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Abstract  

Camouflage is a widespread strategy to avoid predation and is of particular importance

for animals with reduced mobility, or those in exposed habitats. Camouflage often relies

on  matching  the  visual  appearance  of  the  background,  and  selecting  fine-scale

backgrounds  that  complement  an  individual’s  appearance  is  an  effective  means  of

optimising  camouflage.  We  investigated  whether  there  was  an  active  selection  of

microhabitats  and nest  materials  in  three  ground-nesting birds (pied avocet,  Kentish

plover and little tern) to camouflage their eggs using avian visual modelling. Plovers

and avocets selected substrates in which their eggs were better camouflaged, and that

choice was done at an individual level. Terns have lighter, less spotted eggs, and while

they did select lighter background than the other species, their eggs were a poor match

to  their  backgrounds.  The  worse  matching  of  the  tern  eggs  was  likely  due  to  a

compromise between thermal protection and camouflage because they breed later, when

temperatures  are  higher.  Finally,  the  addition  of  nest  materials  improved  egg

camouflage in terms of luminance,  although the materials  reduced pattern matching,

which may be associated with the different roles that the nest materials play. Active

selection of substrates at an individual level may be crucial to improve nest success in

species that nest in exposed sites.
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Significance statement 

Many bird species nest on the ground at sites with no vegetation cover where their nests

are  exposed  to  visual  predators.  We studied  whether  individual  females  chose  nest

substrates that improved the camouflage of their eggs. Using images of nests and avian

vision modelling, we found that the choice of nesting substrates in two species was done

at the individual level, so that egg camouflage was optimised. In addition, such species

were even able to improve egg camouflage by the addition of materials into the nests.

However, this pattern was not observed in another species with paler and less spotted

eggs,  which  may  reflect  a  trade-off  between  camouflage  and  overheating  of  eggs

because it breeds later in the season. Although individuals may try to choose substrates

in which their  eggs are better  camouflaged,  other factors that  compromise offspring

survival may hamper this.

Key  words:  Crypsis   background  matching   habitat  choice   eggshells   pattern

matching 
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Introduction

Evading  detection  is  essential  for  individual  survival,  either  for  protection  from

predators or to go unnoticed by potential prey, making camouflage the most common

coloration strategy in the animal kingdom (Stevens and Merilaita 2009). One way to

avoid detection  is  by matching  the  background against  which  animals  can be seen,

which means that camouflage involves an interaction between the environment and the

animal's phenotype (Endler 1978; Manríquez et al. 2009; Stevens and Merilaita 2011).

However,  habitats  are not uniform even at small  spatial  scales,  and this may favour

individuals that choose specific sites in which their camouflage is enhanced according

to the vision of their predators or prey. Many animals are also able to adaptively alter

their phenotypic appearance to match their backgrounds (Ryer et al. 2008; Barbosa et al.

2012; Duarte et al. 2017), meaning that there are two potential main ways for animals to

improve  their  individual-level  camouflage:  behaviourally  electing  microhabitats  that

enhance camouflage (Colwell  et al 2011; Uy et al.  2017), and/or by using materials

from the microhabitat to cover and decorate the animal’s body (Hölldobler and Wilson

1986;  Stachowicz and Hay 2000;   Hultgren  and Stachowicz 2008; Lee  et  al.  2014;

Mayani-Parás  et  al.  2015;  Ruxton  and  Stevens  2015).  Finally,  another  solution  to

improve crypsis is  by manipulating  the backgrounds,  as for example some birds do

covering the eggs with materials from the surroundings (Amat et al. 2012; Troscianko et

al. 2016a). To date, relatively few studies have addressed whether behavioural selection

of microhabitats and/or substrate modification by individuals in relation to their own

appearance enhances camouflage (but see for example: Solís and de Lope 1995; Lovell

et al. 2013; Kang et al. 2015), and even fewer studies have modelled the relevant visual

systems (Marshall et al. 2016; Stevens et al. 2017).

The fitness of any ground-nesting bird depends on its own survival, and on that

of its offspring, meaning that a number of factors influence their anti-predator behaviour

and  reproductive  strategies  (Fontaine  and  Martin  2006;  Amat  et  al.  2017).  Many

Charadriiform birds (shorebirds and allies) nest at ground level in sites with little or no

vegetation cover, because in such sites incubating adults are less vulnerable to predators

(Amat and Masero 2004; Cunningham et al. 2016). However, when adults flush (flee)

from nests because of predator disturbance, unattended eggs may remain vulnerable to

both predation and overheating due to direct solar radiation (Montevecchi 1976; Grant

1982; Amat and Masero 2007; Gómez et al. 2016; Wilson-Aggarwal et al. 2016; Amat

et al. 2017). One way with which ground-nesting birds in exposed sites may improve

nesting success is by matching egg appearance to that of the laying substrates (Lee et al.

2010; Troscianko et al. 2016b). However, this may not be an easy task for shorebirds

that  breed  in  unpredictable  sites,  compelling  the  same individuals  to  breed  in  sites
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located  hundreds  of  kilometres  away,  not  only  between  breeding  seasons,  but  also

within the same breeding season (Stenzel et al. 1994; Figuerola 2007). In addition, at

such sites shorebirds may encounter a variety of habitats, in which case they may use

different strategies to match the appearance of their eggs with the nesting backgrounds.

First, shorebirds might theoretically improve camouflage by laying eggs with similar

coloration  and patterning  to  those  of  the sites  in  which  they  breed.  Given that  egg

coloration  and  patterning  seem to  be  primarily  genetically  controlled  (Gosler  et  al.

