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Abstract 

Many Charadriiform birds (shorebirds and allies) nest on the ground in sites with no 
vegetative cover, which receive direct solar radiation. When incubating adults depart from 
nests, the eggs may reach critical temperatures for embryos if they receive direct solar 
radiation. Nest predation is an important cause of breeding failures, so that to have well 
camouflaged nests may be critical to reduce the risk of predation while the nests are 
unattended. Eggshell pigmentation and spottiness have been suggested to improve 
camouflage, but by making the eggs darker they may increase the rates of overheating when 
eggs receive direct solar radiation. So, this may lead to a trade-off between both factors 
(camouflage and egg temperature) on eggshell coloration. The aim of this thesis was to show 
whether there is such a trade-off, and to analyse whether ground-nesting birds mitigate the 
adverse thermal conditions of their nesting sites in hot environments by means of biophysical 
mechanisms (e.g., egg colour and spottiness, nest materials with favourable thermal 
properties), as well as by behavioural mechanisms (e.g., risk-taking by incubating birds in 
relation to nest camouflage, choice of sites where eggs are better camouflaged). 

First, we show that darker eggs of shorebirds (plovers Charadrius spp. and stilts 
Himantopus spp.) were better camouflaged when the nests were not attended by adults, but 
suffered quicker overheating than light-coloured eggs due to direct solar radiation, and also 
that, after controlling for environmental temperatures, eggs overheated more in the Tropics, 
likely because of a more intense solar radiation, than in the Mediterranean region. Thus, the 
benefits of increasing pigmentation and spottiness to improve camouflage are counteracted 
by the increased risks of overheating when eggs remain exposed to direct solar radiation. 

We expected a similar trade-off at a specific level across latitudinal ranges, as at 
higher latitudes solar radiation is less intense that at lower latitudes. Indeed, we found that 
eggshell reflectance in the Kentish plover (Charadrius alexandrinus) is primarily determined 
by latitudinal variations in solar radiation, with eggshells of lower reflectance (darker) found 
in higher latitudes. However, in the southernmost localities (nearer to the equator), where 
solar radiation is very intense, eggshells are of dark coloration in spite of high ambient 
temperatures, likely to protect embryos from UV radiation. Therefore, differential effects of 
solar radiation on functions of coloration of eggshells may shape latitudinal variations in egg 
appearance in the Kentish plover. 

Then, we analysed whether eggshell coloration and spottiness are related to pigment 
contents in the Kentish plover. As expected, we found that protoporphyrin was more 
abundant than biliverdin in eggshells. However, eggshell coloration was not related to 
pigment concentrations, which may be due to a different allocation of pigments either 
between eggshell’s background and spots, or between different eggshell’s layers. 
Interestingly, there was a positive relationship between the fractal dimension of eggshell 
spottiness and the amount of protoporphyrin. Likely, the fractal dimension of spottiness may 
be related to the mechanical function of protoporphyrin (e.g. by strengthening eggshells to 
interfere with a potential fractal structure of fractures), and/or it may have a functional role if 
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it affects the resulting egg camouflage. If this is generalised among species, the fractal 
dimension of spottiness could be used as a proxy of protoporphyrin content in spotted avian 
eggshells. 

In addition to eggshell coloration, the use of nest materials may be another 
biophysical mechanism with which to counteract the adverse effects of high ambient 
temperatures on egg overheating. Kentish plovers added into their nests lighter materials 
(pebbles) than those available around nest sites. Because light materials are thermally 
reflective, the microclimate of nests was likely improved. However, light materials worsened 
nest camouflage. We showed experimentally that rates of egg heating on lighter materials 
were lower than on darker materials. Yet, in a field experiment the plovers removed most of 
the experimental materials independently of their thermal properties, so that egg camouflage 
returned to the original values within a week of the experimental treatments. Although the 
thermal environment may affect the choice of nest materials by the plovers, at our study sites 
it was not too stressful as to determine the acceptance of the lightest experimental materials. 

Beyond those biophysical mechanisms, ground-nesting birds may use behavioural 
strategies to enhance egg camouflage and mitigate the risk of overheating when eggs are not 
attended. By applying predator visual models to images of nests, we analysed whether 
microhabitat and nest material selection by three ground-nesting birds (pied avocet 
Recurvirostra avosetta, Kentish plover, and little tern Sternula albifrons) facilitated 
camouflage. Plovers and avocets selected microhabitats and nest materials that matched their 
individual egg appearance. In contrast, the lighter and less spotted eggs of the terns did not as 
effectively match nest microhabitats and nesting material, despite choosing lighter substrates, 
and their eggs were an inferior match to their background than eggs of the other two species. 
The paler eggs and poor camouflage of tern eggs could reflect a trade-off between thermal 
protection and camouflage, because terns breed later in the season than the other two species, 
when there is a greater risk of egg overheating. Thus, by simulating predator vision systems 
we show that wild birds select their laying substrates at an individual level according to their 
eggshell appearance. 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. 

Leaving eggs unattended during predator disturbance may expose embryos to 
potentially harmful factors, to which parent birds should respond when making decisions 
about when to leave or return to their nest. In an experimental study, we showed that diurnal 
changes in flushing behaviour of incubating little terns from nests during predator approach 
were affected by egg camouflage, the terns allowing closer approaches to individual nests in 
midday, when the eggs appeared better camouflaged, than in the morning. Return times to the 
nests were affected by ambient temperature, with the terns shortening such times at high 
ambient temperatures (i.e., in midday), thus diminishing the risk of egg overheating. As a 
whole, our results show that the decisions of the birds on when to leave or return to their 
nests depended on shifting payoffs, as a consequence of diurnal variations in both the thermal 
risks incurred by embryos and egg camouflage. 
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In conclusion, our observational and experimental studies allowed us to understand 
trade-offs among factors that affect embryo performance in the evolution of coloration and 
patterning of eggshells of ground-nesting birds. This may be useful to predict the responses 
of ground-nesting birds under a scenario of global warming.  



Resumen 

18 

Resumen 

Muchas aves Charadriiformes (limícolas y especies afines) nidifican en el suelo en 
sitios sin cobertura vegetal, desde donde reciben radiación solar directa. Cuando los adultos 
abandonan los nidos ante cualquier circunstancia, los huevos pueden alcanzar temperaturas 
críticas para el embrión si reciben radiación solar directa. La predación de nidos es una 
importante causa de fracaso de la reproducción, así que tener nidos bien camuflados puede 
ser imprescindible para reducir el riesgo de predación mientras el nido está desatendido. Se 
ha sugerido que la pigmentación y el moteado de los cascarones de los huevos incrementan el 
camuflaje, pero los huevos más oscuros pueden presentar unas tasas de calentamiento 
mayores que los claros si reciben radiación solar directa. Por eso, esto puede conducir a un 
compromiso entre los dos factores (camuflaje y temperatura del huevo) en la coloración de 
los cascarones. El objetivo de esta tesis fue mostrar si realmente existe ese compromiso, y 
analizar si las aves que nidifican en el suelo mitigan las condiciones térmicas adversas de sus 
sitios de nidificación en ámbientes cálidos gracias a mecanismos biofísicos (por ejemplo, 
coloración del huevo y el moteado, materiales del nido con propiedades térmicas favorables), 
al igual que mediante su conducta (por ejemplo, toma de riesgos por las aves que incuban en 
relación al camuflaje de sus nidos, elección de sitios donde los huevos estén mejor 
camuflados). 

En primer lugar, mostramos que los huevos más oscuros de las aves limícolas 
(chorlitejos Charadrius spp. y cigüeñuelas Himantopus spp.) estuvieron mejor camuflados 
cuando los nidos no eran atendidos por los adultos, pero sufrieron un sobrecalentamiento más 
rápido que los huevos más claros debido a la radiación solar directa, y también que, después 
de controlar por las temperaturas ambientales, los huevos se sobrecalentaron más en los 
trópicos, probablemente por una radiación solar más intensa, que en la región mediterránea. 
Por tanto, los beneficios de incrementar la pigmentación y el moteado para un mejor 
camuflaje son contrarrestrados por el incremento del riesgo de sobrecalentamiento cuando los 
huevos están expuestos a radiación solar directa.  

Esperábamos un compromiso similar a nivel específico a lo largo de gradientes 
latitudinales, ya que en latitudes más altas la radiación solar es menos intensa que en latitudes 
bajas. Encontramos que la reflectancia de los cascarones de huevo del chorlitejo patinegro 
(Charadrius alexandrinus) está determinada en primer lugar por las variaciones latitudinales 
en radiación solar, con huevos de menor reflectancia (más oscuros) encontrados en latitudes 
más altas. Sin embargo, en las localidades más al sur (cerca del ecuador), donde la radiación 
es muy intensa, las cáscaras son oscuras a pesar de las altas temperaturas ambientales, 
probablemente para proteger al embrión de la radiación UV. Por tanto, diferentes efectos de 
la radiación solar en funciones de la coloración de los cascarones pueden determinar 
variaciones latitudinales de la apariencia de los huevos del chorlitejo patinegro.  

Después, analizamos si la coloración de los cascarones y el moteado de los huevos en 
el chorlitejo patinegro está relacionado con la cantidad de pigmentos en los cascarones. Como 
esperábamos, encontramos que la protoporfirina era más abundante que la biliverdina. Sin 
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embargo, la coloración del cascarón no estaba relacionada con las concentraciones de 
pigmentos, lo que podría deberse a una localización diferente de pigmentos entre el fondo y 
las motas, o entre las capas del cascarón. Interesantemente, hubo una relación positiva entre 
la dimensión fractal del moteado del cascarón y la cantidad de protoporfirina. Probablemente, 
la dimensión fractal del moteado podría estar relacionada con la función mecánica de la 
protoporfirina (que fortalece el cascarón, lo que podría interferir con potenciales fracturas si 
estas presentan estructura fractal), y/o podría tener un papel funcional si afectase al camuflaje 
de los huevos. Si esto se generalizase entre especies, la dimensión fractal del moteado podría 
ser usada como un sustituto de la cantidad de protoporfirina en huevos moteados de aves.  

Aparte de la coloración del cascarón de los huevos, el uso de materiales en el nido 
podría ser otro mecanismo biofísico con el que contrarrestar el efecto negativo de las 
temperaturas ambientales altas en el sobrecalentamiento de los huevos. Los chorlitejos 
patinegros añadieron en sus nidos materiales más claros (piedrecitas) que aquellos 
disponibles en los alrededores de los nidos. Ya que los materiales claros se recalientan más 
lentamente al quedar expuestos a la radiación solar directa, el microclima de los nidos fue 
probablemente más favorable para los embriones. Sin embargo, los materiales más claros 
empeoraron el camuflaje de los nidos. En un experimento de laboratorio encontramos que las 
tasas de calentamiento de los huevos sobre materiales más claros fue menor que sobre 
materiales más oscuros. Aún así, en un experimento de campo los chorlitejos quitaron de sus 
nidos la mayor parte de los materiales experimentales, independientemente de sus 
propiedades térmicas, lo que hizo que el camuflaje de los huevos retornase a los valores 
originales antes de realizar los tratamientos experimentales. Aunque el ambiente térmico 
puede afectar la elección de materiales en los nidos de chorlitejo, en nuestra zona de estudio 
es probable que el ambiente térmico no fuera lo suficientemente estresante como para 
determinar la aceptación de materiales experimentales más claros. 

Además de esos mecanismos biofísicos, las aves que nidifican en el suelo pueden 
usar estrategias comportamentales en relación al camuflaje de los huevos a fin de mitigar el 
riesgo de sobrecalentamiento cuando los huevos quedan desatendidos. Aplicando modelos 
visuales de predadores en imágenes de nidos, hemos analizado si la elección del microhábitat 
y de los materiales del nido por aves que nidifican en el suelo (avoceta, Recurvirostra 
avosetta; chorlitejo patinegro, y charrancito común Sternula albifrons) están determinadas 
por las características individuales de los huevos, con lo que se optimizaría su camuflaje. Los 
chorlitejos y avocetas seleccionaron los microhábitats y materiales de los nidos que 
permitieron un mejor camuflaje individual de los huevos. Por contra, los huevos más claros y 
menos moteados de los charrancitos no quedaron tan bien camuflados con los microhabitats y 
materiales del nido, a pesar de elegir sustratos más claros. La coloración de los huevos del 
charrancito puede responder a la mayor importancia del ambiente térmico en relación al 
camuflaje sobre la viabilidad de los embriones, porque los charrancitos nidifican más tarde 
que las otras dos especies, cuando hay un mayor riesgo de sobrecalentamiento de los huevos. 
Por tanto, simulando sistemas visuales de predadores hemos mostrado que las aves silvestres 
seleccionan los sustratos de nidificación a un nivel individual en relación a la apariencia del 
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cascarón de los huevos. La aparente necesidad de responder a otros agentes selectivos que 
pueden comprometer la supervivencia de los embriones, como el riesgo de 
sobrecalentamiento, puede explicar por qué el camuflaje de los huevos de charrancito fue 
peor que el de las otras dos especies. 

El dejar los huevos sin atender durante la perturbación de un predador puede exponer 
a los embriones a factores potencialmente dañinos, a los cuales los padres deben responder 
cuando toman decisiones sobre cuando dejar o volver a sus nidos. En un estudio 
experimental, mostramos que los cambios diurnos del comportamiento de huida de los 
charrancitos que están incubando durante la aproximación de un predador fueron afectados 
por el camuflaje de los huevos, permitiendo las aves mayores acercamientos a sus nidos a 
mediodía, cuando los huevos parecían mejor camuflados, que en la mañana. Los tiempos de 
retorno al nido estuvieron afectados por la temperatura ambiental, de forma que se acortaron 
a mayores temperaturas (esto es, a mediodía), disminuyendo así el riesgo de 
sobrecalentamiento de los huevos. De manera general, los resultados muestran que las 
decisiones de las aves sobre cuándo abandonar o retornar a sus nidos dependieron de 
recompensas cambiantes, como consecuencia de las variaciones diurnas tanto en los riesgos 
de sobrecalentamiento del embrión como en el camuflaje de los huevos. 

