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Crypsis by background matching
and disruptive coloration

as drivers of substrate occupation
in sympatric Amazonian bark
praying mantises
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Pablo Augusto Poleto Antiqueira®?, Andressa Bach®¢, Gabriel de Mello©5, Lorhaine Silva®5,
Camila Rabelo Oliveira Leal ©2 & Gustavo Quevedo Romero(®?

Background matching and disruptive coloration are common camouflage strategies in nature, but few
studies have accurately measured their protective value in living organisms. Amazon’s Bark praying
mantises exhibit colour patterns matching whitish and greenish-brown tree trunks. We tested the
functional significance of background matching and disruptive coloration of different praying mantis
morphospecies (white, grey and green) detected by DNA barcoding. Through image analysis, avian
visual models and field experiments using humans as potential predators, we explored whether the
background occupation of mantises provides camouflage against predation. Data were obtained for
individuals against their occupied tree trunks (whitish or greenish-brown) and microhabitats (lichen

or bryophyte patches), compared to non-occupied trunks. White and grey mantises showed lower
colour contrasts against occupied trunks at the scale of tree trunk, with no differences in luminance
contrasts. Conversely, green mantises showed lower colour and luminance contrasts against
microhabitats and also exhibited high edge disruption against greenish-brown trunks. The camouflage
of white and green mantis models against colour-matching trunks increased search time and reduced
encounter distance of human predators. We highlight the importance of camouflage strategies at
different spatial scales to enhance individual survival against predators. Specifically, we present a
stunning study system to investigate the relationship of phylogenetically related species that use
camouflage in sympatry.

Two core determinants of the life history of predators that are not at the top of food chains are not being eaten
and holding a suitable habitat for ambush and hunting their prey’. This “survival equation” of life is determined
by making-decision for rentable hunting sites that contain available prey, lower predation risks and reduced
competitive rates, as well as for backgrounds with proper physical conditions"?. The use of habitats to catch prey
and reduce predation risks can be mediated by the selection of microhabitats, that is, small or limited portions
of habitat that differs in the appearance from the surrounding broad habitat, with distinctive ecological traits
more suitable for a given species’.

One of the most widespread protective strategies used among prey and predators is visual camouflage*. These
adaptations to become undetected or unrecognized have intrigued researchers since the observations made by
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pioneer naturalists such as Wallace (1867)° as well as crossed borders for the arts, in which Thayer (1909)° sets
out the initial evolutionary hypothesis for camouflage. Successful camouflage combines multiple ecological
conditions, such as organism coloration, ambient lightness, the sensory-cognitive capability of the observer,
background contrast, and animal behaviour”®. Camouflage includes several strategies that act in different routes
in the sensory and cognitive systems and prevent detection or recognition by the viewer’. Among these strategies,
background matching and disruptive coloration are widespread in nature and can act simultaneously in the same
organism!'-'2, Background matching occurs when body colour patterns generally match the colour, lightness,
and pattern of the background, reducing the feature information between the appearance of an organism and its
general or specific surroundings''. Contrary, disruptive coloration is defined by the presence of highly contrast-
ing coloration patterns that blur the outline and break up the real surface form of the organism, impairing the
detection or recognition of real body configuration in the sensory system of the viewer™'.

Background choice is a widespread behaviour in nature that operates at species, individual or morph levels®. It
is considered a key factor in the selection of suitable habitats and microhabitats by providing prey camouflage and
increase individual survival'***. Classical theoretical predictions about optimal cryptic coloration in heterogene-
ous habitats suggest trade-offs between two visual backgrounds". The predicted optimal coloration is a function
of the degree of prey crypsis in each background and its probability of occurring in the microhabitats, as well
as the probability of encountering a predator at those sites. Such relationship can be optimized by behavioural
selections'. Background choices can benefit prey through a better matching with a generalized (compromise
coloration) or specific portion of backgrounds (microhabitat), as well as increase prey survival through choices
for visual complexity backgrounds that override or act together with background matching'®.

Amazon rainforests hold countless habitats that invertebrate predators can use as sites for both concealment
and prey capture. Bark mantises (Liturgusidae) comprise a group of praying mantises strictly associated with
tree bark habitats'”. They have specialized morphological adaptations such as dorsoventrally body flattening
for a lower profile against tree trunks and several patterns of cryptic coloration (e.g., background matching and
disruptive coloration)®. In Neotropical regions, two major Liturgusidae tribes are present, namely Liturgusini,
with four genera (Corticomantis, Fuga, Liturgusa, and Velox), and Hagiomantini, with one genus (Hagioman-
tis)!71°. Both tribes are highly dependent on camouflage as an anti-predatory strategy, with individuals showing
preferences to occupy smooth trunks that favour running. Although bark praying mantises have wings, these
structures are rarely used to escape from predators, except in situations where individuals are very disturbed
and fly to another tree'®.

Apart from the similarities in the pattern of trunk occupation, there is a significant lack of knowledge regard-
ing the behaviour and life history of the praying mantises of these Liturgusidae tribes. We observed Liturgusidae
mantises on lowland Amazonian rainforest occupying both whitish tree trunks covered by random patches of
lichen, and brown tree trunks covered by random patches of green bryophytes (i.e. backgrounds). We recorded
white praying mantises exhibiting colour patterns that resembled lichen-covered tree trunks where they were
exclusively found. Oppositely, we also recorded green mantises occurring in greenish-brown trees covered by
random patches of bryophytes. In addition, we also found grey individuals occupying a reforested area composed
of whitish trees also covered by random patches of lichens.

Based on these assumptions, we aimed to investigate if the background occupation by Liturgusidae Amazo-
nian bark praying mantises is related to camouflage benefits against potential avian predators at different back-
grounds and spatial scales. Backgrounds are defined as whitish and greenish-brown tree trunks. Spatial scales
are defined as tree trunk, i.e., a broad selection of the trunk substrate, and microhabitats, i.e., trunk areas covered
with lichen and bryophyte patches. Neotropical praying mantises are poorly studied and difficult to identify as
juveniles, therefore, we first used DNA barcode analysis to test whether the different Liturgusidae colour morphs
observed in the field corresponded to distinct species, from which we detected three morphospecies associated
to white, grey and green body colour patterns. Further, we used image analysis and visual modelling to test the
effectiveness of background matching and disruptive coloration as possible camouflage strategies employed by
bark mantises to avoid predation. To test background matching, we evaluated colour and luminance contrasts
of individuals of each morphospecies to their occupied trunks (i.e., comparing praying mantises against a broad
selection of whitish trunks, for the white and grey morphospecies, and greenish-brown trunks, for the green
morphospecies, observed in the study area) and microhabitat (i.e., comparing praying mantises against lichen
patches for the white and grey morphospecies or against the bryophyte patches for the green morphospecies). We
also calculated praying mantises colour and luminance contrasts against the non-occupied background at the tree
trunk scale (i.e., white and grey mantises against greenish-brown tree trunks and green mantises against whitish
trunks). In order to assess disruptive coloration, we used Gabor filters—GabRat analysis® to test the salient and
coherent edges of praying mantises against their own background. We also tested edge disruption (GabRat) of
praying mantises against non-occupied backgrounds at the scale of tree trunk (as above).

Both types of tree trunks exhibit varying levels of visual background heterogeneity. Whitish trees have primar-
ily a white colour but exhibit variations in brightness due to the presence of random lichen patches. In contrast,
greenish-brown trees exhibit a high colour pattern heterogeneity due to the covering of bryophyte patches over
their brown-coloured trunks. Based on that, we predict that individuals of the white and grey morphospecies will
exhibit lower colour and luminance contrasts as well higher GabRat values on whitish trunks, while individuals
of the green morphospecies will show lower colour and luminance contrasts as well as higher GabRat values
against bryophyte-covered tree trunks.