2000; see Fig. 2 in Skrade and Dinsmore 2013), it is unlikely that females may show

plasticity  to produce eggs that  match the characteristics  of their  habitat.  A different

solution is to select microhabitats according to individual eggshell appearance, so that

the eggs are better camouflaged, as Lovell et al. (2013) found under lab conditions in

Japanese quail, Coturnix japonica. These authors concluded that the females were able

to  “know where  to  hide  their  eggs”  because  they  matched  the  substrate  luminance

(perceived brightness) well.  However, studies undertaken under natural conditions are

needed,  where  multiple  selective  agents  may  play  different  roles  at  the  same  time

(Underwood and Sealey 2002;  Kilner  2006;  Cherry and Gosler  2010; Maurer  et  al.

2011). Additionally, given that it may be difficult to find sites in which the eggs would

be well camouflaged, another possibility for parents is to manipulate the nesting sites

themselves by choosing nest materials that improve the camouflage of the clutch (Solís

and de Lope 1995; Amat et al. 2012; Bailey et al. 2015; Troscianko et al. 2016a). 

Here,  we studied  whether  nest  camouflage  is  improved  through selection  of

microhabitat,  not only at  the species-level,  but within species  at  an individual-level.

Three ground-nesting bird species were chosen, all breeding in a similar habitat where

their  nests  are  exposed:  Kentish  plover  Charadrius  alexandrinus,  pied  avocet

Recurvirostra avosetta,  and little tern  Sternula albifrons.  In addition to species-level

and individual-level matching of egg appearance to microhabitats, we predicted that egg

camouflage should be improved by the addition of materials into the nest scrapes, and

that  this  should  be  accomplished  both  at  species-  and  individual-level.  Finally,  we

expected that as the three species have to respond to different selective drivers that may

compromise  embryo  survival  (e.g.,  they  may  experience  different  thermal  regimes),

such drivers may compromise camouflage (Gómez et al. 2016), which would determine

the apparent maladaptive choice of sites (poorer camouflage) by some species, in spite

of nesting in the same area as the others.
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Materials and methods

Study sites and species

Our study was conducted in 2014 in a 15 ha saltpan at Cádiz Bay Natural Park, southern

Spain (36° 30' 53.4" N 6° 09' 23.3"W). We photographed 30, 37, and 18 nests of pied

avocet, Kentish plover and little tern, respectively. These species make scrapes on the

ground  into  which  they  add  some  materials  (e.g.,  pebbles,  mollusc  shells,  plant

fragments; del Hoyo et al. 1996). It was not possible to record data blind because our

study involved focal animals in the field.

At our study site, the pied avocet and the Kentish plover usually start nesting in

late March−early April. The number of pied avocet nests increases rapidly early at the

start  of  the  breeding  season and declines  sharply;  however,  the  number  of  Kentish

plover nests increases slowly and continuously until a peak that is usually around mid-

May. On the other hand, the little tern breeds later than the other two species (Fig. S1

Electronic Supplementary material [ESM]), facing more stressful hotter conditions (Fig.

S2 ESM).

Eggshell colour and camouflage using digital image processing 

Protocols for photography and image analysis closely followed previous studies (e.g.

Troscianko and Stevens 2015; Troscianko et al. 2016a). Nests were photographed using

a  Nikon  D7000  camera  (fitted  with  a  105mm  Micro-Nikkor  lens,  which  transmits

ultraviolet,  UV) converted to full spectrum sensitivity by removal  of its UV and IR

blocking filter (Advanced Camera Services Limited, Norfolk, UK), replacing it with a

quartz sheet to allow quantification of colour throughout the avian visible spectrum.

Human-visible  spectrum photographs were  taken through a  Baader  UV-IR blocking

filter (Baader Planetarium, Mammendorf, Germany), transmitting only visible spectrum

light from 420 to 680 nm, and UV photographs were taken with a Baader UV pass

filter, transmitting UV light from 320 to 380 nm. This resulted in five image layers:

longwave (LW), mediumwave (MW), shortwave (SW) and two ultraviolet (UV) layers

(from  the  camera's  red  and  blue  channels).  Each  image  included  a  Spectralon

reflectance  standard (Labsphere,  Congleton,  UK) reflecting  light  with a flat  spectral

reflectance  of  40% between  300  and  700  nm.  All  photographs  were  taken  at  f/8,

ISO400, in RAW format between 09:00 and 11:00 h (GMT) to ensure that  lighting

conditions were comparable between photographs. The camera was mounted on a tripod

1.6 m high, and positioned at 1m from the focal nest.  

Images were calibrated following Stevens et al. (2007) and Gómez and Liñán-

Cembrano (2017). Briefly, we linearized and equalized the images using the toolbox re-
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leased by Troscianko and Stevens (2015). We processed the images and transformed

them to cone catch images so we were able to model the visual systems. Birds have four

single cone types used in colour vision (sensitive to LW, MW, SW and UV light; Cut-

hill 2006), and additional double cones thought to be used in luminance vision (Osorio

and Vorobyev 2005). Because the avocet,  plover and tern are likely violet  sensitive

(VS) (Ödeen et al. 2010; Ödeen and Håstad 2013), we generated cone-catch images us-

ing peafowl sensitivities (Pavo cristatus; Hart 2002; a commonly used model for VS

colour vision). Cone-catch images were generated using a widely used and tested image

mapping  approach,  which  is  highly  accurate  for  modelling  cone  catch  responses

(Stevens and Cuthill  2006; Stevens et  al.  2007;  Pike 2011;  Troscianko and Stevens

2015), resulting in images corresponding to the LW, MW, SW, VS and double cone re-

ceptors. We inferred the visual system of the pied avocet, Kentish plover and little tern

from that  of  closely  phylogenetically  related  species  following Ödeen et  al.  (2010).

These authors did not quantify the absorbance of oil droplets, which may modify the

outcome of models (Bowmaker 1977). However,  colour discrimination in bright light,

as in the site where the three species nest, is mostly dependent on the visual pigment

(UVS or VS) and little on the ocular media (Lind et al. 2014). 

