species to an
unpalatability score of ‘none’ (1-ED;,/LD;,=0), ‘weak’ (1-EDgy/
LD;,=0.01 to 0.24), ‘medium’ (1-ED,,/LD;,=0.25 to 0.74) and
‘high’ (1-ED5,/LD,,=0.75 to 1).

3 | RESULTS

We chose a four-factor model as the most parsimonious model that
captures the most variation in our data (Figure S4). As the post-
processing described above means only factor 1 can be associated
with daytime activity, we focused exclusively on presenting this fac-
tor. To understand what visual attributes define factor 1, we need to
understand the loadings of the associated colour pattern statistics
(Figure 1). We focus our discussion on parameters with the strong-
est loadings as these contribute the most to factor 1. For a detailed
overview of each colour pattern parameter, see the Supplement
(Table S5).

Local edge intensity analysis (LEIA): Diurnal species had stron-
ger and more variable luminance contrast edges and weaker sat-
uration contrast edges compared to nocturnal species.

Factor 1 was positively associated with multiple measures
of visual contrast elicited by luminance and colour LEIA contrast
(Figure 1). Positive loadings included the mean luminance LEIA con-
trast (Lum.mean), the standard deviation of luminance LEIA contrast
(Lum.sd), the kurtosis of the edge intensity histogram for chromatic
edges (Col.kurtosis), the skew of the histogram for both chromatic
and achromatic edges (Col.skew, Lum.skew), as well as the coefficient
of variation for both chromatic and achromatic edges (col.CoV, Lum.
CoV). Therefore, species with high positive factor 1 scores appear to
express more striking internal achromatic and chromatic contrast,
with overall increased amounts of achromatic edges. However, fac-
tor 1 is not clearly associated with the standard deviation of chro-
matic edges (Col.sd) and the mean chromatic LEIA contrast (Col.
mean). See the supplement for additional discussion of LEIA factor
loadings.

Colour adjacency analysis (CAA): Diurnal species were more
elongated and/or stripey and more regularly patterned.

Factor 1 was positively associated with the Shannon and
Simpson transition diversity (CAA.Ht/CAA.St), meaning that species
with a high loading of factor 1 either express more different kinds
of colour pattern elements or, for the same number of colour pat-
tern elements, have them arranged more regularly. Factor 1 was also

positively associated with an overall decrease in transition regularity
(CAA.Jt), indicating that animals with high factor 1 scores are more
‘deliberately’ (less randomly/mottled) patterned. However, the in-
verse was the case for the Shannon regularity of transitions across
the horizontal axis (CAA.Qt.hrz), which indicates that patterns with
high factor 1 scores are more likely to display all possible transitions
in a colour pattern across the horizontal body axis. The reduction in
aspect ratio (CAA.Asp) associated with factor 1 indicates that, over-
all, animals or patterns with high factor 1 scores are more elongated
along the anterior-posterior axis. However, this could be caused by
posture or patterns such as stripes instead of spots. See the supple-
ment for additional discussion of CAA factor loadings.

Boundary strength analysis (BSA): Diurnal species had more
contrasting and variable achromatic colour pattern edges, yet
showed differential intensity and variability of saturation and
hue boundary contrast.

The loadings of BSA parameters largely mirror those of LEIA.
For example, colour pattern boundaries in animals associated with
factor 1 were overall brighter, independent of how the average lu-
minance contrast of boundaries was assessed (BSA.BML/BSA.BMSL).
Factor 1 was more associated with the standard deviation of lumi-
nance contrast of colour pattern boundaries when measured using
BSA (BSA.BsL/BSA.BsSL) than LEIA (Lum.sd). Similar to the strong
correlation with factor 1 for the variation of luminance boundary
contrast relative to the mean luminance of animals (Lum.CoV) when
measured by LEIA, this was also true for the analogue BSA metrics
(BSA.BCVL/BSA.BCVSL).

Visual contrast analysis (VCA): Diurnal species have small co-
lourful patches contrasting against larger achromatic colour pat-

tern elements.