Finally, we aimed to test the effectiveness of camouflage by background matching employed by the individu-
als of the white and green morphospecies against their occupied trunks to reduce the detection of potential
predators. Currently, common approaches testing similar questions use human participants as a proxy of natural
predators in citizen science online games and “predation” experiments in the field*!. Recent research has revealed
no significant differences between visual processing of searching behaviour between humans and birds, despite
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their differences in cognitive and sensory capabilities*!~?*. Therefore, we performed a field experiment with
humans searching for white and green paper models of praying mantises against greenish-brown and whitish
tree trunks. Our hypothesis is that prey models with similar coloration to the background (e.g., white models
on whitish lichen-covered tree trunks) will lead to predators taking longer time and needed to stay at shorter
distances from the subject to recognize and identify them compared to models with more contrasting coloration
to backgrounds (e.g., white models on bryophyte covered greenish-brown tree trunks).

Material and methods

Study site and sampling of praying mantises

The study was conducted in December 2021 and October 2022 in an area of the Amazon rainforest at Sdo Nicolau
Farm, located in the southern Amazonian biome and Northwest of Mato Grosso state, Brazil (09° 51’ 16" S; 58°
14’ 57" W). The Sao Nicolau Farm holds 7000 ha of open and dense rainforest and 2000 ha of reforested forest
and cattle pasture?’. We extensively searched for praying mantises through systematic visual scans of trunks
between 0 to 3 meters high on whitish (lichen-covered) and greenish-brown (bryophyte-covered) tree trunks in
natural and reforested areas of the farm. Photographs for objective measurement of praying mantises coloration
are not feasible without collections (Authors, personal observations). Thus, we captured each individual with
plastic pots and bags by cautiously holding them against the trunks before the capture. We carefully transported
the individuals to the field laboratory and placed them in a freezer for 3-5 min to reduce their metabolism in
order to obtain photos without any movement (see details below). After photography, praying mantises were
euthanized and kept in absolute alcohol for molecular analyses.

We collected juvenile individuals of white (n=12), green (n=10) and grey (n=5) colour types. White individ-
uals occurred only in border edges of the forest and reforested areas, resting on whitish trunks of Ficus maxima,
Hymenaea spp., Croton sp., Anadenanthera colubrine, and Tabebuia sp., all covered with random patches of
lichens. Green individuals were found in open and dense forest formations resting on greenish-brown tree trunks
of Acacia sp., Handroanthus albus and Senegalia polyphylla, all covered with random patches of bryophytes. Grey
mantises were found in whitish tree trunks of Croton sp. and Tabebuia sp. also covered with random patches of
lichens in a specific reforested location (Fig. 1).

Molecular identification of bark mantises morphotypes

We previously used a dichotomous key for genus of Mantodea to separate morphotypes at the lowest possible
taxonomic level'”. In order to correlate morphological patterns and the genetic identity of individuals, we evalu-
ated the barcode region of the mitochondrial encoded cytochrome ¢ oxidase I (COI) gene®. The use of molecular
identification allows us to evaluate if the colour pattern of individuals results from intraspecific variation or
genetic differentiation between separate species.

Total genomic DNA (white morphospecies: n="7, grey morphospecies: n=2, green morphospecies: n=4,
Table S1) was extracted according to the standard procedure of the DNeasy Blood and Tissue extraction kit (Qia-
gen, Hilden, Germany), then stored at -20 °C. DNA concentration and quality were estimated with a UV Nan-
oDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). The mitochondrial gene cytochrome ¢
oxidase subunit I (COL 5’ end, ca. 640 bp) was amplified using the primers LCO-F?* + Nancy-R¥. The conditions
for amplification were: 2 uL of genomic DNA; 2.5 pL of 5 x buffer; 2.5 uL of 5% DMSO; 2 pL of MgCI2 at 25 nM;
0.4 puL of ANTP at 10 nM; 0.5 uL of each direct and reverse primer at 10 nM; 0.2 uL de Taq DNA Polymerase
(Promega, Madison, WI, USA); and autoclaved deionized H,O in sufficient quantity for 26 pL of reaction. The
PCR program was set up as follow: initial denaturation at 94 °C (2 min); 34 cycles of denaturation at 94 °C (45 s);
annealing at Ta°C (45 s; Table S1) and extension at 72 °C (1 min); a final extension cycle at 72 °C (7 min).

All amplified samples were run on a 1% agarose gel with 50 mM Tris—acetate (TAE) buffer (pH 7.5-7.8)
to test the quality of amplification before sequencing procedures. The resulting DNA fragments were purified
with the ExoSAP-IT (GE Healthcare, Bucks, UK) and sequenced with the primers used for amplifications in an
ABI 3500 x L automated sequencer (Life Technologies) with Big Dye Terminator v.3.1 kit (Applied Biosystems).
Sequences were edited using the software Chromas v.2.6.6 (Technelysium Pty Ltd) and compared to GenBank
database® through BLAST? to confirm their identity as COI gene of Liturgusidae.

Sequences of 640 bp were aligned with MUSCLE? executed in Mega v11.0.13*! and deposited in GenBank
(Table S1). Pairwise genetic distances between individuals were estimated assuming Kimura two-parameter
as nucleotide substitution model** and used to reconstruct a neighbour-joining tree in Mega v7.0.26, using as
outgroup the praying mantis Theopompella chopardi (Liturgusidae) (GenBank accession number: EF383918.1).
Branch supports were estimated by 10,000 bootstrap replicates.

Digital photography and image analysis
Photography
Photography of animals and backgrounds followed standard protocols®. Digital photographs were taken with a
Nikon D7000 camera converted to full-spectrum sensitivity by removing the UV and IR blocking filter to enable
UV sensitivity and fitted with a 105-mm Micro-Nikkor lens. Human visible photographs were taken by using
an ultraviolet-infrared Kolari Vision UV-IR Cut filter, allowing the capture of only visible light spectrum (from
~ 400 to 700 nm), and UV photographs were taken with a UV pass filter (Optic Makario) allowing the capture
of only ultraviolet light (from ~ 300 to 400 nm). Changes in ambient lighting conditions were controlled by
photographing one well-homogenized pellet of barium sulphate (reflecting 99% of light) placed in each image.
Photographs of praying mantises and tree trunks (greenish-brown trunks = 12; whitish trunks=17) were
taken with a tripod outside of the laboratory and in the field, respectively, under natural illumination and using
light diffusers and contained a scale bar in the same plane as the subjects. Trunk photographs were taken at 1 m
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Figure 1. Background occupation of different praying mantis morphospecies in tree trunks of the southern
Amazon rainforest. Two individuals of the white morphospecies (Hagiomantis sp.) resting on (A) a whitish
trunk (tree trunk scale) and (B) a patch of lichen covering a whitish tree trunk (microhabitat scale). Two
individuals of the green morphospecies (Liturgusa sp.) resting on (C) a greenish-brown trunk (tree trunk scale)
and (D) a patch of bryophyte covering a greenish-brown tree trunk (microhabitat scale). Two individuals of the
grey morphospecies (Liturgusidae) resting on (E) a whitish trunk (tree trunk scale) and (F) a patch of lichen
covering a whitish trunk (microhabitat scale).

from the trees and 1 m height in the North positions. All photos were taken on sunny days with a fixed aperture
of F8 (ISO 400) and saved as raw images®.