Using  Image  J  (Schneider  et  al.  2012)  we  selected  three  ROIs  (regions  of

interest): the eggs, the nest, and the microhabitats. We manually selected all of the eggs

that were in the image (1-4). After that, we created a circle that encompassed the eggs

and grew it by 500 pixels to create our nest ROI (eliminating the eggs and including a

small  area  around  them).  The  remaining  part  of  the  picture  was  selected  as  the

microhabitat (i.e., after removing the grey standard, nest, and eggs). All images were

scaled using the width of the grey standard (32 mm) as a reference to properly compare

pattern camouflage.

 In the visual model we calculated luminance differences, colour differences, and

pattern differences. Luminance (based on the double cones) and colour (single cones)

differences were calculated using 'just noticeable differences' based on a widely-used

model whereby receptor noise limits visual discrimination (JNDs; Vorobyev and Osorio

1998). Values of JND lower than 1 could not be distinguished by possible predators

(Siddiqi et al. 2004), between 1- 3, small differences could be appreciated under good

light  conditions,  and  higher  than  3  mean  that  two  substrates  could  be  easily

differentiated  by predators.  Weber  fractions  were calculated  based on peafowl cone

ratios of (shortest to longest) 1 : 1.9 : 2.2 : 2.1 (Hart 2002), with a Weber fraction of

0.05  for  the  most  dominant  channel.  Pattern  differences  were  calculated  from  the

average  in  absolute  differences  in  bandpass  energy  spectra  (for  further  details  see

Troscianko  and  Stevens  2015;  Troscianko  et  al.  2016a,  2017).  Differences  were
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calculated between eggs and the nest, as well as between eggs and microhabitats. We

used the visual system of the three species (avian VS) to model the perception of the

incubating  adults  and  how  they  select  the  laying  substrates  (nest  materials  and

microhabitats). Although some nest predators have different visual systems to those of

the  species  that  we studied  (e.g.  gulls,  which  are  UVS),  we did not  use  the  visual

systems of nest predators because our study was not on nesting success,  but on the

choice of substrates and nest materials by plovers, avocets and terns according to their

own perceptual visual system.  

To describe how the eggs reflected more or less energy in the visible range of

the sun spectrum we calculated the total reflectance of the eggs, nests and microhabitats

using the reflectance images that were previously obtained (linearised and equalised).

The total reflectance was measured by averaging the three camera bands in the visible

(R-v, G-v and B-v). Moreover, within the egg (placed in the nest as it was projected in

the image, not removing it) we differentiated between the pigmented maculation and the

background  colour  using  a  thresholding  algorithm.  Separating  eggs  into  maculated

regions using simple thresholding inevitably leads to slightly shaded regions of the egg

being erroneously classified as maculation. We therefore used a difference-of-Gaussians

method that removed spatial information at a large scale (the scale of the whole egg),

calculating the difference between this and the fine-scale image, then thresholding this

image  (code  available  by  contacting  with  us).  This  allows  identification  of  egg

maculation without perfectly diffuse lighting conditions. All eggs were processed with

the  same threshold  and  Gaussian  filter  scales  to  ensure  consistency.  “Proportion  of

spottiness” was calculated as the total area of spots divided by the entire eggshell area

and multiplied by 100 (projected in the image). 

Chimeric experiment

As we could not exchange clutches between nests, we carried out a chimeric experiment

(this process generated 870 chimerical nests of pied avocet, 1332 of Kentish plover and

306  of  little  tern).  To  test  whether  the  choice  of  sites  depended  on  the  individual

characteristics of eggs (luminance, coloration and patterning), we virtually placed the

eggs  of  every  entire  individual  clutch  in  the  nests/microhabitats  of  the  remaining

individuals of the same species (Fig. 1). For example, we “placed” the Kentish plover

eggs of nest 1 in the images of nests and microhabitats of each one of the remaining

Kentish plovers (2-37), after “removing” the eggs of the latter nests.  

Statistical analyses
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General linear models (GLM) and General linear mixed models (GLMM) were used to

test the hypotheses, with normal error distribution and using the identity link function.

We used GLM to compare interspecific differences in total reflectance of eggs (all the

eggs in every clutch as a unit) and substrates, and proportion of spottiness (mean of all

the eggs in every clutch). Tukey post-hoc tests were used after for multiple comparisons

between species. GLMMs and Tukey post-hoc tests were used to test differences in the

three  response  variables  related  to  camouflage  (luminance,  colour  and  pattern

differences) among species and substrates (nest materials and microhabitat), with nest

identity included as a random factor. Those response variables were transformed using

the  square  root  to  improve  residuals´  normality.  GLMM models  were  also  used  to

analyse intraspecific comparisons (see Chimeric experiment), including clutch identity

and  substrates  (nest  and  microhabitat)  identity  as  random  factors  to  avoid

pseudoreplication.  All  statistical  analyses  were  carried  out  in  R  statistical  software

version 3.2.2 (R Core Team 2015) and significance level was set at 0.05.

Results

The eggs of the little tern had higher total reflectance (Table 1, F2,82 = 12.33, p < 0.001,

M. R-sq:  0.2311, Adj. R-sq:  0.2124) and were less spotted (F2,82 = 13.14 , p < 0.001, M.

R-sq: 0.24, Adj. R-sq:  0.23), than those of the pied avocet and Kentish plover (see Fig.

2). The nest materials and microhabitats selected by the little terns were in accordance

with the total reflectance values and had higher values than those selected by the other

two species (Table 1). 