En conclusión, nuestros estudios observacionales y experimentales nos permitieron 
comprender los compromisos entre factores que afectan a la supervivencia de los embriones 
en la evolución de la coloración y moteado de los cascarones de huevos de aves que nidifican 
en el suelo. Esto puede ser útil para predecir las respuestas de estas aves ante un escenario de 
calentamiento global. 
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General introduction 

Coloration and patterning have fascinated biologists from long ago (Cott 1940), and 
that attraction has been extended towards many organisms that display a great diversity of 
designs. That amazing variety has been driven by different evolutionary agents (Protas and 
Patel 2008) and as a result a colourful world has appeared: aposematic frogs and butterflies, 
camouflaged crabs and lizards, beautiful males of birds that display amazing performances, 
etc. Two of the most important selective agents that affect animal coloration are predation 
and solar radiation, as both greatly affect individual performance (Forsman and Appelqvist 
1999; Kilner 2006). The first one is a well-known cause of population decline (Wilcove 
1985) and it could be manifested in multiple ways (Caro 2005). On the other hand, either 
high or low temperatures may be adverse for the majority of species that inhabit the Earth 
because they usually need a specific range where living is possible (DuRant et al. 2013). 
Besides, organisms cannot stand high intensities of solar radiation or some specific 
wavelengths, as for example UV, because they may cause damage to their DNA (Sinha and 
Häder 2002).  

Certainly, the effects of both predation and solar radiation on animal coloration have 
been deeply studied in several animal groups, but the approach frequently undertaken to 
study them has been to consider them separately rather than to consider that they may trade-
off against each other. For example, dark coloration (i.e., melanism) could provide an 
advantage for thermoregulation under cold conditions but could be disadvantageous in hotter 
environments and/or lower altitudes (Clusella-Trullas et al. 2009; Reguera et al. 2014). In 
fact, the amount of melanin deposited in the body may depend on the levels of predation and 
solar radiation intensity and change according to geographical and/or environmental 
conditions, as different studies of thermal melanism have shown (Clusella-Trullas et al. 
2007). However, there is a lack of studies testing how these two evolutionary factors affect 
bird eggs (coloured by other pigments than melanin, Figure 1). Montevecchi (1976) 
proposed that there could be a trade-off in the pigmentation of birds´ eggs, with predation 
favouring darker eggs and overheating opposing darker pigmentation. Nevertheless, the 
results of Westmoreland et al. (2007) did not support the thermal hypothesis in songbirds, yet 
they noted that ground nesting birds may face such a trade-off. In this context, Bertram and 
Burger (1981) and Magige et al. (2009) wondered why the eggs of the ostrich (Struthio 
camelus) are white given that this coloration makes the eggs more conspicuous in the nesting 
sites of the species. Their conclusion was that darker eggs would overheat faster in hot 
environments where ostriches usually breed. However, the different approaches previously 
used to evaluate the existence of a trade-off between camouflage and overheating in eggshell 
coloration were not appropriate. For example, some researchers used artificially coloured 
model eggs instead of analysing natural patterning, which could not reproduce well the 
properties of the original pigments (Underwood and Sealy 2002). On the other hand, different 
studies have not modelled visual systems, neither did they calibrate their images on which 
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their analyses were based, or they used spectrophotometry when this device may not be the 
best option to study egg pattering and camouflage.  

In this thesis, I have tried to overcome some of the issues previously mentioned to 
increase the robustness in the analytical measurements. Through all the Chapters, the main 
objective is to test the existence of a trade-off between the risk of egg overheating and 
camouflage, and how this may affect some of the nesting strategies of ground-nesting birds. 

 

Ecological implications of nesting on the ground  

From species that breed on the top of trees or cliffs to those that lay under the ground, 
birds use a wide variety of nest designs (Hansell, 2000). A great number of species are 
adapted to breed on the ground despite the nests located at ground level are usually more 
susceptible to predation than those located on bushes or trees (Wilcove, 1995). To overcome 
this, many ground nesting birds conceal their eggs (Amat et al. 2012, Troscianko et al 2016a) 
and/or have well camouflaged eggs (Kilner 2006).  

It may seem surprising that many ground-nesting birds lay their eggs in sites without 
cover, where the eggs could not only be more easily detected by predators, but also remain 
exposed to direct solar radiation (Figure 2, Grant 1982; Amat and Masero; 2004; Kilner 
2016). Indeed, in hot environments and when adults leave the nest, the eggs could rapidly 

Figure 1. The coloration and patterning of the eggshells in avian species is produced by 
two pigments: protoporphyrin (which gives brown-red tones) and biliverdin (which 
produces blue-green tones), such as in Kentish plover eggs.  
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reach high temperatures that may be lethal for embryos (Grant 1982, Webb 1987, Amat and 
Masero 2004, Amat and Masero 2007). This seemingly maladaptive behaviour is explained 
because incubating ground-nesting birds detect more easily approaching predators from 
exposed than from covered sites, thus reducing the risk of being themselves depredated 
(Grant 1982, Maclean 1984, Koivula and Rönkä 1998, Amat and Masero 2004). But it is 
obvious that for population maintenance not only the survival of adults is necessary, but also 
that of their offspring.  

To reduce predation, ground-nesting birds in exposed sites typically rely on 
camouflaged eggs more than on defending their nests (Wilson-Aggarwal et al. 2016, Amat et 
al. 2017). In fact, a few studies have shown that nesting success depends on the level of egg 
camouflage (Lloyd et al. 2000; Lee et al. 2012; Skrade and Dinsmore 2013;Troscianko et al 
2016b; but see Stoddard et al. 2016). In addition, individual laying females could know 
“where to hide their eggs” and optimise the crypsis of their eggs by selecting the most 
appropriate nesting substrates, as demonstrated by Lovell et al. (2013) using captive Japanese 
quail females, Coturnix japonica, which were bred and maintained under lab conditions. In 
that experiment the researchers found that when the pigmentation of eggshells was more 
uniform, quail females laid their eggs in uniform substrates, optimizing background 
camouflage, but if the eggshells were highly spotted, the females chose more disruptive 
substrates. Although this experimental study is straightforward, more studies are needed, 
especially under natural conditions, given that in the wild different factors usually interact at 
the same time, so that the responses to some of those factors may not be the best ones to the 
others (Stevens 2013).  

Figure 2. Kentish plover nests are usually not covered by vegetation, and thus remain 
exposed to visual predators and may receive direct solar radiation, which could 
compromise embryos survival in both cases. 
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Types of camouflage and selection of laying substrates 

Camouflage has intrigued biologists for almost 200 years. Even Charles Darwin 
(1859) in “On the Origin of Species” commented on the importance of this strategy for many 
organisms, either for not being discovered by predators or to go unnoticed by potential prey. 
Different types of camouflage are found in nature: background matching, self-shadow 
concealment, obliterate shading, disruptive coloration, distractive markings, etc (Endler 1991; 
Stevens and Merilaita 2011). In the case of the birds’ eggs, background matching and 
disruptive coloration seem to be the main mechanisms that facilitate camouflage, although 
the second one has been rarely analysed (but see Lovell et al. 2013; Stoddard et al. 2016; 
Troscianko et al. 2017).  

 Background camouflage is a widespread, and probably the main, mechanism used in 
nature to avoid detection (Stevens and Merilaita 2011). Basically, an object resembles the 
lightness, colour and pattern of the surroundings (Endler 1978; Stevens and Merilaita 2011). 
However, contrary to what happens in plants, the majority of animals are mobile and this 
ability confer them the possibility to adapt to different environments. But that advantage may 
also produce a compromise in their coloration and patterning if they need to mimic different 
habitat in which they could breed. In other words, camouflage involves an interaction 
between the environment and the phenotype (Endler 1978; Manríquez 2009; Stevens 2016), 
and in the case of highly mobile animals the greater variety of habitats in which they inhabit 
may compromise their phenotype. In fact, even at small spatial scales habitats could be not 
uniform, in which case a strategy may be to perform rapid changes in body colour and 
modify the appearance according to the background (Ryer et al 2008; Barbosa et al. 2012). 
Another possibility to match the habitats without changing so fast the colouration is local 
adaptation (Stuart-Fox et al. 2004, Blanco and Bertellotti, 2002). This last possibility may be 
limited for species that breed in unpredictable habitats and that may move hundreds of 
kilometres between, as well as within, breeding seasons when searching for nesting sites. A 
solution to such problem would be to cover the body surfaces with particles from the micro-
habitat (Hölldobler and Wilson 1986, Stachowicz and Hay 2000, Lee et al. 2014, Mayani-
Parás et al 2015) and/or to manipulate the background to improve camouflage (Amat et al. 
2012, Troscianko et al. 2016a).  

 Likely because to be cryptic through background matching is not an easy task, many 
species may have relied on disruptive camouflage to reduce the risk of detection, but this 
mechanism works in a different way. Disruptive camouflage could be described as the 
creation of false edges by markings (as for example spots) that hinder the detection of an 
object by disrupting its shape (Stevens and Merilaita 2009b libro). In other words, the 
predator does not recognize the object (e.g., an egg) because the markings break its shape. 
This mechanism probably involves complex neurological processes that at present are not 
completely understood.   
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Anyway, in the direction of what Lovell et al. (2013) found, it seems plausible that 
the main strategy of birds could be the choice of those laying substrates in which egg 
camouflage is optimized, rather than depending on background matching through phenotypic 
changes in egg appearance. Only a few studies (Mayer et al. 2009, Troscianko et al. 2016b) 
have tested whether laying females select the best microhabitats and nest materials (but see 
Chapter 3). Besides, it is not well known whether adults add nest materials of different 
colour and patterning than the ones of the microhabitats to increase matching with the eggs, 
which could be very useful for those species that breed in unpredictable habitats and have to 
shift among sites in different breeding attempts. However, there may be a compromise in the 
selection of laying substrates and nest materials depending on how these increase/reduce 
predation and/or risk of overheating (see Chapter 4). In other words, good materials for 
camouflage could induce more rapid overheating of eggs, or vice versa. In line with this, 
Carroll et al. (2015) found that northern bobwhite (Colinus virginanus) selected those 
microhabitats (in a diverse thermal landscape) in which the eggs would heat less, although 
they did not assessed how the selection of microhabitats affected egg camouflage. On the 
other hand, Mayer et al. (2009) were, to our knowledge, the only researchers that found that a 
ground nesting bird, the piping plover (Charadrius melodus), selected whiter pebbles that had 
higher near-infrared reflectance and were more similar in colour to the eggs. However, 
despite the pebbles matched well the eggs, the light nests contrasted more with the 
surroundings and thus have greater risk of predation. So, these authors concluded that there is 
a trade-off between camouflage and risk of overheating in the selection of nest materials. 

 

Figure 3. Kentish plover nest in which it may be appreciated how well the eggs match the 
microhabitat in terms of coloration and patterning. 
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Finally, ground-nesting birds could also use behavioural strategies to reduce the risks of egg 
overheating depending on how camouflaged are their eggs (Wilson-Aggarwal et al. 2016; see 
Chapter 3).  

 

Pigments, eggshell coloration and patterning 

As previously commented, for being well camouflaged the eggs have to properly 
match the habitat. In the case that eggshell coloration and patterning would be highly variable 
and colouration would be plastic, would be important to understand how eggshell coloration 
is produced (i.e. how pigments produce the egg coloration) and how this could interact with 
egg camouflage and it may increase/reduce the risk of overheating. 

Wallace (1889) suggested that avian eggs were originally white, but with the 
diversification of the group and the adaptation to different habitats a great variety of eggshell 
designs appeared. That diversity was the result of different pressures: predation, thermal 
stress, risk of nest parasitism, risk of breakage or of eggs’ infestations by pathogens 
(Underwood and Sealey 2002, Kilner 2006, Cherry and Gosler 2010, Maurer et al. 2011). 
These evolutionary drivers differ between taxa, and the functions of eggshell coloration are 
not mutually exclusive (Brulez et al. 2016).  

 

 

Figure 4. Spots are the dark irregular markings all over the eggshell, whereas the 
background colour is the base colour of lighter tones.   
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Despite of the diversity of eggshell designs, only juts two pigments are responsible for the 
eggshell appearance: protoporphyrin and biliverdin (Kennedy and Vevers 1976, Gorchein et 
al. 2009). The first molecule produces the red-brown tones in the background of the eggs and 
is the main constituent of the spottiness (Figure 4) of ground-nesting bird eggs (Kennedy and 
Vevers 1976; Mikšík et al. 1996). On the other hand, biliverdin is responsible for the blue-
green colour of the eggs, being usually found in lower proportions in eggs of those species.  

The role of these two pigments highly depends on the group of birds. For example, 
eggshell coloration may act as a signal in songbirds (Moreno and Osorno 2003, sexually 
selected eggshell colour hypothesis). However, despite of being similar molecules the two 
pigments have been described to signal opposite female conditions when they are deposited 
in the eggshell. Biliverdin seems to be an antioxidant (Ryter et al. 2000), and higher 
quantities may signal good physiological condition of the laying female (Siefferman et al., 
2006; Moreno et al., 2006). Protoporphyrin, due to its pro-oxidant nature (Afonso et al 1999), 
has been shown to signal the opposite (Martínez-de la Puente et al 2007). But there is still 
controversy in this respect, as opposite results have been found (see Reynolds 2009, Riehl 
2011).  

Another function attributed to protoporphyrin is the protection of the eggshell against 
fractures, mainly when calcium is a scarce resource in the environment (Gosler et al., 2011). 
On the other hand, it has been shown that the spots, made basically of protoporphyrin, play 
an important role in the arm race between hosts and brood parasites, so the last ones try to 
simulate the patterning of their hosts reducing the possibility of egg rejection (Stoddard et al., 
2014). Though there are more relevant functions played by protoporphyrin and biliverdin, 
here (see Chapter 6 and 7) I will try to understand how coloration and pigments could be 
related with egg camouflage and also how those affect egg overheating through absorbing 
more or less solar radiation. 

 

How to quantify coloration, patterning and camouflage 

Until recently, spectrometers were the preferred devices to measure eggshell 
coloration. However, they have limitations to quantify important characteristics of the 
eggshell: they only measure single points, it is complicated to work with them in the field, 
their measurements are not highly repeatable, etc. But they have also some advantages, as the 
precision of the measurements is high (every five nanometers, or even less), and they can 
record the UV range of the light spectrum, which is important if visual model systems are to 
be modelled. In fact, spectrometers have been broadly used in avian ecology (Avilés 2008; 
Cassey et al. 2010; Hanley et al. 2015).  