We used the ‘Multispectral Image Calibration and Analysis (MICA)’ toolbox, an Image-J plugin for creating
and calibrating multispectral images as well as to run all the subsequent image analyses®. Visible and UV photos
were first aligned, with the white standards being used to equalize the pixel responses to lighting conditions,
which resulted in multispectral images.
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After calibration, we marked regions of interest (ROIs) on images of both praying mantises and their occupied
backgrounds for colour measurements (see details below)**. For this purpose, we marked ROIs on the dorsal
surface of each praying mantis individual, excluding the appendices, and compared them with the ROIs of the
backgrounds. For the backgrounds, we marked ROIs for each tree trunk within two scales, one for tree trunk
comparisons, as the broad area of the trunk (i.e., whole trunk; ROI defined as a square with a side of 10 cm) and
another for the specific microhabitat portion (i.e., lichen and bryophyte patches; ROI defined as a square with a
side of 2 cm). For the tree trunk scale, we consistently used ROIs at the same central position of each tree trunk
photo, even when it exhibited some degree of background heterogeneity (e.g., patches of bryophytes and lichens).
However, for the microhabitat scale, we specifically selected one lichen or one bryophyte patch per tree trunk.

Background matching analysis

We used the Receptor Noise-Limited Model (RNL) to quantify the colour and luminance matching between
praying mantises and both occupied and non-occupied backgrounds* Here we defined occupied backgrounds’
as the specific type of tree trunk (either greenish-brown or whitish) on which each mantis morphospecies was
found. The occupied trunks also closely correspond to the body coloration of the respective mantis morphospe-
cies. Model calculations resulted in just noticeable differences (JNDs), which is a metric of colour/luminance
discriminability between two objects by a potential viewer. Values below 1.00 indicate that the viewer is unable to
discriminate the two objects, with the object detectability increasing as JND values increase®***. Since passerine
birds are common arthropod predators and exhibit a conservative visual system across different species®, we
used the visual model of the blue tit (Cyanistes caeruleus) in our analysis. Blue tits are UV-sensitive birds and
have been extensively used as models in several studies about arthropod coloration and camouflage****7. We
preferred to use the D65 irradiance spectrum as a measure of incident illumination in our model*® since although
the sampling of praying mantises occurred in both forest and reforested areas, these landscapes are open habitats
and are not considered as closed and shaded as typical Amazon forest areas.

After modelling, we calculated achromatic (=luminance, based on double cones responses) and chromatic
(=colour) contrasts of each praying mantis morphospecies against tree trunks. We considered both the tree
trunk and microhabitat spatial scales in the occupied background as well as the tree trunk scale of the non-
occupied backgrounds (e.g., white and grey morphospecies vs. greenish-brown trunks and green morphospecies
vs. whitish trunks).

Disruptive coloration analysis

In order to understand how disruptive the praying mantis morphospecies coloration was against the different
trunk types, we estimated on each image the false and coherent edges of the dorsal praying mantis’ surfaces
through the GabRat tool in the MICA toolbox?>*. This tool is based on the Gabor band pass filter, an angle-
sensitive filter, which has an algorithm that measures the ratio of the true outline edges of mantises compared
to false edges®®. We also used blue tit visual model, reducing our channels to the double cones, and set an acuity
value of 6 cycles per degree at 1 m distance because these values closely resemble the acuity for other small avian
predators that forage on trunks?****!. We followed previous recommendation and set the sigma value of Gabor
filters as 3 units®’. The GabRat values were calculated by randomly placing each mantis ROI against each trunk
image of both occupied and non-occupied substrates over 10 different positions, without overlap, with the values
being averaged subsequently to generate a single value per individual. This procedure resulted in a total of 24, 10
and 20 averaged GabRat values for the white, grey and green morphospecies, respectively. Higher rates of false
edges to coherent edges (i.e., higher GabRat) indicate increasing disruption of body edges and consequently
greater difficulty in target detection, while lower values suggest salient coherent edges and ease of viewer detec-
tion. GabRat ranges between 0 and 1, with values below 0.20 indicating low disruption, between 0.20 and 0.40
intermediate, and above 0.40 considered highly disruptive?®*!.

Field predation experiments

We carried out a field predation experiment using paper praying mantis models to understand the camouflage
benefits of the different Liturgusidae morphospecies on lichen and bryophyte-covered trees. For this, we created
models of the white (Hagiomantis sp.) and green (Liturgusa sp.) morphospecies, as those are the most abundant
and contrasting colour types in the study area. The artificial models were designed to represent the real body
colour patterns of white and green bark mantises as similar as possible, except by the exclusion of their legs
(Supplementary Material 1). For that, we calibrated the multispectral images of white (n=10) and green (n=10)
praying mantises to human vision (following the same protocol to convert to bird vision) and used them to create
models whose shape resembled the real silhouette and body spot patterns of each morphospecies using Adobe
Photoshop (version 2.2.0). To obtain the most accurate colour for each model, we first created and printed a set
of filled squares with candidate colorations for white and green models. The printed colour patches were then
photographed and their RGB values were measured and compared to the reflectance values of real mantises,
modelled for human vision, with the most similar values being selected for both green and white models (see
Supplementary data for additional information).

Models were printed with a laser Konica Minolta—Bizhub C364 printer on waterproof photo paper and
exhibited comparable size with real bark mantises (0.5 cm in width and 3.2 cm in length). In the field, models
were fixed to tree trunks using thumbtacks, which were glued to the back of models using high-resistance and
quick-drying instant glue (Superbonder®). Models were inserted in pairs (one green and one white model) into
each tree trunk in random positions regardless of microhabitat type (lichen or bryophyte patches), varying from
80 to 140 cm height, making them visible to all human predators. The trunks where models were placed belonged
to two whitish (Anadenanthera colubrina and Genipa americana) and three greenish-brown tree species (Acacia
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sp., Handroanthus albus and Senegalia polyphylla), which were spaced at least 10 m apart. Trees were carefully
selected so that the models in subsequent trees could not be viewed at the same time by the participants.

The participants (n=21) were guided through a path of pre-selected trees (n=6) that randomly varied in
the colour of their trunks between whitish and greenish-brown. The selected trees and the initial distance of
the path (8 m) were marked to standardize the sampling effort of each participant. Before starting, all partici-
pants were instructed about the procedures of the experiment and how the models were fixed on the trees. We
quantified the searching time (ST) taken by each participant to recognize each praying mantis model as well as
the encounter distance (ED) travelled to find models. To identify possible misunderstanding and guessing on
the identification of models by the participant, one experienced researcher (AB, LS and GM) was positioned
next to the tree to check if the target was identified. As soon as the first model was found by the participant, the
researcher paused the time and recorded both the ST and ED for the first target. After that, the researcher warned
the participant and restarted the time, so that the subject could approach and find the next model at the same
trunk. After finding the two targets, the participant continued to the other trees until completing all the experi-
ment path (approximate distance covered of 80 m between the trees). The gender and age of each participant
were recorded. Additional information about the experimental protocol can be found in Supplementary data
and Supplementary material (Figure S1).

Ethics statement

Fieldwork was conducted under the permission of ONF Brazil-Sao Nicolau Farm. Sampling collections fol-
low the environmental Brazilian rules and were granted by the SISBIO (73795-1). The Comité de Etica em
Pesquisa (CEP)—Human Ethics Committee granted ethical approval for the human predation experiment
(CEP—65017422.5.0000.5404).