The contrast between colour pattern elements in animals with
high factor 1 scores was overall higher, as LEIA and BSA would imply.
However, while the contrast between colour pattern elements in an-
imals with high factor 1 scores was notably less saturated on av-
erage (VCA.MDmax/VCA.MSsat), it was slightly positively associated
with hue (VCA.MS). This is opposite to the BSA results and highlights
the differences between considering colour pattern boundaries and
patches.

Despite being overall less saturated in appearance (VCA.Mssat),
the variation in chromaticity (VCA.sS) and saturation (VCA.sSsat)
contrast between colour pattern elements was larger in animals with
high factor 1 scores, even when considering how colourful or satu-
rated animals are on average. This suggests that animals with high

FIGURE 1 Factor 1 loadings (n=55) with auto-correlated factors (n=103) removed. The values indicated with red and blue bars indicate
the probability that a colour pattern parameter is associated with factor 1, with the loadings value indicating the strength and direction

of a parameter's association with factor 1. Greyed-out parameters are unlikely to contribute to factor 1. Parameters highlighted in red are
represented visually for their minimum and maximum values in Supporting Information (Figure S7).
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factor 1 scores express colour patterns with small, relatively colour-
ful colour pattern elements contrasting with more dominating colour
pattern elements of low saturation, such as white or black. See the

supplement for additional discussion of factor loadings.

3.1 | Using factor 1 to determine daytime activity

Using the posterior of the covariance matrix from the MBD process
on the tree, we estimated the evolutionary correlation between
this first factor and daytime activity patterns to be 0.37 with a 95%
highest posterior density interval of 0.23-0.50. This correlation in-
dicates a statistically significant, phylogenetically corrected associa-
tion between colour patterns and daytime activity. By selecting an
optimal threshold (i.e. the value at which false classification is mini-
mal), this factor correctly predicted the activity pattern of 39 out of
45 (87%) taxa (Figure 2). It achieved an area under the ROC curve of
0.91 (Figure S5), which is considered ‘outstanding’ predictive perfor-

mance (Hosmer et al., 2013).

3.2 | Phylogenetic patterns of daytime activity

Mapping the factor 1 scores of each species onto the consensus
tree revealed highly heterogeneous values within and among clades
(Figure 3, median+SD). Specifically, we found generally uniform
positive factor 1 scores for the chromodorid nudibranch super-
family (Chromodoridoidea) (0.06+0.17). In contrast, Doridoidea
(-0.47 +£0.24) and Phyllidoidea (-0.53+0.31) showed consistently
low factor levels. However, the superfamily Polyceroidea was
highly variable in its factor values (-0.22+0.47), even at the family
level, showing high, neutral and negative correlations with factor 1
(Figure 3). Finally, the superfamily of Aeolidoidea showed very little
positive or negative correlation with factor 1 (Figure 3) (-0.03 +0.16).

3.3 | Level of chemical defence

All species with known chemical defences in our dataset (n=5)
were diurnal, whereas species with a known absence of chemical
defences (n=23) were both diurnal and nocturnal (Figure 3; Table S1).
Species with chemical defences had slightly positive scores for fac-
tor 1 (median=0.09, SD=0.19). Species without chemical defences
(n=3) (Figure 3; Table S1), on average, had slightly negative factor 1
scores (median=-0.25, SD=0.24).

4 | DISCUSSION

Our study investigated whether daytime activity correlates with
the colours and patterns of heterobranch sea slugs according to the
visual system of a potential predator. Using a customised pipeline of
imaging, vision modelling, colour pattern analysis, and subsequent

phylogenetic and statistical tools, we identified a highly descriptive
latent factor strongly correlated with daytime activity. The factor
comprised 55 distinct colour pattern descriptors, allowing us to ex-
plore differences in the visual phenotype of animals coinciding with
variations in diel activity. Specifically, diurnal species had a more
positive association with factor 1 than nocturnal species (Figures 2
and 3).