However, digital image processing is recently gaining popularity among 
ecologists/biologists because, despite of its limitations, has also advantages when studying 
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coloration and patterning. Commercial cameras are useful because they are relatively cheap, 
patterning can be easily measured on the images, and their use in the field is quite simple, 
although some precautions should be followed when taking the pictures (Stevens 2007; 
Gómez and Liñán-Cembrano 2017). Besides, there are also some cameras where filters may 
be removed to take photos in the UV wavelength range. The modelling of visual systems 
using images obtained with cameras is simple and accurate (Troscianko and Stevens 2015). 
The images used in Chapters 1, 2, 4, 5 and 6 of this thesis were taken using commercial 
cameras, and we used a visible + ultraviolet camera in Chapters 3 and 7. 

 

Structure of the thesis 

 The main objective of this thesis is to test whether there is a trade-off between risk of 
overheating and camouflage in eggshell coloration of ground-nesting birds. This thesis is 
divided in two sections. In the first section we studied, under field conditions, how natural 
eggshell coloration affects egg camouflage and overheating. Meanwhile, in the second 
section we focused in the study of the eggshell by itself, analysing the relationship between 
its coloration, patterning and amount of pigments. Besides, we studied how eggshell designs 
vary through geographical gradients in relation to environmental factors. 

 First of all, in Chapter 1 we used Japanese quail (Coturnix japonica) eggs to study 
how natural eggs overheat when receiving direct solar radiation. Additionally, we analysed 
the camouflage of the eggshell coloration and patterning of four species of ground-nesting 
birds. Our main aim was to test whether there was a trade-off between risk of overheating and 
camouflage in the coloration of the eggs of those four species.  

When we had tested for that trade-off, we wanted to know if adults can modify their 
behaviour depending on how well camouflaged are the eggs and also on the environmental 
conditions. So, in Chapter 2 we recorded flushing distances of incubating little terns 
(Sternula albifrons) when human predators approached their nests. We also recorded how 
birds returned to the nests once the risk of predation was over. We expected that their 
flushing distances would be influenced by the level of camouflage of their eggs, meanwhile 
their return would be conditioned by the environmental temperatures. 

 In Chapter 3 we studied egg camouflage of three ground-nesting birds (pied avocet 
Recurvirostra avosetta, Kentish plover Charadrius alexandrinus, and little tern) breeding in 
the same small area. We tried to analyse whether the adults of these species were selecting 
nesting substrates (microhabitats and nest materials) according to eggshell coloration and 
patterning of individual clutches. In the final chapter of the first section (Chapter 4) we 
analysed if there is a trade-off between risk of egg overheating and camouflage in the 
selection of nest materials. We hypothesised that the selection of nest materials would depend 
on their thermal properties but also on how well they match the coloration and patterning of 
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eggs. For testing this hypothesis we carried out a field experiment in nests of a small ground 
nesting bird, the Kentish plover, complemented with another experiment in the lab.   

Chapter 5 is just the result of a necessity: we wanted to analyse coloration and 
patterning through digital image processing techniques. Until now, previous methods showed 
low standardization or low repeatability (Brulez et al. 2014a, Gómez and Liñán-Cembrano 
2017), so we developed a tool (software) to carry out this analytical task. Once it was created 
(we called it SpotEgg), we were able to measure, in a more standardised way, the reflectances 
and characterise the spottiness in the eggshells of the nest two chapters. In Chapter 6 we 
tried to understand the relationship between the two main pigments of the eggshells 
(protoporphyrin and biliverdin) and the eggshell coloration measured through digital image 
techniques. Actually, doing that is critically important because there is some controversy 
regarding the relationship between coloration and pigment concentrations in avian eggshells 
(Cassey et al 2012, Brulez et al 2014b), which is fundamental to properly address some of the 
proposed hypotheses of eggshell coloration. Finally, in Chapter 7, we analysed whether the 
eggshell coloration and patterning of Kentish plover eggs varied across geographical and 
environmental gradients. We expected that darker and more spotted eggs would be found in 
northern regions, where ambient temperatures are not so stressful, while paler eggs should be 
found in southern, hence hotter areas.  
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Abstract 

In ground-nesting birds egg colour and appearance may have evolved due to opposite 
selection pressures. Pigmentation and spottiness make the eggs darker and have been 
suggested to improve camouflage. However darker and more spotted eggs may reach higher 
temperatures when not attended by adults and receiving direct sunlight, which may be lethal 
for embryos. Some authors suggested that this trade-off may not exist because eggshell 
pigments mainly reflect in the infrared region of the solar spectrum, but have not considered 
that wavelengths in the visible part of the spectrum may also contribute to overheating. To 
test the occurrence of a trade-off between camouflage and overheating of eggs, we took 
digital images to analyse colour and camouflage in 93 nests of four shorebird species (two 
stilts and two plovers) in two regions (tropical and mediterranean sites). We predicted that 
these species (closely related) may have evolved different eggshell designs depending on 
solar radiation, which is supposed to be stronger in the Tropics. To record egg temperatures, 
we placed Japanese quail eggs in natural nests of shorebirds, and registered temperatures 
using a datalogger. We found that darker and more spotted eggs reached higher temperatures 
than lighter ones, and that after controlling for environmental temperatures, eggs overheated 
more in the Tropics, likely because of a more intense solar radiation. We also found that 
tropical shorebirds’ eggshells have darker spots and lighter backgrounds. Overall, darker eggs 
were better camouflaged. Taken together, our results show that the benefits of increasing 
pigmentation of eggshell backgrounds and spottiness for a better camouflage are counteracted 
by the increased risks of overheating when eggs remain exposed to direct solar radiation. 

 

Key words 

Background camouflage, crypsis, egg temperatures, eggshell pigmentation, nests  
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Introduction 

Solar radiation is a very important factor in animal ecology, determining not only the 
colour with which animals are perceived, but also, depending on its intensity, the amount of 
radiation absorbed by an individual (Clusella-Trullas et al. 2009, Arenas et al. 2014). 
Colouration is important to explain evolution by natural (e.g. concealment from predators) 
and sexual (e.g., communication) selection. As colouration is related to the amount of energy 
absorbed or reflected at different wavelengths, body temperatures may be affected by body 
colour. The evolution of colouration as an adaptation to cope with temperature is likely when 
differences in body temperature lead to fitness advantages (Umbers et al. 2013). 

Many bird species nest on the ground in sites without cover in which the eggs remain 
exposed to direct solar radiation when the nests are unattended. At high ambient temperatures 
(> 30 °C) the eggs may reach critical temperatures for embryogenesis if they are unattended 
for a few minutes (Grant 1982, Webb 1987, Amat and Masero 2004a, Amat and Masero 
2007), or the adults may face hyperthermia while incubating (Grant 1982, Amat and Masero 
2004a, Amat and Masero 2009), which may result in lowered fitness because nests may be 
deserted (Salzman 1982, Amat and Masero 2004a). Why birds do not nest in the shade to 
avoid the risk of adverse high temperatures may seem puzzling, given that covered sites may 
be readily available. However, incubating adults detect more easily approaching predators 
from exposed than from covered sites, thus incurring a lower risk of being themselves 
depredated (Grant 1982, Maclean 1984, Koivula and Rönkä 1998, Amat and Masero 2004b). 

Nesting in exposed sites poses another problem to ground nesting birds beyond the 
costs of hyperthermia that incubating adults have to face. Namely, eggs may be more easily 
detected by predators when the nests remain unattended. To overcome this, the eggs of 
ground nesting birds are usually cryptically coloured (Underwood and Sealey 2002, Kilner 
2006). A way in which crypsis may be achieved is by laying spotted eggs with pigmented 
backgrounds (Kilner 2006, Cherry and Gosler 2010). Variations in pigmentation according to 
substrate colour have been documented in several animals (Blanco and Bertellotti 2002, 
Sánchez et al. 2004, Hargeby 2005, Morgans and Ord 2013, Kang et al. 2014, Stevens et al. 
2014), a strategy with which predation risk is reduced (Lloyd et al. 2000, Lee et al. 2012, 
Skrade and Dinsmore 2013).  

Not only does solar radiation possibly act as a stressor for birds incubating in exposed 
sites, but it may also have driven the evolution of colour and degree of spottiness of their 
eggs (Lathi 2008, Maurer et al. 2011). This is likely because, according to the colour-
mediated heating hypothesis, more pigmented animals (i.e. with lower brightness) heat 
quicker than less pigmented ones when receiving direct solar radiation (Heath 1975, 
Montevecchi 1976, Clusella-Trullas et al. 2009, Geen and Johston 2014). Therefore, as 
Montevecchi (1976) proposed, due to conflicting selective pressures, ground nesting birds 
may have to trade-off the pigmentation of their eggs, with predation favouring pigmentation 
and overheating opposing pigmentation. 
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Two are the main pigments that produce the great variety of eggs designs: 
protoporphyrin and biliverdin (Kennedy and Vevers 1976). The first molecule produces the 
red-brown tones in the background of the eggs and is the main constituent of the spottiness of 
ground-nesting bird eggs (Kennedy and Vevers 1976; Mikšík et al. 1996). On the other hand, 
biliverdin is responsible of blue-green colour of the eggs and is found in a lower proportion in 
eggs of those species. The experiments conducted so far to demonstrate the effect of egg 
colour on egg temperature have not used naturally coloured eggshells. Instead, eggshells were 
artificially painted (Montevecchi 1976, Magige et al. 2008), which may not reflect adequately 
the thermal properties of eggs (Underwood and Sealy 2002, Kilner 2006). Bakken et al. 
(1978) hypothesized that the protoporphyrin pigment found in eggs of many avian species, 
contrary to other pigments like melanins, reflect high rates of infrared wavelengths, thus 
reducing the risk of overheating. The results of this study may have led other authors to 
incorrect conclusions, because other parts of the spectrum (as the visible) could also be 
important for overheating. Moreover there is a study by Westmoreland et al. (2007) that have 
diminished the importance of the colour-mediated heating hypothesis. They tested 
experimentally the effects of colouration on overheating using natural eggs of three species of 
blackbirds (tree-nesting birds that use cup-nests) and they did not find an effect of 
pigmentation on egg temperatures. Yet, in such experiment the eggs were exposed to direct 
solar radiation during one hour, a period that normally may exceed the periods that adults 
naturally spend outside their nests and during which egg temperatures could reach 
equilibrium, independently of their pigmentation (see Discussion). Here, to analyse whether 
there is a trade-off in pigmentation in ground nesting birds, we used an approach suggested 
by Kilner (2006). Namely, we (1) compared the proportion of eggshell spottiness and egg 
background colour in two pairs (each pair from the same genus) of shorebird species 
(Charadrii) nesting in environments differing in solar radiation, and then (2) analysed if egg 
colour affected temperatures and camouflage. For testing how eggshell colouration affects 
overheating and model eggshell temperatures we used Japanese quail eggs. We predicted that 
darker eggs (i.e. lower brightness) should be better camouflaged, but should also reach higher 
temperatures when exposed to direct sunlight. In addition, for a same colouration, 
overheating should be higher in the site with more intense solar radiation. 

 

Materials and methods 

 

Study sites, species and field protocols 

Our study was conducted in Costa Rica and Spain in 2010 and 2011 (Sites, see 
supplementary material). In Costa Rica we studied Wilson’s plover Charadrius wilsonia and 
black-necked stilt Himantopus mexicanus, and in southern Spain Kentish plover Charadrius 
alexandrinus and black-winged stilt Himantopus himantopus. All are ground nesting species, 
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which make scrapes into which they add materials (e.g., pebbles, mollusc shells, plant 
fragments). Modal clutch sizes are 3 for the plovers and 4 for the stilts (Colwell 2010).  

We usually found the nests by watching the adults when they returned to their nests 
after having been flushed. Once we arrived at the nests we took a photo (with a resolution of 
3888 × 2592 pixels), on which we measured later eggshell colour and spottiness. We used a 
Canon EOS 450D camera, equipped with Canon EFS 18-55 mm macrozoom lens. We took 
photographs approximately 50 cm above the nests with the white balance set manually. 
Images were taken under sunny conditions, between 9:00−11:00 h, and were standardized 
using a white balance (Lastolite Ezybalance, 30 cm). 

We used Japanese quail Coturnix japonica eggs (n = 11) to record temperatures 
between 12:00 – 15:00 h in empty nests of the four shorebird species. Quail eggs are 
protoporphyrin-based, spotted and of similar size to shorebird eggs, but intraspecific variation 
in pigmentation and spottiness is larger than in shorebird eggs.  

 

Eggshell colour and spottiness 

We quantified the colour of eggshells (EG), nests (N) and nest surroundings (S), as 
well as the degree of eggshell spottiness. For this, we used Adobe Photoshop CS4 (Adobe, 
San Jose, CA, USA). In the eggshells we recorded the colour of both spots and backgrounds, 
for which we used the eyedropper tool in Photoshop, which was set at 51 × 51 pixels with a 
resolution of 72 pixels/inch. Values were recorded in both RGB (red, green, blue) and 
L*a*b* (L = lightness, a = red/green, b = yellow/blue, CIE) colour spaces (Hunt and Pointer 
2011). RGB values vary from 0 (darkest) to 255 (lightest), thus higher values mean lighter 
(i.e. brighter) colours. We took readings at spaced points on the images, noting whether the 
readings were on EG (spots or background), N and S. Five values were recorded for every 
category, which were averaged. The proportion of surface covered by spots (proportion of 
spottiness) in eggshells (see Figure S1, supplementary material) was quantified also in Adobe 
Photoshop CS4 using the histogram palette. For this, we selected an area of 250 x 250 pixels 
in one of the eggs of each nest chosen randomly. Then, we selected the area covered by the 
spots using a mask threshold by luminosity and recorded the number of pixels covered by 
spots. By inverting the selection, we recorded the same parameters in the eggshell area not 
covered by spots, which is called the background.  Egg spottiness was estimated as the area 
(pixels) covered by spots relative to total sampled eggshell area (62500 pixels), and expressed 
as a proportion.  
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Camouflage 

The degree of camouflage was estimated by quantifying colour differences between 
two substrates, for which we used the equation: 

ΔE = (ΔL*2 + Δa*2 + Δb*2)1/2    (Nguyen et al 2007, Hunt and Pointer 2011). 