Statistical analyses

All statistical analyses were undertaken using the software R v.4.2.2*2. We used separated linear mixed-effects
models to test “colour” and “luminance” contrasts of each colour type between greenish-brown and whitish
trunks as well as against lichen patches (for white and grey mantis) or bryophyte patches (for green mantis). For
all models, the JND values were treated as the response variable and the trunk backgrounds as the fixed factor,
with the praying mantis identity set as a random factor to control for repetitive measurements made on the same
individual. In this way, each praying mantis morphospecies was compared against occupied tree trunks, micro-
habitats within occupied trunks, and non-occupied tree trunks*. The same model structure was used to compare
the GabRat values of the praying mantis colour types between trunks, but now considering only greenish-brown
and whitish trunks. We also used linear mixed-effects models to test the effectiveness of camouflage of white and
green praying mantises artificial models on greenish-brown and whitish trunks in the field predation experiment.
Mixed-models were fitted separately for the two response variables (searching time—ST, encounter distance—
ED), with the background (greenish-brown and whitish trunks) and the mantis model (green and white) set as
fixed factors, the participant (= predator) identity as a random factor and the trunk identity as a random factor
nested within background to control for data dependence, since two models of different treatments were always
placed paired on the same tree. All models were fitted through the Imer function of the Ime4 package** and the
associated significance tests through the anova function of the ImerTest package**. Model residuals were checked
visually for normal error distribution using q-q plots, and the homogeneity of variances was tested using the
Levene test in R, for which the colour and luminance JNDs as well as the Gabrat values for all praying mantis
colour types, except the luminance contrast of the white morph and the GabRat of the grey morph, required log
transformation to meet model assumptions. Similarly, the ST data of the field predation experiment also required
log transformation. Finally, in the case of significant effects, we performed Tukey post hoc tests to assess differ-
ences between factor levels using the emmeans function of the emmeans package*.

Results

Molecular analysis: DNA barcoding

The DNA barcode analysis evidenced that the white, grey and green bark mantis colour types are not only dif-
ferent species but belong to different genera (Table S2, Fig. 2). After searching for similar COI sequences in the
GenBank database, we identified that the white colour type belongs to the Hagiomantis (Serville, 1839) genus
while the green morphotype to the Liturgusa (Saussure, 1869) genus. However, there were no matching sequences
for the grey morphospecies (Liturgusidae), indicating that either the sequences for this species have not been
included in the GenBank database yet or it represents a previously undescribed group of praying mantises.
From this point forward, we considered the grey praying mantis as an unidentified species of the Liturgusidae
family and performed all comparisons independently for the three morphospecies considering them as separate
colour types.

Background matching

With the exception of the achromatic contrasts for the grey praying mantises, the colour and luminance contrasts
of the other mantis morphospecies differed between trunk backgrounds (Table 1) but the scale at which indi-
vidual camouflage was optimized depended on the mantis species. The individuals of the white morphospecies
exhibited lower colour contrasts against whitish trunks (mean + se: 2.20 £0.28), but their luminance contrasts
did not vary considerably between backgrounds (Fig. 3). A similar pattern was observed for the individuals of
the grey morphospecies, which exhibited lower colour JNDs against whitish trunks (2.39+0.37) in comparison
to the other backgrounds but no differences regarding luminance contrasts. In opposition, individuals of the
green morphospecies showed better chromatic and achromatic matching within the microhabitat scale, exhibiting
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Figure 2. Phylogenetic tree estimated by neighbour joining and built considering Kimura two-parameter
distance between praying mantis specimens and using Theopompella chopardi as outgroup (GenBank accession
number: EF383918.1). Branch support based on 10,000 bootstrap replicates is shown.

lower colour (2.84+0.27) and luminance (7.21 +0.92) JNDs against bryophyte patches in comparison to whole
greenish-brown or whitish trunks (Fig. 3).

Disruptive coloration

Regardless of the background, individuals of the three praying mantis morphospecies exhibited intermediate
levels of edge disruption (GabRat values between 0.20 and 0.40) when viewed by a potential avian predator
(Fig. 4). There was no difference in the mean GabRat of both white (Hagiomantis sp.) and grey mantis (Liturgusi-
dae) between greenish-brown and whitish trunks. However, a significant effect was observed for green mantis
(Liturgusa sp.), indicating that greenish-brown trunks promote higher levels of edge disruption when compared
to whitish trunks for the individuals of this morphospecies (Table 1, Fig. 4)

Field predation experiment

The time that human predators spent to find the artificial mantis models and the distance at which they spotted
them differed between model types, but the direction of the effect depended on the trunk background (Table 2).
The time to find green models against greenish-brown trunks was more than five times longer than to find white
models against the same trunks. Similarly, the time that humans spent to find white models against whitish
trunks was more than three times longer than to find green models against similar trunks (Fig. 5). An opposite
pattern was observed for the encounter distance, at which more camouflaged models (i.e., green models against
greenish-brown trunks and white models against whitish trunks) required shorter distances to be found by
humans compared to those more conspicuous (Fig. 5).
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Colour JNDs Luminance JNDs GabRat

a [ms [F [p Ms [F]p a |ms [F p
White mantis
Background 2 2.130 | 2554 | <0.001 |47.993 3.55 0.046 | 1 0.029 0.97 0.347
Residuals 22 0.083 13.522 11 0.030
Grey mantis
Background 2 0.477 4.82 |0.042 0.010 0.03 0.967 | 1 2.27¢* 10.001 |0.98
Residuals 8 0.099 0.291 4 0.002
Green mantis
Background 2 3.233 | 1836 | <0.001 4.619 |17.34 <0.001 |1 0.847 9.28 0.014
Residuals 18 0.176 0.266 9 0.091

Table 1. Background matching and disruptive coloration of praying mantis of different morphospecies against
trunk backgrounds in the southern Amazon rainforest. Summary results of the analysis of variance applied to
linear mixed-effects models testing differences in colour and luminance contrasts (as JNDs—just-noticeable
differences) and edge disruption (as GabRat) based on the vision of the blue tit (Cyanistes caeruleus) between
different trunk backgrounds. For all models, mantis identity was included as a random factor to control for
repeated measurements made in the same individual. Significant differences are shown in bold.

Discussion

In this study, we integrate the use of colour analysis and experiment in the field to assess how bark praying man-
tises of different morphospecies may employ distinct camouflage strategies to occupy variable backgrounds in
the Amazon rainforest. Our results strongly suggest local and microhabitat adaptations between praying mantis
body colour patterns and their trunk background. Ultimately, the combination between increased colour match-
ing and disruptive coloration promotes efficient camouflage for praying mantises, as it increases search time and
decreases encounter distances by potential predators.

As predicted, the different praying mantis morphospecies vary in their level of background matching and
disruptive coloration among background types, with better adjustments favouring, in the major scenarios, at
occupied trunk and microhabitat scale adaptations. It is important to point out that most tree trunks in the
Amazon rainforest are highly heterogeneous regarding their colour pattern (Fig. 1), with bryophyte and lichen
patches randomly distributed over trunks, resulting in colour and pattern changes within a few centimetres.
Even though praying mantises are very fast, frequently shifting from the bottom to the top of the tree in a few
seconds (Authors, personal observations), the individuals of the three morphospecies we study here still exhibit
very low mean JND values and high GabRat values against fixed points in trunk backgrounds. However, in the
case of green praying mantis (Liturgusa sp.), for example, the lack of a representative microhabitat patch (i.e.,
bryophytes in greenish-brown trunks) may lead to a poor local background matching. Moreover, the mean chro-
matic contrast of all mantis morphospecies against the occupied trunks regardless of the scale was broadly < 3.00
JND, indicating that avian predators will have difficulty to detect praying mantis against their trunks under
natural light conditions®.

The trunk-dwelling lifestyle of these animals may also reinforce that natural selection would favour highly
efficient luminance matching against potential predators in Liturgusidae praying mantis. However, under medium
and long distances, the praying mantises of all morphospecies would be easily detectable from potential predators,
as the mean luminance value for all combinations are consistently larger than 3 units*. Luminance contrasts
are though very variable, varying from low (~3 JND) to very high (>30 JND units) between trunk conditions
and morphospecies, which indicates a high heterogeneity in the brightness of trunk backgrounds. Such variable
luminance contrasts could also indicate a generalist background matching, in which the praying mantis matches
in the luminance to some degree with several backgrounds but not perfectly with any of them, a type of compro-
mise luminance®®. However, a recent study demonstrated that, unlike colour diversity, background luminance
diversity did not prevent the detection of artificial prey by avian predators®’, suggesting that background colour
diversity may be more important to some environments as the bark praying mantises in the Amazon rainforest.