Among the most notable differences in colour patterning be-
tween diurnal and nocturnal species was that highly positive scores
for factor 1 were associated with colour patterns that were lower
in saturation and brighter in appearance to a potential trichromatic
fish predator (Figure 1). A strong positive association with factor
1 indicated a higher proportion of achromatic colour pattern ele-
ments, such as white, greys and black, or long-wavelength colours
such as red, which appear dark to Rhinecanthus aculeatus due to
short wavelength-shifted spectral sensitivities (Losey et al., 2003)
(Figure 2). This increase in achromatic patches corresponded with a
higher presence of colour pattern boundaries with greater average
luminance contrast and increased variability of luminance contrasts
in diurnal species. Species positively associated with factor 1 exhib-
ited smaller colour pattern elements with significantly contrasting
chromaticity, saturation and hue compared to more achromatically
contrasting colour pattern elements. These species displayed bolder,
more patterned visual phenotypes, contrasting species with more
mottled patterns or colours and shades of luminance that were more
evenly mixed rather than arranged in structured, geometric patterns.

Many species use colour patterns to disrupt their body outline
and achieve camouflage (Stevens & Cuthill, 2006). Our data indicate
that species with high factor 1 scores exhibit colour patterns that
generally follow the elongated shape of an animal and are therefore
likely to enhance the appearance of nudibranch body shape, rather
than break it up. However, this patterning does not seem to occur
exclusively along the body outline (as is common in some highly
aposematic chromodorid nudibranchs), but also appears in inter-
nally contrasting pattern elements, as suggested by the low GabRat
loading. In summary, we demonstrate that the correlations between
colour pattern design and daytime activity are complex, and cap-
turing these intricate relationships requires a highly differentiated
quantitative analysis that goes beyond a few pre-determined colour
pattern descriptors (Kemp et al., 2023; van den Berg et al., 2022; van
den Berg, Troscianko, et al., 2020).

Overall, the systematic shifts in colour pattern morphology indi-
cated by factor 1 align with well-established mechanisms underlying
the strategic and tactical design of aposematic signals and camou-
flage (Rowe, 2013; Ruxton et al., 2018). Nocturnal animals tended
to have a mottled or drab colouration, with a notable absence of
strongly contrasting, bold colour patterns. These findings suggest
that bold, aposematic colouration is likely limited to species active
during the day, a conclusion supported by the presence of various
chemically defended species with high factor 1 loadings (Figure 3).
For example, chromodoridid nudibranchs are well-known for their
vibrant colour patterns paired with potent chemical defences
(Cheney et al., 2016; Rudman, 1991; Winters, White, et al., 2018).
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Additionally, none of the species in a putative red-spot mimicry ring
present in the area (Rudman, 1991; Winters, White, et al., 2018) and
represented in our study are nocturnal or have negative factor 1 val-
ues. These species included G. splendidus, G. daphne, C. amoenum and
H. bennetti (Figures 2 and 3). This suggests that similar to aposematic
signalling, colour pattern designs with a signalling purpose, such as
mimicry, are less likely to be found in nocturnal heterobranch sea
slugs. Our results also indicate that nocturnally active species seem
less reliant on bold visual signalling, whether for aposematic signal-
ling or mimicry.

However, visually hunting predators during the day may still
find nocturnally active species. For example, Plocamopherus imperi-
alis was readily encountered during daytime surveys in the benthic
algae, despite being predominately nocturnal according to Larkin
et al. (2018). Interestingly, species in the genera Plocamopherus and
Kaloplocamus are known for producing bioluminescence, likely as a
distraction or deimatic display (Vallés & Gosliner, 2006). The con-
spicuous swimming defence of Plocamopherus tilesii may comple-
ment these dynamic visual defences when disturbed. Additionally,
P. tilesii's relatively contrasting patterning (Figure 2; Figure S8)
could further aid in deimatic defence against visual predators. This
highlights that secondary defences in hetereobranch sea slugs are
not exclusively associated with boldly coloured phenotypes. The

evolution of chemical defences, possibly as a by-product of dietary
specialisation, may have preceded the appearance of aposematism
(e.g. Cortesi & Cheney, 2010; Winters et al., 2022). Nonetheless,
our results generally support Larkin et al.'s (2018) findings that most
nocturnal species are efficiently concealed from visual predators
during the daytime.