The larger ΔE, the lower the similarity in colouration between the substrates. We 
chose the L*a*b* colour space of the Commission International de l’Eclairage to quantify 
differences because it closely approximates and linearly correlates with human vision 
(Stevens et al. 2007, Lovell et al. 2013). We made three types of comparisons: between EG 
and N (ΔEEG-N), EG and S (ΔEEG-S), and N and S (ΔEN-S).  

 

Temperatures 

 Quail eggs (n = 11) were emptied and filled with plaster of Paris, which has a 
thermal conductivity very similar to that of natural eggs (Ward 1990). We inserted 30-36 
gauge nickel-chromium/nickel-aluminum thermocouple probes (Omega Engeneering, Inc., 
Stamford, CT, USA) into the model eggs. 

 The quail eggs were placed in 138 empty shorebird nests (46 in tropical sites 
and 92 in mediterranean sites). We placed two model quail eggs in each nest, one little 
spotted (light egg) and another heavily spotted (dark egg), which were not in contact between 
them. Ambient temperature was measured at exposed sites about 1 m from nests, and 5 cm 
above ground level, using the same type of thermocouple probes as for eggs. All probes were 
connected to an Omega HH147U datalogger, programmed to record temperatures every 
second during 5−min periods. We registered temperatures during such periods because they 
are similar to those spent by incubating shorebirds outside their nests during the hottest parts 
of the day (Grant 1982, Hoffmann 2005), and also because, under hot conditions (> 30 ºC), 
eggs in unattended nests may reach lethal temperatures for embryos in just two minutes (own 
unpubl. data).We chose maximum temperatures because of the importance of these on the 
survival of the embryo. 

 The colour and proportion of spottiness of quail eggs were measured on 
digital photographs as explained above. We expected that differences in egg temperature 
between light and dark quail eggs were only affected by eggshell colour and spottiness, and 
not by any other feature of eggs. To account for any differences between eggs not related to 
their pigmentation, we recorded temperatures of both types of eggs in the shade, in which 
case we did not expect differences between light and dark eggs. In addition, we compared 
egg volumes of dark and light quail eggs to eliminate the possibility that differences in 
temperature between both groups of eggs were due to differences in size. All quail eggs were 
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measured using digital callipers (length [l] and breath [b] to the nearest 0.1mm), and their 
volumes (V) estimated as 

V = KV× lb2 

where KV is the volume coefficient, which for avian eggs is 0.507 (Hoyt 1979). 

The datalogger has four input channels, and we recorded the temperature of every 
individual egg in each one of the channels, which served to check that temperatures were not 
affected by the channel to which the thermocouples were connected. 

 

Statistical analyses 

When comparing mean values, and the data met normality and homoscedasticity, 
Student’s t-test was used. If these criteria were not met, Mann-Whitney U-test was chosen 
instead. General linear models (GLM) were fitted to test if there were relationships between 
background camouflage and the overall eggshell colouration. In these models ΔE was the 
response variable and overall eggshell colour (RGB) the explanatory variable. Generalized 
linear mixed models (GLMM) were used to test whether maximum egg temperatures were 
affected by the input channel (random factor) of the datalogger, as well as to test differences 
in temperature between dark and light quail eggs in natural shorebird nests. In this last case, 
the response variable was maximum egg temperature and the independent variables were 
maximum environmental temperature, colour of quail eggs (dark or light) and region 
(Mediterranean and Tropics). Egg identity was considered as random factor (to control for 
repeated measures with the same eggs) and no interactions among factors were found. 
Analyses were carried out in R (R Core Team 2013) and significance level was set at 0.05. 

 

Results 

 

Egg spotting and colour: tropical vs. mediterranean species 

A comparison between congeneric species showed that eggs of the mediterranean 
Kentish plovers were slightly more spotted than eggs of tropical Wilson’s plovers, though the 
difference was not statistically significant (Table 1). On the contrary, eggs of the tropical 
black-necked stilt were significantly more spotted than eggs of the mediterranean black-
winged stilt (Table 1). 
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In the case of the plover species (see images in supplementary material, Fig. S2), 
overall colouration of eggs was darker in the Kentish plover than in the Wilson’s plover 
(Table 1), but the difference between RGB of the eggshell’s background and RGB of the 
spots was larger in Wilson’s than in Kentish plover (Figure S3 supplementary material), 
indicating that the contrast between eggshell background and spots was greater in the 
Wilson’s plover (Table 1). A similar result about differences between background and 
spottiness was found for the stilts, although in this case the overall colour of the egg was 
similar (Table 1).  

 

Background matching camouflage 

 

Plovers 

Kentish plover eggs appeared better camouflaged than Wilson’s plover eggs with 
respect to N (ΔEEG-N, Table 1) but not to S (ΔEEG-S). However, Kentish plover nests were 
more conspicuous when compared with the surroundings than those of Wilson’s plover (ΔEN-

S, Table 1). GLMs show that, in Wilson’s plover, darker eggshells are better camouflaged 
with respect to both N (Fig. 1; r2 = 0.50, p = 0.0015) and S (r2 = 0.65, p < 0.001). However, 
such relationships were not found for the Kentish plover (all p > 0.1). No significant 
relationships were found between ΔEN-S and RGB eggshell colour for either plover species 
(all p > 0.6).  

 

Stilts 

No significant differences were found between stilts in ΔEEG-N, ΔEEG-S and ΔEN-S 
values (Table 1). In the tropical black-necked stilt, there were linear relationships between 
ΔEEG-N and ΔEEG-S and the RGB values of the eggs (Fig 2, r2 = 0.74, p < 0.001 and r2 = 0.78, p 
< 0.001, respectively), so that darker eggshells were better camouflaged. However, in the 
black-winged stilt only in the case of ΔEEG-N (r = 0.4585, p = 0.036). For both species there 
was no relationship (all p > 0.15) between ΔEN-S and RGB of the eggshells.  

 

  



Chapter 1 

46 

  
Kentish plover   

(n = 41) 

 
Wilson´s plover  

(n = 17) 

   

 Mean ± Std. Dev. Mean ± Std. Dev. t df p 
      
 
RGB eggs 120.33 ± 20.28 139.25 ± 22.28 -3.14 56 0.003 
Prop. of spottiness 0.30 ± 0.08 0.27 ± 0.09  1.54 56 0.128 
∆RGBBACK-SPOT 47.30 ± 30.47 75.62 ± 26.99 -3.26 56 0.001 
∆EEG-N 12.84  ± 7.60 18.16 ± 10.25 -2.19 56 0.033 
∆EEG-S 15.44 ± 7.50 20.03 ± 11.67 -1.79 56 0.079 
∆EN-S 11.69 ± 7.57 7.47 ± 6.36   2.02 56 0.048 
      
 

  
Black-winged  
stilt (n = 14) 

 
Black-necked  
stilt (n = 21) 

   

 Mean ± Std. Dev. Mean ± Std. Dev. 
 

t df p 

 
RGB eggs 

 
112.71 ± 19.77 

 
112.05 ± 29.70 

 
0.08 

 
33 

 
0.937 

Prop. of spottiness 0.30 ± 0.11 0.39 ± 0.12 -2.28 33 0.029 
∆RGBBACK-SPOT 40.21 ± 25.40 74.03 ± 16.26 41*  0.000* 
∆EEG-N 13.36 ± 7.42 12.53 ± 13.34 0.24 33 0.816 
∆EEG-S 16.15 ± 10.18 15.03 ± 11.48 0.30 33 0.764 
∆EN-S 15.43 ± 11.24 7.89 ± 2.99 101*  0.126* 
      
 

 

 

 

 

 

Egg temperatures in relation to spottiness and colouration 

The proportion of spottiness (mean ± SD) was greater in the dark (0.81 ± 0.104, n = 
5) than in the light (0.21 ± 0.173, n = 6) quail eggs (Figure S4, supplementary material; 
Mann-Whitney U-test, U = 30, p = 0.004) used to record temperatures in natural shorebird 
nests. Although the background colour of dark eggs (182.8 ± 13.8) was slightly darker than 
that of lighter ones (199.6 ± 19.8), the difference was not statistically significant (Mann-
Whitney U-test, U = 5, p = 0.082). There was a significant difference in the colour of spots, 
being darker in dark (736 ± 14.3) than in light eggs (105.6 ± 27.0) (Mann-Whitney U-test, U 
= 3, p = 0.030). 

Table 1. Colour and camouflage comparisons between two pairs of congeneric species: Kentish plover vs. 
Wilson’s plover, and black-winged stilt vs. black-necked stilt. Overall eggshell colouration (RGB eggs), 
proportion of spottiness (proportion of eggshell surface covered by spots) and differences between 
background colour (BACK) and spottiness colour (SPOT) are shown (∆RGBBACK-SPOT ). Higher RGB 
values reflect lighter colours. Relating to camouflage, the table shows contrasts (∆E) between the three 
different substrates: eggs (EG), nest (N) and surroundings (S). Higher values of ∆E reflect worse 
background camouflage. T-values (t), degrees of freedom (df) and p-values (p) are shown. * Mann-
Whitney U test was used instead of Student´s t-test, then the t-value corresponds to U-value. 
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GLMM results showed that when the quail eggs were exposed to direct sunlight 
during 5 min in shorebird nests (n = 138), dark eggs reached higher maximum temperatures 
than light ones (t = 5.55, p < 0.001; Fig. 2 and see also Table S1 and S2, supplementary 
material). In addition, for a same ambient temperature, quail eggs overheated more in tropical 
than in mediterranean sites (t = 3.35, p = 0.0028; Figure 2).  

  

Figure 1. Background matching camouflage between eggs and nests (ΔEEG-N) of the mediterranean 
(Kentish plover and black-winged stilt, black dots) and tropical (Wilson´s plover and black-necked stilt, 
emptied triangles) species. Lighter (higher RGB values) eggshells had lower degree of camouflage (higher 
ΔEEG-N values). Kentish plover: y = 1.53 + 0,094*x; p = 0.11, r2 = 0.063. Wilson´s plover: y = −27.14 + 
0.32*x; p = 0.0015, r2 = 0.50. Black-winged stilt: y = −6.04 + 0.17*x; p = 0.037, r2 = 0.21. Black-necked 
stilt: y = −30.66 + 0.39*x; p < 0.001; r2 = 0.74 
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These differences in egg temperature were likely only due to differences in 
colouration and spottiness between both categories of eggs, as there were no colour-related 
differences in maximum temperatures reached by eggs when they were in the shade (dark 
eggs: 32.7 ± 0.28 °C; light eggs: 32.6 ± 0.30 °C; Mann-Whitney U-test, U = 17, p = 0.776). 
In addition, there were no differences in the size of eggs that could have affected the rates of 
overheating. Indeed, the volume of light quail eggs (12.0 ± 1.38 cm3) was similar to that of 
dark eggs (11.4 ± 1.01 cm3) (Mann-Whitney U-test, U = 19, p = 0.537). Temperatures of 
quail eggs recorded by each one of the input channels of the datalogger were not different (F3, 

30 = 2.6, p = 0.066). 

  

Figure 2. Results of a GLMM of the effect of maximum environmental temperature, egg colour (dark 
or light) and region (Tropics or Mediterranean) on maximum temperature reached by quail eggs when 
exposed to direct sunlight during 5−min periods in shorebird nests. (A) Linear relationship between 
maximum quail egg temperatures exposed to direct solar radiation and maximum environmental 
temperatures (black line with grey confidence intervals), indicating the threshold of egg temperatures 
>40ºC that are very critical for embryos. And partial effects of egg colouration (B) and region (C). 
Eggs reached higher temperatures (mean ± SE) in the Tropics than in the Mediterranean, and darker 
eggs heated more than lighter ones. Each partial effect controls for the other independent variables in 
the model. 
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Discussion 

The main results of our study regarding the effect of egg colouration on egg 
temperatures are that darker eggs overheat more quickly than lighter ones, and that more 
pigmented eggs, hence darker, are better camouflaged. Therefore, our results support a trade-
off between overheating and camouflage on shorebird eggshell colouration.  

Although it has been suggested that overheating is unlikely to have a selective 
influence on avian egg appearance (Ruxton 2012), our results support the contrary, as we 
found that dark eggs reached higher temperatures than light ones when exposed to direct 
sunlight during 5−min periods. Such periods are similar to those spent by incubating 
shorebirds outside their nests during the hottest parts of the day (Grant 1982, Hoffmann 
2005). A previous study, in which natural eggs were also used, did not find that temperatures 
of eggs exposed to direct sunlight were related to egg pigmentation (Westmoreland et al. 
2007). However, in such study, eggs of cup-nester songbirds placed on trees received solar 
radiation during one hour. Because of this, the result of Westmoreland et al. (2007) may not 
be biologically meaningful for ground-nesting birds given that parents likely do not allow 
their eggs to remain exposed to adverse hot conditions during extended periods, given the 
fatal consequences of overheating for the embryo (Grant 1982, Webb 1987, Maurer et al. 
2011). Indeed, for the hottest part of the day eggs were not left uncovered by plovers and 
stilts during >1 min in hot environments (Grant 1982). Even in cooler environments 
incubation recesses in ground nesting birds last about 10 min, and those lasting >1 h are very 
rare (<1% of all daytime recesses, MacDonald et al. 2013). Likely, when exposed to direct 
solar radiation during long periods, eggs of similar size may reach similar equilibrium 
temperatures, independently of their colouration, because heat dissipation mechanisms may 
not be enough to overwhelm heavy heat loads, which may explain the results of 
Westmoreland et al. (2007). Despite their results they suggest that opposite results may be 
found in ground nesting birds, as we found. Yet, colouration may be important when eggs are 
exposed to direct sunlight during short periods, because darker eggs may heat more quickly 
than lighter eggs, as our results support. In addition, our results also indicated that for similar 
ambient temperature, internal egg temperatures were greater at the tropical sites than at the 
Mediterranean perhaps because of the more intense solar radiation in the Tropics (Wallace 
and Hobbs 2006). 