Only a few numbers of studies have quantified the role of microhabitat behavioural selection as a strategy to
improve individual camouflage®*°~>. In order to be successful and increase prey survival, camouflage may benefit
from prey habitat choices towards matching backgrounds within broad or fine scales*®. For example, artificial
models of lichen moths Declana atronivea presented higher survival rates against avian predators when models
were fixed on specific positions of tree trunks composed by lichens but had lower survival on bark lichen-free
substrates®. These results can be related to our study system, as green praying mantis (Liturgusa sp.) exhibited
improved background matching in terms of both colour and luminance contrasts against bryophyte patches
(microhabitat scale). However, differently from moths, praying mantises are predators and very mobile animals,
so the challenge to match specific positions of trunks is even higher, as they use trunks not only to rest but also for
foraging™. Considering that bryophyte patches are randomly distributed over trunks and green praying mantises
exhibited a high match to this microhabitat, it is also possible that individuals of this species could benefit from
a masquerade camouflage strategy>>. When occupying portions of the trunks without bryophyte cover, green
mantis could be detected by predators but being recognized as a small patch of bryophyte, especially when viewed
in a flat position and at long distances by a generalist avian predator®. New studies may indicate whether praying
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Figure 3. Colour and luminance contrasts of white (Hagiomantis sp.), grey (Liturgusidae) and green (Liturgusa
sp.) praying mantises against different trunk backgrounds in the southern Amazon rainforest. Contrasts are
expressed as JND (just-noticeable-differences) units based on the vision of the blue tit (Cyanistes caeruleus),

in which lower values indicate better matching. Here and in the next figure, boxes display medians and
interquartile ranges (IQRs), whiskers represent the lowest and highest values within 1.5 xIQRs and circles
represent raw data, on which a random noise was added to avoid overlap. Boxes with solid contour lines refer

to trunk backgrounds (e.g., greenish-brown and whitish trunks) while boxes with dashed contour lines refer

to microhabitat backgrounds (e.g., patches of lichen covering whitish trunks for white and grey mantis, and
patches of bryophytes covering greenish-brown trunks for green mantis). Different letters indicate significant
differences between background types (p <0.05).
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Figure 4. Edge disruption of white (Hagiomantis sp.), grey (Liturgusidae) and green (Liturgusa sp.) praying
mantises against different trunk backgrounds in the southern Amazon rainforest. Edge disruption is expressed
as GabRat, which is a metric comparing the ratio between false to coherent edges based on the vision of the blue
tit (Cyanistes caeruleus), in which larger values indicate higher disruption. The asterisk (*) denotes significant
differences between factor levels (p <0.05), whereas ns indicates non-significant differences.

mantises can optimize their colour matching by selecting microhabitat patches and orient the body to specific
positions to improve concealment or if individuals would remain immobile close to those patches, which would
make them similar to bryophyte or lichen patches and favour a masquerade strategy.

Disruptive coloration is one of the most widespread camouflage strategies in nature and has been studied for
along time*”. However, only recently, new tools allowed us to quantify animal disruption and how this strategy
is affected by different backgrounds, but with seldom examples across taxa'®*-¢!. In addition, several studies
show that disruptive coloration can operate simultaneously or independently to background matching, as the
high contrast of markings especially in the body edges promotes advantages less dependent on the background
similarity®$>%3. Our results suggest that disruptive coloration can favour green mantises (Liturgusa sp.) on a
local scale when the level of background matching is poor. Similar outcomes were observed for juvenile shore
crabs (Carcinus maenas), in which camouflage has seen to be improved by increasing edge disruption when
background matching was not highly effective*!. Similarly, white (Hagiomantis sp.) and grey praying mantises
(Liturgusidae) presented intermediated degrees of edge disruption against both whitish and greenish-brown
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Searching time (s) Encounter distance (m)
Afoum | Ufaen | MS F P MS F P
Background 1/4 0.016 0.16 0.713 7.413 3.11 0.152
Mantis model 1/224 0.363 3.49 0.063 | 14.829 6.23 0.013
Background * mantis model 1/224 24.896 |239.47 <0.001 | 747.272 | 313.84 <0.001

Table 2. Predation experiment using humans as predators searching for mantis models against trunk
backgrounds in the southern Amazon rainforest. Summary results of the analysis of variance applied to linear
mixed-effects models testing differences in the searching time (in seconds) and the encounter distance (in
meters) of human predators “hunting” realistic praying mantis paper models resembling white (Hagiomantis
sp.) and green (Liturgusa sp.) morphospecies against different trunk backgrounds (greenish-brown and whitish
trunks). For both models, predator and tree identity were included as random factors to control for data
dependence. Significant differences are shown in bold.
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Figure 5. Searching time (log-transformed, in seconds) and encounter distance (in meters) of human
predators “hunting” paper models resembling green (Liturgusa sp.) and white (Hagiomantis sp.) praying mantis
morphospecies against greenish-brown and whitish trunk backgrounds in the southern Amazon rainforest. The
big circles indicate mean values while the whiskers represent upper and lower confidence intervals (CI 95%)
estimated from the mixed-effects model (see details in the main text). Small circles represent raw data.

trunks, which reinforces the less dependence of this strategy on substrate types and its high efficiency against
detection in heterogeneous backgrounds®.

Field predation experiments have been considered as important tools to determine the protective role of
animal coloration in natural settings*"*’. These experiments are important because they allow researchers to
change, add or subtract a given colour trait and test it in real or simulated situations®*°. Here, we used experi-
mental models to test the camouflage efficiency of realistic praying-mantis models against natural backgrounds
in the Amazonian rainforest for the first time. Differently from recent studies®”**, we purposely did not insert
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the models directly into lichen or bryophyte patches but in random locations on the trunk. This decision was
based on our observations, which indicated that mantises usually remain in the same trunk areas, making small
positional changes, and significantly altering their position only when disturbed or when they are hunting for
prey. Therefore, in our experiment we show that from a local tree-type scale, the camouflage of green praying
mantises (Liturgusa sp.) against greenish-brown trunks is efficient to reduce predation risks, even though the
visual models indicated better matching to bryophyte microhabitat. In addition, white praying mantises (Hagio-
mantis sp.) also presented higher survival against whitish trunks, which matches the visual model contrasts. Since
the models we created sought to mimic the silhouette and the colour patterns of real praying mantises as much
as possible, some level of disruptive coloration was maintained during the experiment and cannot be dissoci-
ated from our results. However, it is important to note that we used humans as predators because several other
studies have provided evidence about the similarity in predation response to artificial targets between human
and avian predators, which allow us to discuss the evolutionary forces shaping animal coloration in nature*"?.
Other predators, such as invertebrates, possess different visual systems and may differ in predatory patterns®.
Therefore, our field experiment is one of the few studies to date testing how different morphospecies can use
different concealment strategies (i.e., background matching over local and microhabitat scales and disruptive
coloration) to evade detection in heterogeneous environments such as the Amazon rainforest.

Although Liturgusidae praying mantises are known to be highly dependent on camouflage due to their
trunk-dwelling lifestyle, to our knowledge, no study has objectively quantified the degree of camouflage of these
important predators considering their natural backgrounds'”. We reinforce the importance of molecular tools
(e.g., DNA Barcoding) to minimize research bias and identification mistakes, especially in juvenile individuals
and in studies with unexplored taxonomic groups. Our study shows that different morphospecies, despite the
similarity in morphology and behaviour, can use different camouflage strategies that are highly effective on a
tree trunk and microhabitat scale to avoid their predators. The Liturgusidae family contains 19 genera of pray-
ing mantises around the world, with all the described species being highly dependent on tree trunks to forage
and avoid predation®. Therefore, the increased camouflage effectiveness of these praying mantises associated
to their tree-dwelling lifestyle suggests a high irradiation process for the occupation of different forest habitats
mediated by natural selection, which provides a new future research area'®. Phylogenetic reconstruction could
be an important tool to understand how camouflage patterns evolved and which ecological processes shaped
the distribution of praying mantises in highly heterogeneous landscapes®.