In terms of background matching, the little tern had the least camouflaged eggs

(Fig. 3; see ESM Table S1). In general, its eggs did not match the nest materials and the

microhabitats as well as the other two species, and this was found for the three response

variables (luminance, colour, and pattern, Fig. 3). In fact, little tern´s eggs were the most

conspicuous in  terms  of  coloration  and they  surpassed  the  threshold  for  which  two

objects would likely be perceptually differentiated (i.e.,  its colour JND > 3). On the

contrary,  the  pied  avocet  and  the  Kentish  plover  selected  nest  materials  and

microhabitats in which their eggs were better camouflaged. 

All three species added materials to the nest (e.g. small pebbles, shells, twigs,

etc.). To test whether this addition of materials improved the camouflage of the egg, we

made comparisons between the camouflage of eggs-nests and eggs-microhabitats (Table

2). The eggs of the pied avocet and the little tern were a better achromatic match to the

additional nest materials than the microhabitat. In terms of coloration, the pied avocet

also chose nest materials that more effectively matched their eggs in comparison with

the microhabitat.  On the contrary,  the Kentish plover´s nest  materials  were a worse
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match to the eggs than their microhabitats, while there were no differences in the little

tern.  Regarding  pattern  matching,  we  found  the  opposite  effects  of  luminance

comparisons:  the  added  nest  materials  were  a  worse  match  to  the  eggs  than  the

microhabitats in all three species.

Lastly, in the chimeric experiment we found that eggs of individual pied avocets

and  Kentish  plovers  were  better  camouflaged  against  their  own nest  materials  and

microhabitats  than  if  the  eggs  had  been  laid  in  the  substrates  selected  by  their

conspecifics  (Table  3).  Differences  appeared  in  the  luminance  and  the  chromatic

variables rather than in the patterning, but individual Kentish plover also chose specific

microhabitats that matched the patterning of its own eggs better. On the contrary, the

eggs of the little tern were similarly camouflaged on their own nest as on nests of their

conspecifics, suggesting that they do not select the substrates (either the microhabitat or

the nest materials) at an individual level (Table 3).

Discussion

Pied avocet and Kentish plover eggs effectively matched the materials that adults added

into the nest scrape, as well as the corresponding microhabitats, under the perceptual

visual system of both species. In fact, the choice of microhabitats and nest materials was

not only undertaken at the species level, but also at the individual level, which may be

particularly important for nest survival (Lee et al. 2010; Troscianko et al. 2016a; but see

Stoddard  et  al.  2016).  This  result  supports  the  findings  of  Lovell  et  al.  (2013)  and

Stevens et al.  (2017), who found under laboratory and field conditions,  respectively,

that individual females selected substrates to lay their eggs based on egg coloration and

patterning to improve camouflage. However, in our study the lighter and less spotted

eggs  of  the  tern  did  not  as  effectively  match  their  nest  microhabitats  and  nesting

material, and their camouflage was worse than that of the other two species. Besides,

adults did not choose the substrates based on the individual characteristics of eggs.

We found that  nest  materials  did not improve all  components  of camouflage

similarly.  Overall,  except  in  Kentish  plover,  the  other  species  added  materials  that

matched better the luminance of the eggs but this in turn decreased their pattern match,

whereas for colour we did not find the same results for the three species (nest materials

increased  camouflage  in  the  avocet,  worsened  it  in  the  plover,  but  there  were  no

differences  in  the  tern).  Matching  the  eggs  in  terms  of  luminance  could  be  more

advantageous than colour matching to reduce predation rates on eggs of ground-nesting

birds  (Troscianko  et  al.  2016b).  However,  nest  materials  may  have  multiple  roles

besides  camouflage  and  they  could  still  be  advantageous  for  other  functions,  for

example in maintaining an appropriate thermal environment in nests (Reid et al. 2002;
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Mayer et al. 2009; Carroll et al. 2015), or they could keep the eggs above water if the

scrape is flooded during rainy periods (Moreno et al. 1995). Therefore, the choice of

optimal nesting materials could be affected by other factors in addition to camouflage

and some of these may represent a compromise similar to the trade-offs known to affect

eggshell  coloration  (Gómez  et  al.  2016).  With  these  strategies  (selection  of

microhabitats and addition of nest materials), together with other behavioural strategies

to reduce egg detection (Amat et al. 2012; Ekanayake et al. 2015, Mayani-Parás et al.

2015; Wilson-Aggarwal  et  al.  2016;  Amat  et  al.  2017), ground nesting  birds  could

compensate  for the lack of high levels  of individual  plasticity  in egg characteristics

(Gosler et al. 2000; Skrade and Dinsmore 2013) that other organisms exhibit to match

specific habitats (Stevens et al. 2015; Polo-Cavia and Gomez-Mestre 2017; Edelaar et

al.  2017).  These  behavioural  strategies  would  facilitate  the  nesting  of  individual

shorebirds in very distant sites, among which the coloration and pattern of the substrates

may differ substantially, and in particular would facilitate camouflage within habitats

that are visually variable.

How do egg characteristics contribute to camouflage in the three species? As

well as in other animals (Ortolani 1999), several studies have shown the importance of

the  spottiness  for  egg camouflage  in  birds,  given that  more  spotted  eggs  are  better

camouflaged (Montevecchi 1976; Kilner 2006; Gómez et al.  2016; Troscianko et al.

2016). Therefore, the lowest proportion of spottiness of tern eggs, as well as their lighter

eggshells, may be a reason for their inferior camouflage. Interestingly, Stoddard et al.

(2016) reported similar findings to ours, as they found that the camouflage of least terns

Sternula antillarum eggs was worse than that of snowy plovers  Charadrius nivosus.

Obviously, phylogenetic factors could explain interspecific differences in egg coloration

and spottiness, as the avocet and plover are more closely related (Baker et al. 2007).