Baken et al. (1978) showed that the protoporphyrin of avian eggshells reflects a high 
percentage of the sun’s energy in the infrared zone of the spectrum, and this diminished the 
overheating risk of eggs exposed to direct sunlight in comparison to melanin pigments. Some 
authors have focused on this result to minimize the importance of overheating as a selective 
agent on eggshell colouration (e.g., Mikšík et al. 1996, Ruxton 2012), but have not taken into 
account that around 43 % of the sun energy falls in the visible part of the spectrum 
(Gueymard 2004), which means that darker eggshells, even containing protoporphyrin, could 
absorb more energy and heat the eggs faster when receiving direct sunlight than lighter 
eggshells. 
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 Thus, we found support for Montevecchi’s (1976) hypothesis, in that more 
pigmented eggs were better camouflaged, but also overheated more when they received direct 
sunlight. However, there were some differences in the eggshell colouration between 
shorebird species. As indicated by Ahlgren et al. (2013), due to multiple stressors, animals 
have to trade-off their responses to different threats, or alternatively respond only to the most 
severe stressor. Different types of responses in relation to the severity of a particular stressor 
may account for some of the interspecific differences that we found depending on the region. 
Indeed, Wilson’s plovers and Black-necked stilts breeding in tropical environments, suffering 
more intense solar radiation, have eggshells with lighter backgrounds than those of their 
congeneric mediterranean species, which may indicate that overheating may be a more severe 
stressor than predation for tropical shorebirds. Although the eggshell spots of the tropical 
species were darker than those of the mediterranean species, the spots cover around 30% of 
the total eggshell surface (Table 1 and Table 2), so their contribution to overheating may be 
lower than that of the eggshell background. 

Even so, if darker colours incur greater risks of overheating, why are eggshell spots 
of tropical shorebirds darker than those of mediterranean ones? One potential advantage is 
that by increasing the contrast between the colouration of eggshell background and spots, 
disruptive camouflage may be facilitated (Kang et al. 2014, Stevens and Merilaita 2011). 
Thus, the thermal environment, through its effects on risk of egg overheating, may affect the 
reliance on different egg camouflage strategies (background matching and/or disruptive 
camouflage) to counteract nest detection by predators.   

Differences in the species’ biology may lead to additional different strategies of nest 
camouflage. Stilts usually nest in colonies (Pierce 1996) and plovers usually do not (Wiersma 
1996), which could affect the response against predators approaching their nests. Colonial 
nesting birds may mob and attack in group approaching predators, which may reduce 
predation risks (Montevecchi 1979, Whittam and Leonard 2000). This may determine 
variation in the time that eggs remain uncovered and the relative importance of overheating 
as a stressor, which may be less critical for stilts than for plovers. In addition, the eggs of 
stilts are larger than those of plovers, so that smaller plover’s eggs would overheat faster. 
This may explain why stilts have darker and more spotted eggshells.    

To conclude, in this study we have found that more pigmented eggs may suffer 
overheating but at the same time are better camouflaged. Lighter eggshells are selected where 
solar radiation is more intense, as in the Tropics. The relative importance of the two 
evolutionary drivers suggested by Montevecchi (1976) to affect egg colouration, would affect 
how shorebirds trade-off their responses to the stressors. Shorebirds may move hundreds of 
kilometers between breeding attempts not only between but also within seasons (Stenzel et al. 
1994, Figuerola 2007), and within females egg colour and degree of spottiness are genetically 
based (Gosler et al. 2000). Likely because of the variability in colouration in nesting 
substrates, matching of egg colour may be better achieved with the materials added to the 
nest rather than with the surroundings (Mayer et al. 2009). However, the materials added to 
nests may also make the nests more conspicuous with respect to surroundings, as in Kentish 
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plover, which suggests that the materials may also play other roles (Holwell 1979, Mayer et 
al. 2009, Amat et al. 2012). Therefore, more studies are necessary to demonstrate if the 
colouration patterns that we found here are also found in other bird species that rely on egg 
camouflage to diminish the risk of predation of their nests. 

 

Acknowledgements  

The Consejería de Medio Ambiente of the Junta de Andalucía authorized our study in 
Spain. Thanks to Antonio Gómez Ferrer, Enrique Martínez, Manuel Rendón-Martos and Juan 
Carlos Rubio (all from Consejería de Medio Ambiente of the Junta de Andalucía), for 
facilities at the study sites in Spain. Data collection was supported by a project funded by 
Universidad de Costa Rica and Consejo Superior de Investigaciones Científicas. During data 
analyses and manuscript preparation we were funded by grant CGL2011-24230 from 
Ministerio de Ciencia e Innovación, Spain, with EU-ERDF financial support. J.G. was 
supported by a fellowship of the “Obra Social la Caixa” programme for postgraduate studies 
in Spain and by a FPU predoctoral fellowship from Ministerio de Educación, Cultura y 
Deporte, Spain. Our thanks also to anonymous referees for their comments on an earlier 
version of the manuscript.  

 

  



Chapter 1 

52 

References 

Ahlgren, J., Yang, X., Hansson, L.A. and Brönmark, C. 2013. Camouflaged or tanned: plasticity in 
freshwater snail pigmentation. — Biol. Letters 9: 20130464. 

Amat, J.A. and Masero, J.A. 2004a. How Kentish plovers, Charadrius alexandrinus, cope with heat 
stress during incubation. — Behav. Ecol. Sociobiol. 56: 26-33.  

Amat, J.A. and Masero J.A. 2004b. Predation risk on incubating adults constrains the choice of 
thermally favourable sites in a plover. — Anim. Behav. 67: 293-300.  

Amat, J.A and Masero J.A. 2007. The functions of belly-soaking in Kentish plovers Charadrius 
alexandrinus. — Ibis 149: 91-97.  

Amat, J.A. and Masero J.A. 2009. Belly-soaking: a behavioural solution to reduce excess body heat in 
the Kentish plover Charadrius alexandrinus. — J. Ethol. 27: 507-510.  

Amat, J.A., Monsa, R. and Masero J.A. 2012. Dual function of egg-covering in the Kentish plover 
Charadrius alexandrinus. — Behaviour 149: 881-895. 

Arenas, L.M., Troscianko, J. and Stevens M. 2014. Color contrast and stability as key elements for 
effective warning signals. —  Front. Ecol. Evol. 2, 25.  

Bakken, G.S., Vanderbuilt, V.C., Brittemer, W.A. and Dawson W.R. 1978. Avian eggs: 
thermoregulation value of very high near-infrared reflectance. — Science 200: 321-323. 

Blanco, G. and Bertellotti, M. 2002. Differential predation by mammals and birds: implications for 
egg-colour polymorphism in a nomadic breeding seabird. — Biol J. Linn. Soc. 75: 137-146.  

Cherry, M.I. and Gosler, A.G. 2010. Avian eggshell coloration: new perspectives on adaptive 
explanations. — Biol. J. Linn. Soc. 100: 753-762.  

Clusella-Trullas S., Van Wyk, J.H. and Spotila J.R. 2009 Thermal benefits of melanism in cordylid 
lizards: a theoretical and field test. — Ecology 90: 2297-2312.  

Colwell, MA. 2010. Shorebird Ecology, Conservation, and Management. —University of California 
Press. 

Figuerola, J. 2007. Climate and dispersal: black-winged stilts disperse further in dry springs. — PLoS 
ONE 2(6), e539.  

Geen, M.R.S. and Johston, G.R. 2014. Coloration affects heating and cooling in three color morphs of 
the Australian bluetongue lizard, Tiliqua scincoides. — J. Therm. Biol. 43: 54-60.  

Gosler, A.G., Barnett, P.R. and Reynolds, SJ. 2000. Inheritance and variation in eggshell patterning in 
the great tit Parus major. — Proc R Soc Lond B 267: 2469�2473. 

Grant, G.S. 1982. Avian incubation: egg temperature, nest humidity, and behavioral thermoregulation 
in a hot environment. — Ornithol. Monogr. 30: 1-75.  

Gueymard, C.A. 2004. The sun’s total and spectral irradiance for solar energy applications and solar 
radiation models. — Sol. energy, 76: 423-453.  

Hargeby, A., Stoltz J., Johansson J. 2005. Locally differentiated cryptic pigmentation in the freshwater 
isopod Asellus aquaticus. — J. Evol. Biol. 18: 713-721.  

Heath, D.J. 1975. Colour, sunlight and internal temperatures in the land-snail Cepea nemoralis (L.). — 
Oecologia 19: 29-38. 

Hoffmann, A. 2005. Incubation behavior of female western snowy plovers (Charadrius alexandrinus 
nivosus) on sandy beaches. Ms. Sc. Thesis [dissertation]. Arcata, CA: Humboldt State 
University 

Holwell, T.R. 1979. Breeding biology of the Egyptian plover, Pluvianus aegypticus (Aves: 
Glareolidae). — Univ. California Publ. Zool. 104: 1-76. 

Hoyt, D.F. 1979. Practical methods of estimating volume and fresh weight of bird eggs. — Auk 96: 
73-77.  



A trade-off between overheating and camouflage on shorebird eggshell coloration 

53 

Hunt, R.W.G and Pointer, M.R. 2011. Measuring Colour. Fourth Edition. —Wiley. 
Kang, C., Stevens, M., Moon, J.Y., Lee, S.I. and Jablonski, P.G. 2014. Camouflage through behavior 

in moths: the role of background matching and disruptive coloration. — Behav. Ecol. aru150.  
Kennedy, G.Y. and Vevers, H.G. 1976. A survey of eggshell pigments. — Comp. Biochem. Physiol., 

Part B: Biochem. Mol. Biol. 55: 117-123. 
Kilner, R.M. 2006. The evolution of egg colour and patterning in birds. — Biol. Rev. 81: 383-406. 
Koivula, K. and Rönkä, A. 1998 Habitat deterioration and efficiency of antipredator strategy in a 

meadow-breeding wader, Temminck’s stint (Calidris temminckii). — Oecologia 116: 348-
355. 

Lahti, D.C. 2008. Population differentiation and rapid evolution of egg color in accordance with solar 
radiation. — Auk 125: 796-802.  

Lee, W.S., Kwon, Y.S. and Yoo, J.C. 2012. Egg survival is related to the colour matching of eggs to 
nest background in black-tailed gulls. — J. Ornithol. 151: 765-770.  

Lloyd, P., Plaganyi, E., Lepage, D., Little, R.M., and Crowe T.M. 2000. Nest site selection, egg 
pigmentation and clutch predation in the ground-nesting Namaqua sandgrouse Pterocles 
namaqua. — Ibis 142: 123–131. 

Lovell, P.G., Ruxton, G.D., Langridge, K.V. and Spencer, K.A. 2013. Egg-laying substrate selection 
for optimal camouflage by quail. — Curr. Biol. 23: 260–264.  

Maclean, G.L. 1984. Arid-zone adaptations of waders (Aves: Charadrii). — South African Journal of 
Zoology 19: 78-81. 

MacDonald, E.C., Camfield, A.F., Jankowski, J.E., and Martin, K. 2013. Extended incubation recesses 
by alpine-breeding horned larks: a strategy for dealing with inclement weather? — J. Field 
Ornithol. 84: 58-68.  

Magige, F.J., Moe, B. and Røskaft, E. 2008. The white colour of the ostrich egg is a trade-off between 
predation and overheating. — J. Ornithol. 149: 323-328.  

Maurer, G., Portugal, S.J. and Cassey, P. 2011. Review: an embryo’s eye view of avian eggshell 
pigmentation. — J. Avian Biol. 42: 494-504.  

Mayer, P.M., Smith, L.M., Ford, R.G., Watterson, D.C., McCutchen, M.D. and Ryan, M.R. 2009. Nest 
construction by a ground-nesting bird represents a potential trade-off between egg crypticity 
and thermoregulation. — Oecologia 159: 893-901.  

Mikšík, I., Holan,V., and Deyl, Z. 1996. Avian eggshell pigments and their variability. — Comp. 
Biochem. Physiol., Part B: Biochem. Mol. Biol. 113: 607-612. 

Montevecchi, W.A. 1976. Field experiments on the adaptive significance of avian eggshell 
pigmentation. — Behaviour 58: 26-39. 

Montevecchi, W.A. 1979. Predator−prey interactions between ravens and kittiwakes. — Zeiftscrift für 
Tierpsychologie 49: 136-141. 

Morgans, C.L. and Ord, T.J. 2013. Natural selection in novel environments: predation selects for 
background matching in the body colour of a land fish. — Anim. Behav. 86: 1241-1249.  

Nguyen, L.P., Nol, E. and Abraham, K.F. 2007. Using digital photographs to evaluate the effectiveness 
of plover egg crypsis. — J. Wildl. Manag. 71: 2084-2089. 

Pierce, R.J. 1996. Black-winged stilt (Himantopus himantopus). In Handbook of the Birds of the 
World Alive (eds del Hoyo J., Elliott A., Sargatal J., Christie D.A., de Juana E.). 2014. Lynx 
Edicions. Available from http://www.hbw.com/node/53759 on 3 December 2014. 

R Core Team. 2013. R: A language and environment for statistical computing. Vienna, Austria: R 
Foundation for Statistical Computing. Avilable from: http://www.R-project.org/. 



Chapter 1 

54 

Ruxton, G.D. 2012. Comment on “Vegetation height and egg coloration differentially affect predation 
rate and overheating risk: an experimental test mimicking a ground-nesting bird”. — Can. J. 
Zool. 90: 1359-1360.  

Salzman, A.G. 1982. The selective importance of heat stress in gull nest location. — Ecology 63: 742–
751. 

Sánchez, J.M., Corbacho, C., Muñoz del Viejo, A. and Parejo, D. 2004. Colony-site tenacity and egg 
color crypsis in the gull-billed tern. — Waterbirds 27: 21-30.  

Skrade, P.D.B. and Dinsmore, S.J. 2013. Egg crypsis in a ground-nesting shorebird influences nest 
survival. — Ecosphere 4: 151.  