Interestingly, aeolid species exhibit a relatively uniform (factor
1 value=0) association with factor 1 that is somewhat lower than
that of chemically defended dorid species (Figure 3). The difference
in body patterning between aeolids and non-aeloids may be driven
by their distinct body plan and types of secondary defences. In ae-
olids, the majority of the visible dorsal area is covered by intricate,
nematocyst-loaded cerata (Wagele, 2004), which, along with their
generally smaller body size (but see Pteraeolidia ianthina, Figure 2),
may prevent the expression of large, boldly contrasting patches com-
monly seen in other putatively aposematic diurnal heterobranch sea
slugs. From a statistical perspective, the lack of a strong correlation
with factor 1 is might be due to the presence of multiple “daytime”
suites of traits that differ from each other. For example, there could
be a suite of camouflage traits and another of aposematic traits.
The methods we used cannot distinguish between these suites, so
if one (e.g. aposematism) is more dominant in our dataset, species

employing the other (e.g. camouflage) may not load onto the factor.
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Nevertheless, a factor value of O is itself associated with diurnal ac-
tivity (Figure 2).

Several critical gaps in knowledge prevent us from providing a
more definitive explanation for the observed differences in coloura-
tion in our dataset. These gaps include a lack of understanding of
predator-prey-specific interactions throughout species' evolution-
ary histories, the potential influence of animal-background interac-
tions on the efficacy of visual defences, the diversity and function
of primary and secondary defences beyond a few select families

of heterobranch sea slugs, and more detailed data on the relative
abundance of predators and prey species across different environ-
ments and time periods. Notably, the presence of both, secondary
defences (i.e. defences that act during physical interactions between
predator and prey) and bold colouration, does not necessarily indi-
cate aposematism. For example, bold colouration can also be used
for camouflage, and co-occurring species may exploit honest sig-
nalling through Batesian or quasi-Batesian mimicry (see Summers
et al.,, 2015; White & Umbers, 2021 for review). Additionally,
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secondary defences have only been investigated in a fraction of the
species considered in this study (e.g. Winters et al., 2022). Although
Batesian and Miillerian mimicry have been repeatedly suggested
in heterobranch sea slugs (Balfour et al., 2018; Haber et al., 2010;
Winters, Wilson, et al., 2018), empirical evidence on the protec-
tive value of such mimicry remains largely suggestive (e.g. Green
et al., 2018). Our dataset currently only contains a single nocturnal
species with chemistry data, preventing any meaningful inferences
between nocturnality and the lack of chemical defences.

Despite decades of research, empirical studies on whether the di-
versity of colour patterns in heterobranch sea slugs correlates with
chemical defences remain incomplete (e.g. Cortesi & Cheney, 2010;
Haber et al., 2010; Rudman, 1991). This is partly due to limited data
on the toxicity and palatability of secondary metabolites, despite ex-
tensive identification of chemical compounds in these species (e.g.
Cheney et al., 2016; Dean & Prinsep, 2017; Haber et al., 2010; Yong
etal., 2015). Furthermore, novel colour pattern analyses, such as those
presented in this study, continue to offer increased differentiation and
quantitative insights into prey colouration as perceived by ecologically
relevant observers. However, whether and how these data translate
to prey survival remains an area of ongoing research (see van den Berg
et al., 2022; van den Berg, Santon, et al., 2024; van den Berg, Endler,
& Cheney, 2023 for discussion). Therefore, addressing the scarcity of
chemical data and the uncertainty surrounding functional mimicry and
aposematism in nudibranch species are promising directions for future
research, particularly when considering the potential for integrating
these findings into large-scale comparative analyses.