However,  solar  radiation  could  affect  egg appearance  not  only  at  congeneric  levels

(Gómez  et  al.  2016)  but  also  at  a  population  level  (Lathi  2008).  Nevertheless,

accounting for phylogenetic factors would likely not explain why little terns selected

substrates  that  matched  their  eggs  poorly,  given  that  avoiding  nest  detection  is  so

important  for  egg  survival  (Lee  et  al.  2010;  Troscianko  et  al.  2016b).  A plausible

explanation could be related to the more stressful thermal conditions that the little tern

presumably faces during its breeding season (ESM Fig. S2), so having lighter and less

spotted eggshells, together with selecting lighter substrates, would be advantageous to

reduce risks of overheating when the nests are left unattended by adults, even if this

compromises  egg camouflage  (Montevecchi  1976;  Mayer  et  al.  2009;  Gómez et  al.

2016). Additionally, it has been shown that little tern may adjust the distance at which

the adults flush from the nest when a predator is approaching depending on the level of
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egg camouflage (Amat et al. 2017), so this behaviour may compensate for the poorer

matching and reduce nest detection.

Our results support the findings of Lovell et al. (2013) on domestic quail, in that

the selection of laying substrates was undertaken at an individual level according to the

characteristics of eggshells, at least for Kentish plover and pied avocet. Our results are

also in accordance with those of Stevens et al. (2017), which showed that individual

ground-nesting birds improved the camouflage of their eggs by choosing appropriate

backgrounds. They found differences among species, as we have found in this study,

which indicates  the importance of studying egg camouflage  and habitat  selection in

different  species  and  habitats  to  gain  insights  into  the  strategies  used  by  different

species.  On  the  other  hand,  adding  nest  materials  to  the  scrapes  improved  the

achromatic camouflage but worsened the pattern camouflage of the eggs, which could

be explained because the materials  added are likely important for other functions in

addition to camouflage. The apparent need to respond to other selective drivers that may

compromise embryo survival,  such as the risk of overheating,  may explain why the

camouflage of little tern eggs was worse than that of the other species. This highlights

the importance of carrying out studies with wild species that face different  stressful

factors. 

Acknowledgments 

Thanks to Antonio Gómez Ferrer for facilities at the study site and to the Consejería de

Medio Ambiente of the Junta de Andalucía for authorising our study. Thanks to Robert

G. Clark, Antón Pérez-Rodríguez, the editors, an anonymous reviewer and Clemmes

Küpper for comments on an earlier version.

Author contribution statement

JG designed the study and analysed the images. JT and MS contributed with materials

and image analyses. JG, MC, AP-H, CR and JAA collected the field data. JG analysed

the  dataset,  and  wrote  the  manuscript.  All  authors  contributed  on  later  manuscript

versions. 

Compliance with ethical standards

Funding 

JG was supported by a FPU predoctoral fellowship (FPU-12/01616) from Ministerio de

Educación, Cultura y Deporte, Spain. Our project was funded by grant CGL2011-24230

from Ministerio de Ciencia e Innovación, Spain, with EU-ERDF financial support.  JT

12



 Gómez et al. -  13
Pre-final proof version

and MS were funded by a Biotechnology and Biological Sciences Research Council

(BBSRC) grant BB/J018309/1 to MS.

Conflict of interest 

The authors declare that they have no conflict of interest.

Ethical approval 

All applicable institutional and national guidelines for the care and use of animals were

followed  and  approved  by  Comité  Ético  de  Bienestar  Animal  from  EBD-CSIC

(reference CEBA-EBD_2011_01). 

Data availability

All  relevant  data  are  available  from  the  CSIC  Institutional  Data

(https://digital.csic.es/handle/10261/167693).

13



 Gómez et al. -  14
Pre-final proof version

References

Amat JA, Gómez J, Liñán-Cembrano G, Rendón MA, Ramo C (2017) Incubating terns

modify  risk-taking  according  to  diurnal  variations  in  egg  camouflage  and

ambient temperature. Behav Ecol Sociobiol 71:72

Amat JA, Masero JA (2004) Predation risk on incubating adults constrains the choice of

thermally favourable sites in a plover. Anim Behav 67:293–300 

Amat  JA,  Masero  JA  (2007)  The  functions  of  belly-soaking  in  Kentish  plovers

Charadrius alexandrinus. Ibis 149:91-97

Amat JA, Monsa R, JA Masero (2012) Dual function of egg-covering in the Kentish

plover Charadrius alexandrinus. Behaviour 149:881-895

Baker  AJ,  Pereira,  SL,  Paton,  TA (2007) Phylogenetic  relationships  and divergence

times of Charadriiformes genera: multigene evidence for the Cretaceous origin

of at least 14 clades of shorebirds. Biol Lett 3:205-210

Bailey IE, Muth F, Morgan K, Meddle SL, Healy SD (2015) Birds build camouflaged

nests. Auk 132:11-15

Barbosa A, Allen JJ,  Mäthger  LM, Hanlon RT (2012) Cuttlefish use visual  cues  to

determine arm postures for camouflage. Proc R Soc Lond B 279:84-90

Bowmaker JK (1977)  The visual pigments, oil droplets and spectral sensitivity of the

pigeon (Columba livia). Vision Res 17:1129-1138

Carroll JM, Davis CA, Elmore RD, Fuhlendorf SD (2015) A ground-nesting galliform’s

response to thermal heterogeneity: implications for ground-dwelling birds. PLoS

ONE 10:e0143676

Cherry MI, Gosler AG (2010) Avian eggshell coloration: new perspectives on adaptive

explanations. Biol J Linn Soc 100:753-762

Colwell  MA,  Meyer  JJ,  Hardy  MA,  Mcallister  SE,  Transou  AN,  Levalley  RR,

Dinsmore SJ (2011) Western snowy plovers  Charadrius alexandrinus nivosus

select  nesting  substrates  that  enhance  egg  crypsis  and  improve  nest

survival. Ibis 153:303-311

Cunningham JA, Kesler DC, Lanctot RB (2016) Habitat and social factors influence

nest-site selection in Arctic-breeding shorebirds. Auk 133:364-377

Cuthill  IC (2006) Color perception.  In:  Hill  GE, McGraw KJ (eds) Bird coloration.