Stenzel, L.E., Warriner, J.C., Warriner, J.S. Wilson K.S., Bidstrup, F.C., and Page, G. W. 1994.  Long 
breeding dispersal of snowy plovers in western North America. — J. Anim. Ecol. 63: 887-
902. 

Stevens, M., Párraga, C.A., Cuthill, I.C., Partridge, J.C. and Troscianko, T.S. 2007. Using digital 
photography to study animal coloration. — Biol. J. Linn. Soc. 90: 211-237.  

Stevens, M. and Merilaita, S. 2011. Animal Camouflage: Mechanisms and Function. — Cambridge 
University Press. 

Stevens, M., Lown, A.E. and Wood, L.E. 2014. Color change and camouflage in juvenile shore crabs 
Carcinus maenas. — Front. Evol. Ecol. 2, 14.  

Umbers, K.D.L., Herbestein, M.E., and Madin, J.S. 2013. Colour in insect thermoregulation: Empirical 
and theoretical tests in the colour-changing grasshopper, Kosciuscola tristis. — J. Insect 
Physiol. 59: 81-90.  

Underwood, T.J. and Sealy, S.G. 2002. Adaptive significance of egg coloration. In Avian Incubation 
(ed Deeming D.C.) pp. 280-298. Oxford University Press.  

Wallace, J.M. and Hobbs, P.V. 2006. Atmospheric science: an introductory survey. Second Edition. 
Academic press, Elsevier. 

Ward, D. 1990. Incubation temperatures of crowned, black-winged, and lesser black-winged plovers. 
— Auk 107: 10-17. 

Webb, D.R. 1987. Thermal tolerance of avian embryos: a review. — Condor 85: 874–898. 
Westmoreland, D., Schmitz, M. and Burns, K.E. 2007. Egg color as an adaptation for 

thermoregulation. — J. Field. Ornithol. 78: 176-183.  
Whittam, R.M. and Leonard, M.L. 2000. Characteristics of predators and offspring influence nest 

defense by Arctic and common terns. — Condor 102: 301-306.  
Wiersma, P. 1996. Kentish Plover (Charadrius alexandrinus). In Handbook of the Birds of the World 

Alive (eds del Hoyo J., Elliott A., Sargatal J., Christie D.A. and de Juana E.). 2014. Lynx 
Edicions. Available from http://www.hbw.com/node/53835 (Accessed on 13 January 2015). 

 



 Supplementary material Chapter 1 

55 

SUPLEMENTARY MATERIAL 

 

Sites 

Costa Rica sites (Tropics) included sandy beaches in Esterillos (9° 31’ 44’’ N, 84° 

28’ 25’’ W), a fish farm in Chomes (10° 02’ 14’’ N, 84° 54’ 21’’ W), and salt ponds and fish 

farms in Colorado de Abangares (10° 10’ 39’’ N, 85° 06’ 17’’ W). Sites in southern Spain 

(Mediterranean) included salt ponds in Odiel (37° 08’ 20’’ N, 6° 52’ 22’’ W) and Bahía de 

Cádiz (36° 30’ 39’’ N, 6° 09’ 22’’ W), a fish farm and natural wetlands in Doñana Natural 

Space (36° 58’ 41’’ N, 6° 20’ 27’’ W), Fuente de Piedra lake (37° 06’ 50’’ N, 4° 46’’ 07’’ W) 

and the mouth of Guadalhorce river (36° 40’ 21’’ N, 4° 27’ 02’’ W). 

 

 

	 Quail egg 
colour 

Mediterranean 
(n=92) 

Tropics (n=46) 
 

Max.Egg. Temp. (ºC) 

Light 33.60 ± 5.05 38.35 ± 2.88 

Dark 34.54 ± 4.93 38.69 ± 3.00 

Mean 34.07 ± 4.98 38.52 ± 2.92 

Max. Env. Temp. (ºC)  
 33.60 ± 5.08 36.74 ± 2.64 

 

Table S1. Maximum temperatures (mean ± SD) reached by dark (n = 5) and light 

quail eggs (n= 6) in natural shorebird nests (n = 138), exposed to direct solar radiation 

during 5-min periods in tropical and mediterranean sites. 
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 Value Std. Error DF t- value p-value 
 
(Intercept) 

 
4.40 

 
1.92 

 
68 

 
2.29 

 
0.0249 

Max. Env. Temp. 0.87 0.06 66 15.47 <0.001 
Type  0.74 0.13 68 5.55 <0.001 
Region  1.71 0.55 66 3.10 0.0028 

 

Table S2. GLMM summary table of the effect of maximum environmental 

temperature (Max. Env. Temp.), egg colour (Type, dark or light) and region 

(Mediterranean or Tropics) on maximum temperature reached by the quail eggs when 

exposed to direct sunlight during 5−min periods in shorebird nests. In the model 

(Max. Egg Temp. ~ Max. Env. Temp + Region + Type) the nest was taken as a 

random factor. R2 marginal = 0.81; R2 conditional = 0.97 
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Figure S1. Pictures of Kentish plover nests, of our dataset, showing the lowest (A) 

and highest (B) eggs in terms of proportion of spottiness.  
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Figure S2. Pictures illustrating differences in eggshell colour between Kentish 

(above) and Wilson’s plovers (below).  
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Figure S3. Differences in RGB values (mean ± SE) between the background and the 

spots (∆RGBBACK-SPOT) in eggshells of plovers and stilts. Differences were lower for 

mediterranean (Kentish plover and black-winged stilt, black dots) than for tropical 

shorebirds (Wilson’s plover and black-necked stilt, grey dots). 
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Figure S4. RGB values of the eggshell spots and background, and proportion of 

spottiness (expressed as proportion of the eggshell surface covered by spots), of light 

(n = 6) and dark (n = 5) quail eggs used to record egg temperatures in natural 

shorebird nests.  
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Abstract   

Studies of risk-taking by breeding birds have frequently addressed the effect of brood 
value on the decisions taken by incubating birds when predators approach their nests. 
However, leaving eggs unattended during predator disturbance may expose embryos to other 
potentially harmful factors, to which parent birds should respond when making decisions 
about when to leave or return to their nest. In this study we show that diurnal changes in 
flushing behaviour of incubating terns from nests during predator approach were affected by 
egg camouflage, the terns allowing a closer approach to individual nests when the eggs 
appeared better camouflaged. Return times to the nests were affected by ambient temperature, 
with the terns shortening such times at high ambient temperatures, thus diminishing the risk 
of egg overheating. As a whole, our results show that the decisions of the birds on when to 
leave or return to their nests depended on shifting payoffs, as a consequence of diurnal 
variations in both the thermal risks incurred by embryos and egg crypsis. Environmental costs 
of risk-taking, such as those considered here, should be addressed in studies of risk-taking by 
breeding birds. This type of study may have implications for our knowledge of cognitive 
processes that affect risk-taking. 

 

Key words 

Egg overheating, little tern, nest camouflage, parental care, payoffs, predation risk, predator-
prey interactions, thermal environment   
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Introduction 

When a predator approaches a nest, the incubating bird may either flee or remain on 
the nest. Remaining on the nest may entail costs to the incubating adult, because if the 
predator approaches too close to the nest, the incubating bird might be killed (Brunton 1986; 
Amat and Masero 2004a).  If the incubating bird flees it has to decide when to leave the nest 
so that it does not reveal the location of the nest to the predator. Incubating birds may also 
use some defensive strategies if the predator approaches close to the nest. The study of risk-
taking by breeding birds, and particularly nest defence, has received much attention 
(Montgomerie and Weatherhead 1988; Redondo 1989; Caro 2005), because it is considered 
an important component of parental investment (e.g., Redondo and Carranza 1989; Amat et 
al. 1996; Sergio and Bogliani 2001; Cantarero et al. 2016), in which parents must weigh the 
probability of future reproduction against the value of the current brood (Trivers 1972). 
However, nest defence may also entail some types of costs that are independent of the value 
of the brood, and to which incubating adults vary their behaviour (Ydenberg and Dill 1986). 

Birds may defend their nests actively, e.g. by using distraction displays to lure 
predators away, by emitting calls to silence chicks, or even by direct attack on predators 
(Caro 2005). However, in many species the incubating bird departs surreptitiously when a 
predator approaches (e.g., Amat and Masero 2004a; Troscianko et al. 2016). This may 
represent two serious challenges for species that nest in exposed sites with no cover, such as 
most Charadriiformes (shorebirds and allies). First, the incubating bird may be spotted by the 
predator when leaving the nest and this may facilitate nest location (Smith et al. 2012), and 
secondly, even if the nest is not found by the predator, the eggs may quickly cool or overheat 
while the nest is unattended (Grant 1982; Amat and Masero 2007; Amat et al. 2012), thus 
compromising embryo survival. Because of this, the adult should leave as late and return as 
early as possible under adverse thermal conditions (Maclean 1967; Conway and Martin 
2000a; Brown and Brown 2004; Yasué and Dearden 2006; Pereira and Amat 2010). 

Many ground−nesting birds place their nests in exposed sites with no cover in which 
their eggs are camouflaged (Solís and de Lope 1995; Colwell et al. 2011; Gómez et al. 2016), 
perhaps because prevention of detection may be the primary strategy to avoid egg predation 
(Ruxton et al. 2004; Lee et al. 2010; Skrade and Dinsmore 2013; Troscianko et al. 2016). 
However, changes in illumination may induce variations in the visual perception of the eggs 
and nesting areas, due to either changes in illumination or the creation of shadows, which 
may result in variations in the degree of crypsis (Endler 1991; Endler and Thery 1996). When 
predators visually detect nests, deteriorating camouflage may induce an environmental cost in 
addition to that of maintaining the appropriate thermal environment for embryos, and because 
of this both the thermal and illumination factors may affect the flushing/returning behaviour 
of incubating adults through their effects on both egg cooling/overheating and detectability 
(Pereira and Amat 2010; Wilson-Aggarwal et al. 2016). Flexibility in the defensive behaviour 
to cope with changing conditions may increase the survival probability of eggs (Smith and 
Wilson 2010; Gómez-Serrano and López-López 2017). 
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Here, we address how variations in egg camouflage and in the thermal environment 
for individual nests affect flushing/returning behaviour in the ground−nesting little tern 
Sternula albifrons. We made the following predictions regarding the responses of incubating 
terns to disturbance: (1) incubating birds will flee at a shorter distance from an approaching 
predator when the nests appear better camouflaged and/or the thermal conditions are more 
adverse for embryos (Pereira and Amat 2010; Wilson-Aggarwal et al. 2016); (2) birds will 
return sooner to their nest under more adverse thermal conditions, as beyond some 
temperature threshold embryos’ viability may be compromised (Webb 1987; Conway and 
Martin 2000a, b; Yasué and Dearden 2006); and (3) returning times would not be affected by 
nest camouflage, because birds usually return to their nests once the predator has left the area, 
i.e. when there is no remaining effect of nest camouflage on nest predation risk. 

 

Materials and methods 

 

Study sites, species and field protocols 

Our study was conducted at Paraje Natural Marismas del Odiel (37º09’12’’ N, 
6º54’21’’ W) during 2010, 2014 and 2015, with permission of the Consejería de Medio 
Ambiente (Regional Government of Andalusia). Little terns nest in loose colonies, in shallow 
scrapes made in the open, and which are unlined or lined with small pieces of vegetation, 
stones or mollusc shells (Cramp 1985). We recorded the behaviour of terns following our 
approach to nests (see below) from 60−200 m. Egg collection of many waterbird species was 
frequent during the first half of the 20th century in southern Spain (Valverde 1960), making 
humans an appropriate model predator of tern nests. 

 

Field methods 

We recorded the flushing/returning times at 74 nests during both the morning (06:00 
− 08:30 h, GMT) and midday (10:00 − 13:45 h). The two recordings at each nest were made 
on the same day, and always under clear sky conditions. Nests were chosen arbitrarily 
throughout the colony. It was not possible to record data blind because our study involved 
focal nests. One of us (first observer) approached directly the focal nest from a site (departure 
site), at constant pace, while another of us (second observer) observed through binoculars the 
incubating little tern. At the moment at which the incubating bird fled from the nest, the 
second observer started a stopwatch, which was stopped once the first observer arrived at the 
nest, and this was considered as flushing time. The first observer then photographed the nest 
using a Canon EOS-400 digital camera equipped with Canon EFS 18-55 mm macrozoom 
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lens. The photographs were taken approximately 50 cm above the nest, and in jpg format. 
The photographic procedure took less than 3 min, and after that the first observer returned to 
the departure site. Once the first observer arrived to that site, the second observer started a 
stopwatch until the tern resumed incubation, and this was considered as return time. In a few 
cases, the terns resumed incubation before the first observer arrived at the departure site. In 
these cases the time from the moment in which the tern resumed incubation until the first 
observer arrived at the departure site was considered as return time and was included in the 
dataset as a negative value. Because of the characteristics of the nesting area, it was not 
possible to approach all focal nests from a similar distance. 

In addition, the first observer started a stopwatch when starting to walk, and stopped 
it upon arrival at the nest. This was considered as approaching time, and we recorded it in 
about half of the nests (n = 35) with the aim of comparing walking pace in the morning and 
midday. This confirmed that approaching times to individual nests were similar during the 
morning (78.3 ± [SD] 16.03 s) and midday (78.2 ± 15.75) (paired t-test: t34 = 0.15, P = 
0.878). 

During the days in which we recorded flushing and returning times we also recorded 
ambient temperature 5 cm above ground level with a 20-gauge probe connected to an Omega 
OM-550 datalogger (Omega Engineering, Inc., Stamford, CT, USA), programmed to take a 
measurement every 15 s. Also, during some days in which we recorded flushing and 
returning times we used eggs of Kentish plovers Charadrius alexandrinus, which also nest at 
our study site, to record egg temperatures in nests of little terns. Plover eggs are similar in 
size, colour and spotting pattern to those of the little tern (Cramp 1985). The plover eggs 
were collected from unsuccessful nests and were emptied and filled with plaster of Paris 
(Amat and Masero 2004b, 2007), which has a thermal conductivity similar to that of natural 
eggs (see Ward 1980). We placed an egg in each of 30 empty nests of little terns, i.e. nests 
that were without eggs and consequently not attended by adults. We used seven model eggs 
in which temperatures were recorded using 36-gauge copper-constantan thermocouple probes 
(Omega Engineering, Inc., Stamford, CT, USA) inserted into the eggs. In addition, ambient 
temperatures were measured at exposed sites, and 5 cm about ground level and about 1 m 
from nests, with 20-gauge thermocouple probes. The probes were connected to Omega OM-
550 dataloggers, programmed to record temperatures every 15 sec for 10 min, since most 
incubating birds returned to their nests within this time period. We used the maximum egg 
and ambient temperatures during each of the 10 min-periods. 