In conclusion, we bring new evidence of the use of different camouflage strategies by praying mantis of differ-
ent species that are virtually unknown in the Amazon rainforest. The high diversity and heterogeneity of colour
patterns of tropical rainforests habitats can select for a diversity of animal adaptive responses, ranging from
optimal camouflage to general background and microhabitat scales. Furthermore, our study opens a research
avenue for new studies testing hypotheses on local adaptation in highly heterogeneous environments, such as
Amazonian trees, as well as potential adaptations for active habitat choice and ontogenetic or substrate-dependent
colour change in praying mantises*>®. Our study is one of the few to integrate field predation experiment with
realistic prey based on vision models, to compare background matching and disruptive coloration camouflage
strategies and to access the functional level of such strategies against different backgrounds, which ultimately pre-
sents an ideal system for further investigation about the adaptive value of camouflage strategies under sympatric
conditions. Furthermore, our study reveals a wide and underexplored field of research about the evolutionary
and ecologic processes shaping camouflage diversification in natural systems, widening the knowledge on the
diversity of cryptic species so far unknown at unexplored ecosystems.

Data and code availability
All data generated and analysed for the current study, as well as the R codes, are available on Figshare (https://
figshare.com/s/dcbd05dcd2f9d7480124).

Received: 2 August 2023; Accepted: 29 October 2023
Published online: 15 November 2023

References
1. Yamawaki, Y. Decision-making and motor control in predatory insects: A review of the praying mantis. Ecol. Entomol. 42, 39-50.
https://doi.org/10.1111/een.12452 (2017).
2. Scharf, I. & Ovadia, O. Factors influencing site abandonment and site selection in a sit-and-wait predator: A review of pit-building
antlion larvae. J. Insect Behav. 19, 197-218. https://doi.org/10.1007/s10905-006-9017-4 (2006).
3. Marshall, K. L. A, Philpot, K. E. & Stevens, M. Microhabitat choice in island lizards enhances camouflage against avian predators.
Sci. Rep. 6, 1-10. https://doi.org/10.1038/srep19815 (2016).
4. Ruxton, G. D., Allen, W. L., Sherratt, T. N. & Speed, M. P. Avoiding attack: The evolutionary ecology of crypsis, aposematism, and
mimicry (Oxford University Press, 2019).
5. Wallace, A. R. Mimicry and other protective resemblances among animals. Westminster Rev. (London ed.) 1, 1-43 (1867).
6. Thayer, G. H. Concealing-coloration in the animal kingdom. An exposition of the laws of disguise through color and pattern: Being a
summary of Abbott H. Thayer’s discoveries (The Macmillan Company, New York, 1909).
7. Merilaita, S., Scott-Samuel, N. E. & Cuthill, I. C. How camouflage works. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20160341.
https://doi.org/10.1098/rstb.2016.0341 (2017).
8. Stevens, M. & Ruxton, G. D. The key role of behaviour in animal camouflage. Biol. Rev. 94, 116-134. https://doi.org/10.1111/brv.
12438 (2019).
9. Cuthill, I. C. Camouflage. J. Zool. 308, 75-92. https://doi.org/10.1111/jz0.12682 (2019).
10. Stevens, M. & Merilaita, S. Defining disruptive coloration and distinguishing its functions. Philos. Trans. R. Soc. Lond. B Biol. Sci.
364, 481-488. https://doi.org/10.1098/rstb.2008.0216 (2009).

Scientific Reports |

(2023) 13:19985 | https://doi.org/10.1038/s41598-023-46204-x nature portfolio


https://figshare.com/s/dcbd05dcd2f9d7480124
https://figshare.com/s/dcbd05dcd2f9d7480124
https://doi.org/10.1111/een.12452
https://doi.org/10.1007/s10905-006-9017-4
https://doi.org/10.1038/srep19815
https://doi.org/10.1098/rstb.2016.0341
https://doi.org/10.1111/brv.12438
https://doi.org/10.1111/brv.12438
https://doi.org/10.1111/jzo.12682
https://doi.org/10.1098/rstb.2008.0216

www.nature.com/scientificreports/

11.
12.

13.
14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.
. Caves, E. M., Brandley, N. C. & Johnsen, S. Visual acuity and the evolution of signals. Trends Ecol. Evol. 33, 358-372. https://doi.

40.
41.
42.
43.
44,
45.

46.
. Siddigi, A., Cronin, T. W,, Loew, E. R., Vorobyev, M. & Summers, K. Interspecific and intraspecific views of color signals in the

48.
49.
50.

51.

Stevens, M. & Merilaita, S. Animal camouflage: Mechanisms and function (Cambridge University Press, Cambridge, 2011). https://
doi.org/10.1017/CB09780511852053.

Caro, T. & Koneru, M. Towards an ecology of protective coloration. Biol. Rev. 96, 611-641. https://doi.org/10.1111/brv.12670
(2021).

Cott, H. B. Adaptive coloration in animals (Methuen & Co., Ltd., 1940).

Camacho, C,, Sanabria-Fernandez, A., Bafos-Villalba, A. & Edelaar, P. Experimental evidence that matching habitat choice drives
local adaptation in a wild population. Proc. R. Soc. B Biol. Sci. 287, 20200721. https://doi.org/10.1098/rspb.2020.0721 (2020).
Merilaita, S., Tuomi, J. & Jormalainen, V. Optimization of cryptic coloration in heterogeneous habitats. Biol. J. Linn. Soc. 67,
151-161. https://doi.org/10.1111/j.1095-8312.1999.tb01858.x (1999).

Kjernsmo, K. & Merilaita, S. Background choice as an anti-predator strategy: The roles of background matching and visual com-
plexity in the habitat choice of the least killifish. Proc. R. Soc. B Biol. Sci. 279, 4192-4198. https://doi.org/10.1098/rspb.2012.1547
(2012).

Svenson, G. J. Revision of the neotropical bark mantis genus Liturgusa Saussure, 1869 (Insecta, Mantodea, Liturgusini). ZooKeys
390, 1-214. https://doi.org/10.3897/z00keys.390.6661 (2014).

Wieland, E. The phylogenetic systems of Mantodea (Insecta: Dictyoptera). Species Phylogeny Evol. 3, 3-222. https://doi.org/10.
17875/gup2013-711 (2013).

Svenson, G. J. & Whiting, M. E. Reconstructing the origins of praying mantises (Dictyoptera, Mantodea): The roles of Gondwanan
vicariance and morphological convergence. Cladistics 25, 468-514. https://doi.org/10.1111/j.1096-0031.2009.00263.x (2009).
Troscianko, J., Skelhorn, J. & Stevens, M. Quantifying camouflage: How to predict detectability from appearance. BMC Evol. Biol.
17, 7. https://doi.org/10.1186/s12862-016-0854-2 (2017).

Xiao, F. & Cuthill, I. C. Background complexity and the detectability of camouflaged targets by birds and humans. Proc. R. Soc. B
Biol. Sci. 283, 20161527. https://doi.org/10.1098/rspb.2016.1527 (2016).

de Alcantara Viana, J. V., Vieira, C., Duarte, R. C. & Romero, G. Q. Predator responses to prey camouflage strategies: A meta-
analysis. Proc. R. Soc. B: Biol. Sci. 289, 20220980. https://doi.org/10.1098/rspb.2022.0980 (2022).