Volume  I.  Mechanisms  and  measurements.  Harvard  University  Press,

Cambridge, MS, pp 3-40

del Hoyo J, Elliott A, Sargatal J (1996) Handbook of the Birds of the World, vol. 3:

Hoatzin to Auks. Lynx Edicions, Barcelona, Spain

14



 Gómez et al. -  15
Pre-final proof version

Duarte  RC,  Flores  AAV,  Stevens  M  (2017) Camouflage  through  colour  change:

mechanisms, adaptive value, and ecological significance.  Phil Trans R Soc B

372:20160342

Edelaar  P,  Baños-Villalba  A,  Escudero  G,  Rodríguez-Bernal  C  (2017)  Background

colour  matching  increases  with  risk  of  predation  in  a  colour-changing

grasshopper. Behav Ecol 28:698-705

Ekanayake KB, Weston MA, Nimmo DG, Maguire GS, Endler JA, Küpper C (2015)

The  bright  incubate  at  night:  sexual  dichromatism  and  adaptive  incubation

division in an open-nesting shorebird. Proc R Soc B 282:20143026

Endler JA (1978) A predator’s view of animal color patterns. Evol Biol 11:319-364

Figuerola J (2007) Climate and dispersal:  black-winged stilts  disperse further in dry

springs. PLoS ONE 2:e539

Fontaine JJ, Martin TE (2006) Parent birds assess nest predation risk and adjust their

reproductive strategies. Ecol Lett 9:428-434

Gómez  J,  Liñán‐Cembrano  G  (2017)  SpotEgg:  An  image‐processing  tool  for

automatised analysis of coloration and spottiness. J Avian Biol 48:502-512

Gómez J, Pereira, AI, Pérez‐Hurtado A, Castro M, Ramo C, Amat JA (2016) A trade‐

off  between  overheating  and  camouflage  on  shorebird  eggshell  coloration.  J

Avian Biol 47:346-353

Gosler  AG,  Barnett  PR,  Reynolds  SJ  (2000)  Inheritance  and  variation  in  eggshell

patterning in the great tit Parus major. Proc R Soc Lond B 267:2469-2473

Grant  GS (1982)  Avian  incubation:  egg temperature,  nest  humidity,  and  behavioral

thermoregulation in a hot environment. Ornithol Monogr 30:1-75

Hart NS (2002) Vision in the peafowl (Aves:  Pavo cristatus).  J Exp Biol  205:3925-

3935

Hölldobler B, Wilson EO (1986) Soil-binding pilosity and camouflage in ants of the

tribes  Basicerotini  and  Stegomyrmecini  (Hymenoptera,  Formicidae).

Zoomorphology 106:12-20

Hultgren  KM,  Stachowicz  JJ  (2008)  Alternative  camouflage  strategies  mediate

predation  risk  among  closely  related  co-occurring  kelp  crabs.  Oecologia

155:519-528

Kang  C,  Stevens  M,  Moon  JY,  Lee  SI,  Jablonski  PG  (2015)  Camouflage  through

behavior  in  moths:  the  role  of  background  matching  and  disruptive

coloration. Behav Ecol 26:45-54

Kilner RM (2006) The evolution of egg colour and patterning in birds. Biol Rev 81:383-

406

15



 Gómez et al. -  16
Pre-final proof version

Lathi  DC  (2008)  Population  differentiation  and  rapid  evolution  of  egg  color  in

accordance with solar radiation. Auk 125:796-802 

Lee WS, Kwon YS, Yoo JC (2010) Egg survival is related to the colour matching of

eggs to nest background in black-tailed gulls. J Ornithol 151:765-770

Lee BY, Parra-Velandia FJ, Ng NK, Todd P (2014) An unusual form of camouflage in

the mangrove crab Clistocoeloma merguiense. Bull Mar Sci 90:967-968

Lind  O,  Mitkus  M,  Olsson  P,  Kelber  A  (2014)  Ultraviolet  vision  in  birds:  the

importance of transparent eye media. Proc R Soc B 281:20132209

Lovell  PG,  Ruxton  GD,  Langridge  KV,  Spencer  KA  (2013)  Egg-laying  substrate

selection for optimal camouflage by quail. Curr Biol 23:260-264 

Manríquez PH, Lagos NA, Jara ME, Castilla JC (2009) Adaptive shell color plasticity

during the early ontogeny of an intertidal keystone snail. P Natl Acad Sci USA

106:16298-16303

Marshall  KL,  Philpot  KE,  Stevens  M (2016)  Microhabitat  choice  in  island  lizards

enhances camouflage against avian predators. Sci Rep 6:19815

Maurer  G,  Portugal  SJ,  Cassey  P  (2011)  Review:  an  embryo’s  eye  view  of  avian

eggshell pigmentation. J Avian Biol 42:494-504 

Mayani-Parás  F,  Kilner  RM,  Stoddard  MC,  Rodríguez  C,  Drummond  H  (2015)

Behaviorally induced camouflage:  a new mechanism of avian egg protection.