 

Analysis of images 

Coloration of eggs and nest surroundings was determined from the digital 
photographs using MATLAB (MATLAB 2013) and the Comission International d’Eclairage 
(CIE) L*a*b* (lightness, red/green value [“redness”], yellow/blue value [“yellowness”]) 
colour space. We used the equation ΔE* = ([ΔL*]2 + [Δa*]2 + [Δb*]2)1/2 to quantify colour 
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differences between eggs and nest surroundings (Nguyen et al. 2007; Pereira and Amat 2010; 
Amat et al. 2012). The lower the value of ∆E*, the better the egg camouflage. Lovell et al. 
(2013) estimated camouflage as we did, and found that laying Japanese quails Coturnix 
japonica chose those substrates in which their eggs were better camouflaged, indicating that 
individual quails were able to differentiate between substrates, i.e., they were able to 
”estimate” the degree of camouflage of their eggs against the available substrates. So, 
quantifying egg camouflage using this procedure seems biologically meaningful. 

Once the images were read into MATLAB, two main scripts were developed. First, a 
graphical user interface (GUI) allowed us to define the regions where coloration differences 
had to be evaluated. This GUI asked how many eggs were to be marked, and requested to 
mark each of them using a polygonal line (MATLAB function impoly). Afterwards, we 
marked the outer border of the nest and the tool calculated what is defined as the nest area as 
the XOR function (logical differences) between the region inside the nest area and a region 
defined by the previously marked eggs which were grown by morphological dilation 
operation (imdilate in MATLAB’s language) with a circular structuring element (Serra 1983) 
whose radius was 2.5% of the length of the egg (automatically measured from the definition 
of eggs’ regions using MATLAB command regionprops). This operation simply removed a 
small ring of pixels around each egg from the calculation of the coloration in the nest area, 
thus avoiding small errors in the drawing of the egg periphery to affect the colour content of 
the nest area. Finally, to define the external border of the nest surroundings we separated 
manually about 10 mm between the external border of the nest and the beginning of what is 
defined as the surroundings. 

Once regions had been marked, a second script was run to calculate the differences in 
coloration. This script tooks the folder where the images were stored as input (together with 
the corresponding .mat files defining the borders of each region). For each image, the region 
definition file was read, and the regions were filled back and pixel coordinates generated. The 
script read the colour temperature when the image was shot from the EXIF data existing in 
each image. Information of colour temperature was then employed to obtain the [xD,yD] 
chromaticity for the existing lighting conditions  according to the formula defined by CIE: 

 

which were transformed to tristimulus values by making Y=1 and using the standard 
defintion in the CIE XYZ colour space.  
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Finally, we employed this [X, Y, Z] vector as Adapted White Point to transform the 
RGB to L*a*b*, which corresponded to the lighting conditions when each image was shot 
(instead of using mappings associated to average illumination conditions like D65 or D50, 
which are standard illuminants designed to approximate natural day light conditions). Once 
the input image had been converted to L*a*b*, we obtained average and standard deviation 
of every channel in all regions in each image. 

The visual model considered here is the trichromatic, which according to Wilson-
Aggarwal et al. (2016) reports similar results to those of other visual models for this type of 
study, and encompasses the visual systems of any likely predators of little tern eggs. 

 

Statistical analyses 

We used STATISTICA (Dell, 2015) to perform Student-paired t-tests to test within-
nest differences in ambient temperatures, egg camouflage, and flushing times between the 
morning and midday. A Wilcoxon matched pairs test was used to compare return times.  

The effects of ambient temperature and egg camouflage on log(flushing) and 
log(return+50) times were analysed using linear mixed effects models (Pinheiro and Bates 
2000; Zuur et al. 2009). A value of 50 was added to return times to avoid negative values. 
Nest identity was included as a random factor to control for non-independence between nests. 
Temperature and camouflage were treated as fixed effects. Year was also included as a fixed 
effect into the models to account for possible differences in flushing and return times among 
years. The residual plots were examined to check for problems with model specification. To 
find the significance of each fixed term in the general model we used the F-statistic obtained 
with restricted maximum likelihood (REML). Finally, model selection on fixed effects was 
based on Akaike Information Criterion (AIC) using models fitted by maximum likelihood 
(ML) estimation (Zuur et al. 2009). Linear mixed models were performed using nlme 
package (Pinheiro et al. 2016) in R 3.2.5 (R Core Team, 2015). We chose the model with 
lower AIC as the more parsimonious (Burham and Anderson 2002). Mean values are 
presented ± 1 SD. 
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Results 

Ambient temperature was higher during midday (31.9 ± 4.43 °C) than during the 
morning (24.5 ± 2.91 °C) (paired t-test: t73 = 16.21, P < 0.001). The eggs appeared better 
camouflaged under the light conditions of midday (ΔE* = 11.6 ± 7.82) than during the 
morning (ΔE* = 20.2 ± 9.51) (paired t-test: t73 = 9.70, P < 0.001) (see Fig. S1, Electronic 
Supplementary Material). The little terns allowed a closer approach to their nests in the 
midday (57.5 ± 18.27 s) than in the morning (59.9 ± 19.80 s) (paired t-test: t73 = 2.69, P = 
0.009), and took longer to return to their nests once they were flushed in the morning (244.2 
± 314.15 s) than in midday (92.4 ± 116.26 s) (Wilcoxon matched pairs test: Z = 5.25, n = 74, 
P < 0.001). Therefore, these results indicate that, once the terns flew from their nests, the 
eggs remained exposed to direct solar radiation more time during the morning than during 
midday. 

For eggs exposed to direct sunlight, there was a very significant relationship between 
egg and ambient temperatures (r28 = 0.92, P < 0.001; Fig. 1), and at ambient temperatures 
>32°C the eggs reached temperatures that may be lethal for embryos (>40°C, Webb 1987) in 
only one minute when left unattended (Fig. 2). 

 

 

Figure 1. Relationship between egg and ambient temperatures in unattended little tern nests 
exposed to direct solar radiation. Regression line: Egg temperature (°C) = −12.170 + 1.543 × 
Ambient temperature (°C). Kentish plover eggs filled with plaster of Paris were used to record 
egg temperatures 
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Figure 2. An example showing how quickly an egg reaches hyperthermic conditions (>39 °C) 
once it remains exposed to direct sunlight (time = 0) at an ambient temperature of 34.5 °C. A 
Kentish plover egg filled with plaster of Paris was used to record egg temperatures. 
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Response variables Predictors Num DF Den DF F P 

Flushing time Intercept 1 72 1119.67 <0.001 

 Year 2 71 16.94 <0.001 

 Temperature 1 72 0.24 0.628 

 Egg camouflage 1 72 6.47 0.013 

      

Return time Intercept 1 72 185.98 <0.001 

 Year 2 71 17.039 <0.001 

 Temperature 1 72 20.76 <0.001 

 Egg camouflage 1 72 1.46 0.231 

Num DF: number of degrees of freedom in the model. 
Den DF: number of degrees of freedom associated with the model errors. 
F: F-statistic obtained using restricted maximum likelihood. 
P: significance 

 

 

The two dependent variables (flushing and return times) anlysed using linear mixed 
models were not affected by the same factors. In addition to year, egg camouflage, but not 
ambient temperature, significantly affected the flushing behaviour (Table 1). The AIC of the 
model that did not contain the ambient temperature effect (−43.37) was lower than that of the 
general model (−31.32). The terns allowed a closer approach when their nests appeared better 
camouflaged (lower values of ∆E*) (β = 0.004 [SE 0.001], t = 3.075, P = 0.003) (Fig. 3A). 
Return times to the nests were significantly related to year and temperature, but not to egg 
camouflage (Table 1). The model that related return time to year and temperature was better 
(AIC = 331.54) than the general model (AIC = 340.00). Return times to the nest were shorter 
when ambient temperature increased (β = −0.0667 [SE 0.011], t = −6.159, P < 0.001) (Fig. 
3B). 

Table 1. Results of the mixed-effects models examining the effects of year, temperature, and egg camouflage 
on flushing and return times to nests. Nest identity was included as a random effect 
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B 

Figure 3. Partial plots (± 95% CI, in grey), controlling for year effects, resulting from linear 
mixed models of (A) flushing time from nests in relation to egg camouflage (lower values of 
∆E* correspond to better egg camouflage), and (B) return time to nests in relation to ambient 
temperature for the little tern. 
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Discussion 

Many studies of nest defence have addressed the effect of the reproductive value of 
the clutch and/or expectation of future reproduction on the responses of birds when their nests 
are threatened (e.g., Redondo and Carranza 1989; Forbes et al. 1994; Amat et al. 1996), but 
fewer studies have considered the importance of abiotic factors (e.g., Brown and Brown 
2004; Kleindorfer et al. 2005; Yasué and Dearden 2006). Our results show that there was 
interannual variation in return times, which may be related to annual differences in ambient 
temperature (data not shown). Flushing distances were also affected by year, likely in relation 
to the distances from which we approached nests.  Indeed, this has been shown in other 
studies to affect flushing distances (Kleindorfer et al. 2005; Weston et al. 2012). After 
controlling for yearly effects, in our study the flushing distances and the return times to nests 
varied according to prevailing environmental conditions that may affect the vulnerability of 
eggs, through its effects on embryo viability (ambient temperature) and nest detectability 
(illumination), in a way that has been previously rarely examined (e.g., Pereira and Amat 
2010; Wilson-Aggarwal et al. 2016). 

As the terns were not marked we were unable to know which sex was incubating 
during each visit. In some biparental species, the sexes divide their duties during day and 
night (e.g., Fraga and Amat 1996; Ekanayake et al. 2015). In a study on the little tern both 
sexes incubated during diurnal time, though females spent about 25% more time incubating 
than males (Fasola and Saino 1995). Nevertheless, the patterns of sex allocation to incubation 
in terns seem to be very variable, as multiple studies conducted on the same species in 
different years or areas have produced contrasting results (see Fasola and Saino 1995). When 
we split the results between morning and midday, flushing times in our study were still 
affected by egg camouflage, and return times by temperature (Table S1, Electronic 
Supplementary Material), suggesting that the sex of the incubating bird would not affect the 
results if one sex incubates in the morning and the other during midday. 

It has been suggested that when an observer repeatedly visits a nest, nest-defence 
behaviour of parents may be modified by positive reinforcement and loss of fear (Knight and 
Temple 1989). Indeed, birds nesting in beaches frequently visited by humans allow closer 
approaches to nests before flushing than birds nesting in beaches less frequently disturbed by 
humans (e. g., Lord et al. 2001; Faillace and Smith 2016). Although we recorded flushing 
behaviour first in the morning, and then during midday, our results were not likely affected 
by a habituation effect related to the order of visits to nests. This is because our study area 
was daily visited by humans, even more during weekends, so that the little terns were 
habituated to human presence, well before we initiated our study (see St Clair et al. 2010). 
After controlling for visit order to nests, Wilson-Aggarwal et al. (2016) found that flushing 
behaviour of shorebirds was affected by the level of camouflage of their nests. 

Although brood value may affect the responses of adult birds during the defence of 
their offspring (see Palestis 2005, for a tern species), it is unlikely to have affected our 
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results, as for each nest the experiments on individual nests were carried out in the same day. 
In our case, the environmental costs experienced by incubating terns were therefore 
independent of the value of the brood, and such type of environmental costs should be 
considered in studies of risk-taking by breeding birds. 

As predicted, incubating birds flushed at shorter distances when the nests appeared 
better camouflaged (as also found by Wilson-Aggarwal et al. 2016) but contrary to our 
prediction this was independent of ambient temperature. This may be so because when a 
predator approaches a nest, egg temperature is likely optimal for embryogenesis since the 
nest is being attended by an adult, i.e. temperature at such moment is not a factor that may 
negatively affect embryos. Nevertheless, only after the adult have departed from the nest the 
temperature may negatively affect embryos receiving direct sun radiaton, especially under hot 
conditions. Likely because of this, return times were affected by ambient temperature (as also 
found by Brown and Brown 2004; Yasué and Dearden 2006), but not so by egg camouflage 
as the birds usually return to their nests once the predator has left the area, i.e. when there is 
no effect of nest camouflage on nest predation risk. Indeed, the terns returned sooner to their 
nest during midday than during the morning, probably because overheating is much more 
harmful for embryos than cooling (Webb 1987). 

Taken together, our results show that incubating little terns allow a closer approach to 
their nests during midday before flushing because the nests may appear better camouflaged 
under the light conditions of such period. Thus, our results support the predictions of 
Ydenberg and Dill (1986), in that flushing distances decreased with increasing the cost of 
flight. Because return times are also shortened with increasing ambient temperature during 
midday, with these strategies the terns may reduce the periods in which eggs in unattended 
nests may be exposed to overheating (Yasué and Dearden 2006; Pereira and Amat 2010).  