Franklin, A. M. All camouflage strategies are not equal. Proc. R. Soc. B Biol. Sci. 289, 20221869. https://doi.org/10.1098/rspb.2022.
1869 (2022).

Veloso, H. P,, Rangel-Filho, A. L. & Lima, J. C. A. Classificacio da vegetagio brasileira, adaptada a um sistema universal (IBGE,
1991).

Hebert, P. D. N., Ratnasingham, S. & Waard, J. Barcoding animal life: Cytochrome c oxidase subunit 1 divergences among closely
related species. Proc. R. Soc. B Biol. Sci. 270, $96-S99. https://doi.org/10.1098/rsbl.2003.0025 (2003).

Folmer, O., Black, M., Hoeh, W,, Lutz, R. & Vrijenhoek, R. DNA primers for amplification of mitochondrial cytochrome ¢ oxidase
subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Biotechnol. 3, 294-299 (1994).

Simon, C. et al. Evolution, weighting and phylogenetic utility of mitochondrialgene sequences and a compilation of conserved
polymerase chainreaction primers. Ann. Entomol. Soc. Am. 87, 651-702 (1994).

Sayers, E. W. et al. Database resources of the National Center for Biotechnology Information in 2023. Nucleic Acids Res. 51, D29-
D38. https://doi.org/10.1093/nar/gkac1032 (2023).

Altschul, S. F, Gish, W., Miller, W., Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J. Mol. Biol. 215, 403-410.
https://doi.org/10.1016/S0022-2836(05)80360-2 (1990).

Edgar, R. C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792-1797.
https://doi.org/10.1093/nar/gkh340 (2004).

Tamura, K., Stecher, G. & Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38, 3022-3027.
https://doi.org/10.1093/molbev/msab120 (2021).

Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide
sequences. J. Mol. Evol. 16, 111-120 (1980).

Troscianko, J. & Stevens, M. Image calibration and analysis toolbox—A free software suite for objectively measuring reflectance,
colour and pattern. Methods Ecol Evol 6, 1320-1331. https://doi.org/10.1111/2041-210X.12439 (2015).

Vorobyev, M. & Osorio, D. Receptor noise as a determinant of colour thresholds. Proc. R. Soc. B: Biol. Sci. 265, 351-358. https://
doi.org/10.1098/rspb.1998.0302 (1998).

Hart, N. S. The visual ecology of avian photoreceptors. Prog. Retin. Eye Res. 20, 675-703. https://doi.org/10.1016/s1350-9462(01)
00009-x (2001).

Nokelainen, O., Valkonen, J., Lindstedt, C. & Mappes, ]. Changes in predator community structure shifts the efficacy of two warn-
ing signals in Arctiid moths. ] Anim Ecol 83, 598-605. https://doi.org/10.1111/1365-2656.12169 (2013).

Walton, O. C. & Stevens, M. Avian vision models and field experiments determine the survival value of peppered moth camouflage.
Commun. biol 1, 118. https://doi.org/10.1038/s42003-018-0126-3 (2018).

Wyszecki, G. & Stiles, W. S. Color Science (Wiley, 1982).

org/10.1016/j.tree.2018.03.001 (2018).

Wuthrich, K. L., Nagel, A. & Swierk, L. Rapid body color change provides lizards with facultative crypsis in the eyes of their avian
predators. Am. Nat. 199, 277-290. https://doi.org/10.1086/717678 (2022).

Price, N., Green, S., Troscianko, J., Tregenza, T. & Stevens, M. Background matching and disruptive coloration as habitat-specific
strategies for camouflage. Sci. Rep. 9, 7840. https://doi.org/10.1038/s41598-019-44349-2 (2019).

R Development Core Team R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna (2023).

Zuur, A. E, Ieno, E. N., Walker, N. ], Saveliev, A. A. & Smith, G. M. Mixed effects models and extensions in ecology with R (Springer,
2009).

Bates, D., Machler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 1-48. https://doi.
0rg/10.18637/jss.v067.i01 (2015).

Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. ImerTest package: Tests in linear mixed effects models. J. Stat. Softw. 82,
1-26. https://doi.org/10.18637/jss.v082.i13 (2017).

Lenth, R. V. Least-squares means: The R package Ismeans. J. Stat. Softw. 69, 1-33. https://doi.org/10.18637/jss.v069.i01 (2016).

strawberry poison frog Dendrobates pumilio. J. Exp. Biol. 207(14), 2471-2485. https://doi.org/10.1242/jeb.01047 (2004).
Hughes, A., Liggins, E. & Stevens, M. Imperfect camouflage: How to hide in a variable world?. Proc. R. Soc. B Biol. Sci. 286,
20190646. https://doi.org/10.1098/rspb.2019.0646 (2019).

Sadiq, A. & Kodandaramaiah, U. Hiding among colors: Background color diversity impedes detection time. Behav. Ecol. https://
doi.org/10.1093/beheco/arad048 (2023).

Kang, C. K., Moon, ]. Y, Lee, S. I. & Jablonski, P. G. Camouflage through an active choice of a resting spot and body orientation
in moths. J. Evol. Biol. 25, 1695-1702. https://doi.org/10.1111/j.1420-9101.2012.02557.x (2012).

Goémez, J. et al. Individual egg camouflage is influenced by microhabitat selection and use of nest materials in ground-nesting
birds. Behav. Ecol. Sociobiol. 72, 142. https://doi.org/10.1007/s00265-018-2558-7 (2018).

Scientific Reports |

(2023) 13:19985 | https://doi.org/10.1038/s41598-023-46204-x nature portfolio


https://doi.org/10.1017/CBO9780511852053
https://doi.org/10.1017/CBO9780511852053
https://doi.org/10.1111/brv.12670
https://doi.org/10.1098/rspb.2020.0721
https://doi.org/10.1111/j.1095-8312.1999.tb01858.x
https://doi.org/10.1098/rspb.2012.1547
https://doi.org/10.3897/zookeys.390.6661
https://doi.org/10.17875/gup2013-711
https://doi.org/10.17875/gup2013-711
https://doi.org/10.1111/j.1096-0031.2009.00263.x
https://doi.org/10.1186/s12862-016-0854-2
https://doi.org/10.1098/rspb.2016.1527
https://doi.org/10.1098/rspb.2022.0980
https://doi.org/10.1098/rspb.2022.1869
https://doi.org/10.1098/rspb.2022.1869
https://doi.org/10.1098/rsbl.2003.0025
https://doi.org/10.1093/nar/gkac1032
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1111/2041-210X.12439
https://doi.org/10.1098/rspb.1998.0302
https://doi.org/10.1098/rspb.1998.0302
https://doi.org/10.1016/s1350-9462(01)00009-x
https://doi.org/10.1016/s1350-9462(01)00009-x
https://doi.org/10.1111/1365-2656.12169
https://doi.org/10.1038/s42003-018-0126-3
https://doi.org/10.1016/j.tree.2018.03.001
https://doi.org/10.1016/j.tree.2018.03.001
https://doi.org/10.1086/717678
https://doi.org/10.1038/s41598-019-44349-2
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1242/jeb.01047
https://doi.org/10.1098/rspb.2019.0646
https://doi.org/10.1093/beheco/arad048
https://doi.org/10.1093/beheco/arad048
https://doi.org/10.1111/j.1420-9101.2012.02557.x
https://doi.org/10.1007/s00265-018-2558-7

www.nature.com/scientificreports/

52. Green, S. D., Duarte, R. C,, Kellett, E., Alagaratnam, N. & Stevens, M. Colour change and behavioural choice facilitate chameleon
prawn camouflage against different seaweed backgrounds. Cormmun. Biol 2, 230. https://doi.org/10.1038/s42003-019-0465-8 (2019).