Our results suggest that high values of factor 1 are an emer-
gent, rather than ancestral, property of heterobranch sea slugs in our
study. This aligns with existing literature on the coevolution of chem-
ical defences and aposematic signalling (Cortesi & Cheney, 2010;
Rudman, 1991). However, heterobranch taxonomy remains in flux,
with the ancestry of many clades remaining poorly understood (Layton
etal., 2020). The evolutionary origins of colour pattern traits in our study
are further complicated by the use of a taxonomy-informed supertree
rather than a highly resolved, fully calibrated phylogenetic tree. For ex-
ample, genetic data place Tayuva lilacina, a Discodorid species possi-
bly found in our dataset, within the Policeroidae (Figures S1 and S3).
However, taxonomically, this species is classified as part of the sister
clade to the Doridoidea (Figure S2), highlighting discrepancies between
genetic data and traditional taxonomy and the challenges in using a tax-
onomically complemented supertree. Moreover, while our study accu-
rately represents local taxa, it only captures a fraction of the thousands
of described species globally (Wigele & Willan, 2000). Colour patterns
can vary widely between and within taxa over relatively short evolution-
ary time scales (e.g. Ronco et al., 2021) or even without any contribution
of genetic adaptation (Layton et al., 2018), making it difficult to draw
conclusions about ancestral states of heterobranch colouration. This is
particularly challenging given the inclusion of phylogenetically distant
taxa in our study, which could result in undetected convergence.

Our study analysed 45 species of sea slugs, with a sample size of
a few hundred individuals—significantly fewer than recent compar-
ative studies on the ecology and evolution of defensive colouration
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across various taxa (e.g. Ezray et al., 2019; Hoyal Cuthill et al., 2019;
Nokelainen et al., 2024; Robinson et al., 2023). However, extensive
comparative studies on the ecology and evolution of defensive co-
louration often do not account for the visual perception of ecologi-
cally relevant observers due to the challenges and cost of obtaining
sufficient data, such as calibrated images or spectral measurements.
As a result, it can be difficult to identify relationships between how
predators perceive prey and the resulting selective pressures (e.g.
predation) shaping prey phenotype. Despite the extensive size of
the dataset (by comparison) and the depth of analysis provided in
this study, we do not consider how (and if) the observed correlations
between daytime activity and phenotype change with viewing dis-
tance. This would be an essential avenue for future research (van
den Berg, Endler, & Cheney, 2023; van den Berg, Santon, Endler,
Drummond, et al., 2024), in addition to considering prey phenotypes
in the context of the respective visual background against which
predators see them (van den Berg, Santon, Endler, & Cheney, 2024).

In conclusion, our study shows a distinct correlation between
daytime activity and colour pattern morphology in a community
of heterobranch sea slugs. The differences in appearance between
nocturnal and diurnal species to a potential predator follow broadly
generalisable patterns, suggesting bold colour pattern contrast and
correlated visual signalling, such as aposematism or mimicry, are
associated with daytime activity. Importantly, our study introduces
a scalable approach for integrating partially complete phylogenies
with extensive descriptive datasets of colour patterns. Our meth-
odological pipeline demonstrates a comprehensive approach to
phylogenetic comparative analyses, specifically tailored to examine
correlations between high-dimensional datasets and explanatory
variables, even in the context of incomplete phylogenetic data, sig-
nificant autocorrelation, missing data, and variable numbers of ob-
servations across taxa. We hope our study encourages the broader
use of high-dimensional, latent colour pattern spaces using visual
modelling in comparative studies of organismal colouration. Finally,
studies of visual signalling and defensive colouration, particularly in
marine systems, are disproportionately underrepresented (Cronin
et al., 2014; Ruxton et al., 2018). We aim to contribute to filling
this gap by highlighting the potential of heterobranch sea slugs as a
promising system for future research into the ecology and evolution

of defensive animal colouration.
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