Am Nat 186:E91–E97

Mayer PM, Smith LM, Ford RG, Watterson DC, McCutchen MD, Ryan MR (2009)

Nest  construction  by  a  ground-nesting  bird  represents  a  potential  trade-off

between egg crypticity and thermoregulation. Oecologia 159:893-901

Montevecchi  WA  (1976)  Field  experiments  on  the  adaptive  significance  of  avian

eggshell pigmentation. Behaviour 58:26-39

Moreno J,  Bustamante  J,  Viñuela  J  (1995) Nest maintenance  and stone theft  in the

chinstrap penguin Pygoscelis antarctica. Polar Biol 15:533-540

Ödeen A, Håstad O (2013) The phylogenetic distribution of ultraviolet  sensitivity in

birds. BMC Evol Biol 13:36

Ödeen A, Håstad O, Almström P (2010) Evolution of ultraviolet vision in shorebirds

(Charadriiformes). Biol Lett 6:370-374

Ortolani  A (1999) Spots,  stripes,  tail  tips  and dark eyes:  predicting  the  function  of

carnivore colour patterns using the comparative method. Biol J Linn Soc 67:433-

476

Osorio D, Vorobyev M (2005) Photoreceptor spectral sensitivities in terrestrial animals:

adaptations for luminance and colour vision. Proc R Soc Lond B 272:1745-1752

16



 Gómez et al. -  17
Pre-final proof version

Pike TW (2011) Using digital  cameras  to investigate  animal  colouration:  estimating

sensor sensitivity functions. Behav Ecol Sociobiol 65:849-858

Polo-Cavia  N,  Gomez-Mestre  I  (2017)  Pigmentation  plasticity  enhances  crypsis  in

larval newts: associated metabolic cost and background choice behaviour.  Sci

Rep 7:39739

R Core  Team  (2015)  R:  A  language  and  environment  for  statistical  computing.  R

Foundation  for  Statistical  Computing,  Vienna,  Austria,  http://www.R-

project.org/

Reid JM, Cresswell W, Holt S, Mallanby RJ, Whitfield DP, Ruxton GD (2002) Nest

scrape design and clutch heat loss in pectoral sandpiper (Calidris melanotos).

Funct Ecol 16:305-312

Ruxton GD, Stevens M (2015) The evolutionary ecology of decorating behaviour. Biol

Lett 11:20150325

Ryer CH, Lemke JL, Boersma K, Levas S (2008) Adaptive coloration, behavior and

predation vulnerability in three juvenile north Pacific flatfishes. J Exp Mar Biol

Ecol 359:62-66

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of

image analysis. Nat Methods 9:671-675

Siddiqi A, Cronin TW, Loew ER, Vorobyev M, Summers K (2004) Interspecific and

intraspecific views of color signals in the strawberry poison frog  Dendrobates

pumilio. J Exp Biol 207:2471-2485

Skrade PD, Dinsmore SJ (2013) Egg crypsis in a ground–nesting shorebird influences

nest survival. Ecosphere 4:1-9

Solís JC, de Lope F (1995) Nest and egg crypsis in the ground-nesting stone curlew

Burhinus oedicnemus. J Avian Biol 26:135-138

Stachowicz JJ, Hay ME (2000) Geographic variation in camouflage specialization by a

decorator crab. Am Nat 156:59-71

Stenzel LE, Warriner JC, Warriner JS, Wilson KS (1994) Long breeding dispersal of

snowy plovers in western North America. J Anim Ecol 63:887-902

Stevens M, Broderick AC, Godley BJ, Lown AE, Troscianko J, Weber M, Weber SB

(2015) Phenotype-environment matching in sand fleas. Biol Lett 11:20150494

Stevens M, Cuthill IC (2006) Disruptive coloration, crypsis and edge detection in early

visual processing. Proc R Soc Lond B 273:2141-2147

Stevens M, Merilaita S (2009) Animal camouflage: current issues and new perspectives.

Phil Trans R Soc B 364:423-427

Stevens  M,  Merilaita  S  (2011)  Animal  Camouflage:  Mechanisms  and  Function.

Cambridge University Press, Cambridge, UK

17



 Gómez et al. -  18
Pre-final proof version

Stevens M, Párraga CA, Cuthill IC, Partridge JC, Troscianko TS (2007) Using digital

photography to study animal coloration. Biol J Linn Soc 90:211-237 

Stevens M, Troscianko J, Wilson-Aggarwal JK, Spottiswoode CN (2017) Improvement

of individual  camouflage through background choice in ground-nesting birds.

Nat Ecol Evol 1:1325

Stoddard MC, Kupán K, Eyster HN, Rojas-Abreu W, Cruz-López M, Serrano-Meneses

MA, Küpper C (2016) Camouflage and clutch survival in plovers and terns. Sci

Rep 6:32059

Troscianko J, Skelhorn J, Stevens M (2017) Quantifying camouflage: how to predict

detectability from appearance. BMC Evol Biol 17:7

Troscianko J, Stevens M (2015) Image calibration and analysis toolbox–a free software

suite for objectively measuring reflectance,  colour and pattern.  Methods Ecol

Evol 6:1320-1331

Troscianko J, Wilson-Aggarwal J, Spottiswoode CN, Stevens M (2016a) Nest covering

in plovers: How modifying the visual environment influences egg camouflage.

Ecol Evol 6:7536-7545

Troscianko J, Wilson-Aggarwal J, Stevens M, Spottiswoode CN (2016b) Camouflage

predicts survival in ground-nesting birds. Sci Rep 6:19966

Underwood TJ, Sealy SG (2002) Adaptive significance of egg coloration. In: Deeming

DC (ed) Avian Incubation. Oxford University Press, Oxford, pp 280-298

Uy FMK, Ravichandran S, Patel KS et al (2017) Active background choice facilitates

crypsis in a tropical crab. Biotropica 49:365-371

Vorobyev M, Osorio D (1998) Receptor noise as a determinant of colour thresholds.