53. Mark, C.J., O'Hanlon, J. C. & Holwell, G. I. Camouflage in lichen moths: Field predation experiments and avian vision modelling
demonstrate the importance of wing pattern elements and background for survival. J. Anim. Ecol. https://doi.org/10.1111/1365-
2656.13817 (2022).

54. Pembury Smith, M. Q. R. & Ruxton, G. D. Camouflage in predators. Biol. Rev. 95, 1325-1340. https://doi.org/10.1111/brv.12612
(2020).

55. Skelhorn, J., Rowland, H. M., Speed, M. P. & Ruxton, G. D. Masquerade: Camouflage without crypsis. Science 327, 51-51. https://
doi.org/10.1126/science.118193 (2010).

56. Mark, C.J. et al. Lichen moths do not benefit from ‘element imitation’ masquerade in the absence of a matching background. Evol
Ecol 35, 401-412. https://doi.org/10.1007/s10682-021-10110-3 (2021).

57. Cuthill, I. C. et al. Disruptive coloration and background pattern matching. Nature 434, 72-74. https://doi.org/10.1038/natur
€03312 (2005).

58. Cuthill, I. et al. The biology of color. Science 357, eaan0221. https://doi.org/10.1126/science.aan0221 (2017).

59. Ramirez-Delgado, V. H. & Cueva del Castillo, R. Background matching, disruptive coloration, and differential use of microhabitats
in two neotropical grasshoppers with sexual dichromatism. Ecol. Evol. 10, 1401-1412. https://doi.org/10.1002/ece3.5995 (2020).

60. Bu, R, Xiao, E, Lovell, P. G., Ye, Z. & Shi, H. Structural and colored disruption as camouflage strategies in two sympatric Asian
box turtle species (Cuora spp.). Glob. Ecol. Conserv. 24, €01361. https://doi.org/10.1016/j.gecco.2020.e01361 (2020).

61. Castillo, M. A. & Tavera, J. Disruptive coloration and behavior facilitate camouflage of blue-spotted cornetfish against complex
coral reef bottoms. Mar. Ecol. 43, e12731. https://doi.org/10.1111/maec.12731 (2022).

62. Schaefer, H. M. & Stobbe, N. Disruptive coloration provides camouflage independent of background matching. Proc. R. Soc. B
Biol. Sci. 273, 2427-2432. https://doi.org/10.1098/rspb.2006.3615 (2006).

63. Fraser, S., Callahan, A., Klassen, D. & Sherratt, T. N. Empirical tests of the role of disruptive coloration in reducing detectability.
Proc. R. Soc. B: Biol. Sci. 274, 1325-1331. https://doi.org/10.1098/rspb.2007.0153 (2007).

64. Kjernsmo, K. & Merilaita, S. Eyespots divert attacks by fish. Proc. R. Soc. B Biol. Sci. 280, 20131458. https://doi.org/10.1098/rspb.
2013.1458 (2013).

65. Murali, G., Mallick, S. & Kodandaramaiah, U. Background complexity and optimal background matching camouflage. Behav. Ecol.
Sociobiol 75, 1-12. https://doi.org/10.1007/s00265-021-03008-1 (2021).

66. Karpestam, E., Merilaita, S. & Forsman, A. Colour polymorphism protects prey individuals and populations against predation.
Sci. Rep. 6, 1-10. https://doi.org/10.1038/srep22122 (2016).

67. Patel, S, Singh, G. & Singh, R. A checKklist of global distribution of Liturgusidae and Thespidae (Mantodea: Dictyoptera). J. Entomol.
Zool. 4,793-803 (2016).

68. Gillespie, R. G., Benjamin, S. P, Brewer, M. S., Rivera, M. A. ]. & Roderick, G. K. Repeated diversification of ecomorphs in Hawai-
ian stick spiders. Curr. Biol. 28, 941-947. https://doi.org/10.1016/j.cub.2018.01.083 (2018).

69. Nokelainen, O., Maynes, R., Mynott, S., Price, N. & Stevens, M. Improved camouflage through ontogenetic colour change confers
reduced detection risk in shore crabs. Funct. Ecol. 33, 654-669. https://doi.org/10.1111/1365-2435.13280 (2019).

Acknowledgements

We would like to thank IB-Unicamp for the logistic support and ONF Brasil-Sdo Nicolau Farm for fieldwork
support, accommodation, and work permissions. Financial support came from the Coordination for the Improve-
ment of Higher Education Personnel (CAPES: 88887.338483/2019-00 and CAPES: 88887.817249/2023-00) to
Jodo Vitor de Alcantara Viana. Gustavo Q. Romero was supported by FAPESP (Grants Nos. 2019/08474-8 and
2022/10765-3) and CNPq-Brazil productivity Grants, and funding from the Royal Society, Newton Advanced Fel-
lowship (Grant No. NAF/R2/180791). RCD is funded by Fundagio de Amparo a Pesquisa do Estado de Sdo Paulo
(FAPESP: 2019/01934-3 and 2022/00946-0) through a postdoctoral fellowship. PAPA was supported by Fundagio
de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP—2017/26243-8). Andressa Bach (88887.686421/2022-
00), Gabriel de Mello (88887.675494/2022-00), and Lorhaine Silva (88887.609466/2021-00) are supported by
Improvement of Higher Education Personnel (CAPES).

Author contributions

J.V.AV,, G.QR., R.C.D designed the study. ].V.A.V,, G.Q.R., PA.PA, A.B., G.B., and L.S, conducted fieldwork
and data collection. C.R.O.L. conducted the molecular analysis and wrote the molecular analysis section. J.V.A.V.
wrote the first draft of the manuscript. R.C.D. checked the results. C.V. contributed to manuscript revisions. All
authors read, reviewed and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46204-x.

Correspondence and requests for materials should be addressed to J.V.d.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:19985 | https://doi.org/10.1038/s41598-023-46204-x nature portfolio


https://doi.org/10.1038/s42003-019-0465-8
https://doi.org/10.1111/1365-2656.13817
https://doi.org/10.1111/1365-2656.13817
https://doi.org/10.1111/brv.12612
https://doi.org/10.1126/science.118193
https://doi.org/10.1126/science.118193
https://doi.org/10.1007/s10682-021-10110-3
https://doi.org/10.1038/nature03312
https://doi.org/10.1038/nature03312
https://doi.org/10.1126/science.aan0221
https://doi.org/10.1002/ece3.5995
https://doi.org/10.1016/j.gecco.2020.e01361
https://doi.org/10.1111/maec.12731
https://doi.org/10.1098/rspb.2006.3615
https://doi.org/10.1098/rspb.2007.0153
https://doi.org/10.1098/rspb.2013.1458
https://doi.org/10.1098/rspb.2013.1458
https://doi.org/10.1007/s00265-021-03008-1
https://doi.org/10.1038/srep22122
https://doi.org/10.1016/j.cub.2018.01.083
https://doi.org/10.1111/1365-2435.13280
https://doi.org/10.1038/s41598-023-46204-x
https://doi.org/10.1038/s41598-023-46204-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:19985 | https://doi.org/10.1038/s41598-023-46204-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Crypsis by background matching and disruptive coloration as drivers of substrate occupation in sympatric Amazonian bark praying mantises
	Material and methods
	Study site and sampling of praying mantises
	Molecular identification of bark mantises morphotypes
	Digital photography and image analysis
	Photography
	Background matching analysis
	Disruptive coloration analysis

	Field predation experiments
	Ethics statement
	Statistical analyses

	Results
	Molecular analysis: DNA barcoding
	Background matching
	Disruptive coloration
	Field predation experiment

	Discussion
	Data and code availability
	References
	Acknowledgements