Proc R Soc Lond B 265:351-358

Wilson-Aggarwal  JK,  Troscianko  JT,  Stevens  M,  Spottiswoode  CN  (2016)  Escape

distance  in  ground-nesting  birds  differs  with  individual  level  of  camouflage.

Am Nat 188:231-239

18



Table 1  Apparent reflectances (estimated means ± standard errors) of eggshells, nests 

and microhabitats of pied avocet (A, n = 30), Kentish plover (Kp, n = 37) and little tern 

(Lt, n = 18). P-values (p) were calculated with a Tukey post-hoc test to the results of 

different general linear models (significant p-values are in bold)

Total Reflectance (%)

EGGS NESTS MICROHABITAT

Pied Avocet 11.35 ± 0.53 14.39 ±.91 13.88 ± 0.92

Kentish plover 11.30 ± 0.48 16.74 ± 0.95 15.99 ± 0.95

Little tern 15.92 ± 0.97 22.80 ± 1.86 22.95 ± 1.96

p
Kp - A = 0.998 Kp - A = 0.184 Kp - A = 0,240
Lt - A < 0.001 Lt - A < 0.001 Lt - A  < 0.001

   Lt - Kp < 0.001   Lt - Kp = 0.007   Lt - Kp = 0.002
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Table 2  Model-adjusted means (±SE) of differences in camouflage (luminance, colour 

and pattern) between the eggs and the nest materials and the eggs and the microhabitats,

and p-values (Tukey post-hoc test) for pied avocet (n = 30), Kentish plover (n = 37) and

little tern (n = 18) according to the peafowl visual system. Significant p-values are in 

bold

Luminance Colour Pattern

Pied

Avocet

Egg-nest

Egg-microhabitat

0.39 ± 0.06

0.48 ± 0.06

1.67 ± 0.25

1.82 ± 0.26

5100 ± 317

3488 ± 262

p 0.002 0.047 <0.001

Kentish

plover

Egg-nest

Egg-microhabitat

0.62 ± 0.05

0.61 ± 0.05

2.43 ± 0.27

2.24 ± 0.26

4725 ± 275

3907 ± 250

p 0.750 0.017 <0.001

Little tern

Egg-nest

Egg-microhabitat

0.61 ± 0.07

0.71 ± 0.07

4.26 ± 0.51

4.45 ± 0.52

6847 ± 399

4948 ± 403

p 0.004 0.196 <0.001

20



Table 3  Results of intra-specific comparisons for pied avocet, Kentish plover and little 

tern in a chimeric experiment (see material and methods). Model-adjusted means (±SE) 

of differences in camouflage (luminance, colour and pattern) between egg-nest and nest-

microhabitat (GLMM) according to the peafowl visual system, and p-values (Tukey 

post-hoc test) are shown. Significant p-values are in bold 

Pied avocet Kentish plover Little tern

Original
nest Chimeric nest Original nest Chimeric nest Original

nest Chimeric nest

L
um

in
an

ce Egg-nest
0.39 ± 0.056 0.57 ± 0.049 0.62 ± 0.051 0.69 ± 0.044 0.61 ± 0.073 0.63 ± 0.063

p < 0.001 p = 0.007 p = 0.56

Egg-microhabitat
0.48 ± 0.057 0.59 ± 0.050 0.61  ± 0.051 0.68 ± 0.044 0.71 ± 0.073 0.74 ± 0.063

p < 0.001 p = 0.006 p = 0.57

C
ol

ou
r Egg-nest

1.53 ± 0.200 1.91 ± 0.220 2.10 ± 0.247 2.39 ± 0.248 3.76 ± 0.631 3.97 ± 0.59
p < 0.001 p = 0.024 p = 0.515

Egg-microhabitat
1.68 ± 0.220 2.00 ± 0.230 1.87 ± 0.220 2.34 ± 0.242 4.07 ± 0.684 4.05 ± 0.604

p = 0.006 p < 0.001 p = 0.953

Pa
tte

rn Egg-nest
5100 ± 359 5102 ± 320 4680 ± 312 4828 ± 281 6847 ± 537 6917 ± 482

p = 0.990 p = 0.322 p = 0.783

Egg-microhabitat
3488 ± 297 3607 ± 269 3878 ± 284 4195 ± 262 4949 ± 457 5119 ± 415

p = 0.398 p = 0.020 p = 0.439
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FIGURES

Fig 1  Diagram representing the procedure employed for the chimeric experiment using 

photographs of nests of pied avocet (n = 30), Kentish plover (n = 37) and little tern (n = 

18). The eggs of every clutch were virtually deposited in the nests of all other 

conspecifics. The camouflage of eggs was estimated with respect to the nests (N) and 

microhabitats (M). A grey standard was placed in every picture to standardise light 

conditions, but was not included in the microhabitat area in the analyses of digital 

images
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Fig 2  Proportion of spottiness (percentage of eggshell surface covered by spots, 

average of the eggs in every clutch) in three ground−nesting birds (sample mean, 95% 

confidence intervals, and minimum and maximum values; sample sizes are also shown).

The images were linearised and standardised, using a grey standard, to control for the 

lighting conditions. After obtaining a reflectance image, contrast and exposure were 

changed equally for the three images to improve visualisation. Different letters denote 

significant differences
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Fig 3  Differences in achromatic (luminance), chromatic (colour) and pattern 

camouflage between the eggs and the nest (left) and between the eggs and the 

microhabitats (right), in pied avocet (n = 30), Kentish plover (n = 37) and little tern 

(n=18), under the peafowl visual model. The higher the values (estimated means ± SE)

the worse the camouflage. Values of differences lower than 1 (dashed line) in luminance

and colour could not be distinguished by possible predators, between 1 - 3, small 

differences could be appreciated under good light conditions and higher than 3 (solid 

red line) mean that two substrates could be easily differentiated. Different letters denote 

significant differences
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