An implication of our study is that individual birds may “know” how the appearance 
of their own eggs varies depending on short term variations in illumination conditions, and 
adjust their flushing behaviour from nests accordingly, a possibility that requires 
experimental confirmation, e.g. by analysing the responses of the birds when the camouflage 
of their eggs is manipulated (see also Wilson-Aggarwal et al. 2016). Japanese quail females 
choose nesting substrates in which their eggs appear better camouflaged (Lovell et al. 2013), 
suggesting that there is a cognitive process in the selection of nesting substrates. The terns 
apparently also “know” how the eggs cool or heat depending on ambient temperature while 
the nest remains unattended. Thus, the birds not only perceived the risk of predation, but also 
the thermal risks incurred by embryos when their nests were left unattended. The assessment 
of risk to several simultaneous threats must be beneficial, and may facilitate dynamic risk 
taking during predator disturbance according to shifting fitness payoffs (Enquist et al. 1990). 
It seems therefore evident that leaving a nest unattended during predator disturbance may be 
a complex behaviour that not only depends on biotic factors (e.g., the reproductive value of 
the clutch), but also on abiotic factors that may affect reproductive performance, and its study 
may inform on the cognitive processes that determine decision taking. 
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Nest 34, 09/07/2014                 Time: 08:23                                        Time: 12:11 
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Nest 25, 12/06/2014                Time: 08:32                                                   Time: 11:55   

 

Figure S1.  Pictures of individual little tern Sternula albifrons nests at different times 
of day 
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____________________________________________________________________ 

Flushing - morning 
Source Nparm DF DFDen F Ratio Prob > F 
Year 2 2 69 18.0860 <0.0001 
Temperature 1 1 69 0.1893 0.6649 
Camouflage 1 1 69 11.0110 0.0014 
 
Flushing - midday 
Source Nparm DF DFDen F Ratio Prob > F 
Year 2 2 69 16.0719 <0.0001 
Temperature 1 1 69 0.3641 0.5482 
Camouflage 1 1 69 3.8763 0.0530 
 
Return-morning 
Source Nparm DF DFDen F Ratio Prob > F   
Year 2 2 69 2.1911 0.1195  
Temperature 1 1 69 4.1763 0.0448  
Camouflage 1 1 69 2.1523 0.1469  
 
Return-midday 
Source Nparm DF DFDen F Ratio Prob > F 
Year 2 2 69 32.0312 <0.0001 
Temperature 1 1 69 4.1138 0.0464 
Camouflage 1 1 69 0.0356 0.8508 
____________________________________________________________________ 

Nparm: number of parameters. 

DF: number of degrees of freedom in the model. 

DFDen: number of degrees of freedom associated with the model errors. 

F Ratio: F-statistic obtained using restricted maximum likelihood. 

Prob > F: significance 

 

Table S1. Results of the mixed-effects models examining the effects of year, 
temperature, and egg camouflage on flushing and return times to nests during the 
morning and midday. 
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Abstract   

Camouflage is a widespread strategy to avoid predation and there are different ways 
to optimise it. For many animals that inhabit open areas, where they may remain more easily 
exposed to visual predators, matching properly the habitat is often the primary line of 
defence, what may be especially critical for species with reduced mobility. A plausible way 
to increase camouflage, though rarely studied, is by selecting actively the substrates against 
which the animals are seen according to their own appearance. By applying predator visual 
models to images of nests, we analysed whether there was an active selection of 
microhabitats and nest materials by three ground-nesting birds (pied avocet, Kentish plover 
and little tern) to camouflage their eggs. Plovers and avocets selected substrates in which 
their eggs were better camouflaged, and that choice was done at an individual level. In 
contrast, the lighter and less spotted eggs of the tern matched worse the substrates despite 
they chose lighter substrates. The worse matching of the tern eggs was probably due to a 
compromise between thermal protection and camouflage because this species faces hotter 
conditions during the breeding season. 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. Selecting actively the 
substrates at an individual level may be crucial to improve nest success in species that lay in 
exposed sites. 

 

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, even at small 
spatial scales habitats are not uniform, and this may favour animals 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: i) 
behaviourally selecting microhabitats that enhance camouflage (Colwell et al 2011, Uy et al. 
2017), ii) by using material 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 (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; Marshall et al. 2016), and just a small percentage of such 
studies have modelled visual systems. 

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 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 pattering to those of the sites in which they breed. Given that 
egg coloration and patterning seems to be mostly genetically controlled (Gosler et al. 2000; 
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see Fig. 2 Skrade and Dinsmore 2013), it is unlikely that females show plasticity to produce 
eggs that match the characteristics of their habitat. A different solution is to select 
microhabitats in which the eggs are better camouflaged, as Lovell et al. (2013) found under 
lab conditions. They used Japanese quail, Coturnix japonica, to test whether females selected 
the experimental substrates according to individual eggshell appearance. They concluded that 
the females were able to “know where to hide their eggs” because they matched well the 
substrates, and selection depended on if the eggs were coloured uniformly or they were more 
spotted. However, studies undertaken in 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), which may help in gaining more 
realistic insights into the nest camouflage strategies used by birds (Stevens 2013). Second, 
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 make the eggs more effectively camouflaged (Solís and de Lope 1995; Amat et 
al. 2012; Bailey et al. 2015; Troscianko et al. 2016a).  

Here, we studied whether the choice of microhabitat and nest materials were 
undertaken at an individual level to improve egg camouflage in three ground-nesting birds 
that breed in a small area (thus exposed to the same thermal and predator regimes): Kentish 
Plover Charadrius alexandrinus, pied avocet Recurvirostra avocetta, and little tern Sternula 
albifrons. We predicted that adults should select the substrates that enhanced the camouflage 
of their eggs. We further predicted that egg camouflage should be improved by the addition 
of materials into the nest scrapes. 

 

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 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 environmental conditions (Fig. S2 ESM). Although we did not 
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know the precise laying dates of avocets and terns in 2014, they were not qualitatively 
different to those of previous years. 

 

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 around 09.00 to 11:00 h (GMT) to ensure lighting conditions were 
comparable between photographs. The camera was mounted on a tripod 1.6 m high, 
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 
released 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 of an avian and 
mammalian predator. Birds have four single cone types used in colour vision (sensitive to 
LW, MW, SW and UV light; Cuthill, 2006), and additional double cones thought to be used 
in luminance vision (Osorio and Vorobyev 2005). The most likely avian nest predators in our 
field area may be the turnstone Arenaria interpres and the yellow-legged gull Larus 
michahellis. Both predators are expected to have VS rather than UVS colour vision (e.g. 
Ödeen and Hastad 2013), so we generated cone-catch images using 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 compared to spectrometry-based methods 
(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 receptors. 
Potential mammal predators in our study site include feral dogs (Canis lupus familiaris) and 
cats (Felix silvestris catus), red foxes (Vulpes vulpes), and stoats (Mustela erminea). The 
nearest available mammalian visual system was the ferret (Mustela putorius furo), which has 
LW and SW peaks.  
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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 each 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). 
Here, a value of 1 JND predicts that two colours or luminance levels cannot be discriminated, 
even under optimal lighting conditions (Siddiqui et al. 2004). Weber fractions were 
calculated based on peafowl cone ratios of (shortest to longest) 1 : 1.9 : 2.2 : 2.1 (Hart, 2002), 
and ferret cone ratios of 1:14 (Calderone and Jacobs 2003), 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 calculated between eggs and the nest, as 
well as between eggs and microhabitats. Previous studies have shown that the survival of 
nests is related to their camouflage, when camouflage is measured using the metrics followed 
here (Troscianko et al. 2016b). Therefore, the approach used should be biologically relevant 
to measuring camouflage.   

To describe how the eggs reflected more or less energy in the visible and the UV 
range of the sun spectrum we calculated the total reflectance (TR) of the eggs, nests and 
microhabitats using the reflectance images that were previously obtained (linearised and 
equalised). TR was measured by averaging the three camera bands in the visible (R-v, G-v 
and B-v, i.e. TR-visible) and the two in the UV (R-uv and B-uv, i.e. TR-UV). 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. 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).  
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Chimeric experiment 

As we could not exchange clutches between nests, we carried out a chimeric 
experiment (see samples size at Table S1 ESM). To test whether the choice of sites depended 
on the individual characteristics of eggs, we virtually placed the eggs of every clutch in the 
nests/microhabitats of other individuals of the same species (Fig. 1). For this we only used 
the avian visual model because eggs were more conspicuous under this kind of vision and 
because it also simulates better the perception not only of the predator but also the visual 
system of the incubating adults (ground-nesting birds).   

Statistical analyses 

General linear models (GLM) and General linear mixed models (GLMM) were used 
to test several hypotheses, with normal error distribution and using the identity link function. 
We used GLM to compare interspecific differences in TR of eggs and substrates in the visible 
and UV, and proportion of spottiness. 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 
clutch identity included as a random factor. Those response variables were sometimes 
transformed using the square root to improve residuals´ normality. GLMM models were also 
used to analyse intraspecific comparisons, including eggs identity and substrates (nest and 

Figure 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 (obviously was removed from the microhabitat area). 
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microhabitat) identity as random factors. 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. 

 

 

 

Figure 2. Proportion of spottiness (percentage of eggshell surface covered by spots) in three 
ground−nesting birds (sample mean, 95% confidence intervals, and minimum and maximum values; 
sample sizes are also shown). The image 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 because reflectance images are typically 
non-attractive to human´s eyes. Different letters denote significant differences 
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Results 

The eggs of the little tern had more TR-visible (Table 1, F2,82 = 12.33 , p < 0.001, M. 
R-sq:  0.2311, Adj. R-sq:  0.2124), also had higher levels of TR-UV (F2,82 = 18.83 , p < 0.001, 
M. R-sq:  0.31, Adj. R-sq:  0.29 ) 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 TR-visible 
values and had higher values than those selected by the other two species (Table 1). In the 
UV wavelength range was the pied avocet the species that significantly selected nests and 
microhabitats with lower TR-UV.  

 

  Total Reflectance (%) 

  EGGS NESTS MICROHABITAT 

V
IS

IB
LE

 

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-value 

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 

U
LT

R
A

V
IO

LE
T 

Pied Avocet 6.30 ± 0.28 6.90 ± 0.28 6.93 ± 0.31 

Kentish plover 7.16 ± 0.28 7.92 ± 0.29 8.07 ± 0.32 

Little tern 9.78 ± 0.56 8.54 ± 0.44 8.87 ± 0.51 

p-value 

Kp -A = 0.082 Kp -A = 0.033 Kp -A = 0.035 

Lt - A < 0.001 Lt - A = 0.005 Lt - A = 0.003 

Lt - Kp < 0.001 Lt - Kp = 0.466 Lt - Kp = 0.371 

 

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) in the visible and ultraviolet spectra. The p-values (p) of he general linear models were 
calculated with a Tukey post-hoc test (significant p-values are in bold). 
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In terms of background matching, the little tern had the least camouflaged eggs 
(Figure 3 and 4; see models at Table S2). 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) and under both the avian (Fig. 3) and the 
mammal (Fig. 4) visual models. In fact, under the avian predator visual model 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. 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. Nevertheless, differences in luminance (egg-nest, 
egg-microhabitat) in the three species, and also differences in colour in pied avocet and 
Kentish plover, are below 1 under the two visual models, so they are unlikely to be 
distinguished by potential predators. 

All three species frequently add some materials to the nest (e.g. small pebbles, shells, 
twigs, etc.). To test if this addition modified the camouflage of the egg, we made 
comparisons between the camouflage of eggs-nests and eggs-microhabitats under both visual 
systems (Table 2). The eggs of the pied avocet and the little tern differed achromatically less 
against the nest than against the microhabitats in both visual systems, but only under the 
mammal visual system in the Kentish plover. 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 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 they 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 choose specific microhabitats that matched the 
patterning of its own eggs better. On the contrary, the camouflage of little tern eggs was no 
different on their own nests as opposed to those of their conspecifics (Table 3). 
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  Luminance JND Pattern 

  Peafowl Ferret Peafowl Ferret Peafowl Ferret 

Pied 

Avocet 

Egg-nest 

Egg-
microhabitat 

0.39 ± 0.06 

0.48 ± 0.06 

0.37 ± 0.04 

0.42 ± 0.4 

1.67 ± 0.25 

1.82 ± 0.26 

0.40 ± 0.06 

0.45 ± 0.07 

5100 ± 317 

3488 ± 262 

4833 ± 292 

3309 ± 242 

p-value 0.002 0.002 0.047 0.065 <0.001 <0.001 

Kentish 

plover 

Egg-nest 

Egg-
microhabitat 

0.62 ± 0.05 

0.61 ± 0.05 

0.55 ± 0.05 

0.61 ± 0.05 

2.43 ± 0.27 

2.24 ± 0.26 

0.44 ± 0.06 

0.39 ± 0.06 

4725 ± 275 

3907 ± 250 

4374 ± 250 

3645 ± 229 

p-value 0.750 0.002 0.017 0.025 <0.001 <0.001 

Little 
tern 

Egg-nest 

Egg-
microhabitat 

0.61 ± 0.07 

0.71 ± 0.07 

0.60 ± 0.07 

0.66 ± 0.07 

4.26 ± 0.51 

4.45 ± 0.52 

1.02 ± 0.13 

1.08 ± 0.13 

6847 ± 399 

4948 ± 403 

6385 ± 434 

4583 ± 368 

p-value 0.004 0.002 0.196 0.244 <0.001 <0.001 

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). 
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  Pied avocet Kentish plover Little tern 

  
Original 

nest 
Chimeric 

nest 
Original nest 

Chimeric 
nest 

Original 
nest 

Chimeric 
nest 

Lu
m

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 

Table 3. Results of intra-specific comparisons for each species (pied avocet, Kentish plover 
and little tern) in the 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), and p-values (Tukey post-hoc test) are shown.  
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Figure 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 an avian 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 line) mean that two 
substrates could be easily differentiated. Different letters denote significant differences. 
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Figure 4. 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 a mammal 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 line) mean that two 
substrates could be easily differentiated. Different letters denote significant differences. 
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Discussion 

Pied avocet and Kentish plover eggs effectively matched the materials that adults added 
into the nest scrape, as well as the corresponding microhabitats, both under mammal and avian 
visual systems. In fact, the choice of microhabitats and nest materials was not only undertaken 
at a 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), who experimentally found under laboratory 
conditions that individual females select substrates to lay their eggs based on egg coloration and 
patterning to improve camouflage. However, 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, adults 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). Nest materials may have multiple roles besides camouflage. 
Although specific materials may worsen egg camouflage, they could still be advantageous for 
other functions, for example in maintaining an appropriate thermal environment in nests (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 proper nesting materials 
could be affected by other factors in addition to camouflage and these may trade-off, similarly 
to which happens with eggshell coloration (Gómez et al. 2016). With these strategies (selection 
of microhabitats and addition of nest materials), together with other strategies to reduce egg 
detection (Amat et al. 2012; 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 phenotypic 
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 
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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 (Lahti 2008). Anyway, accounting for 
phylogenetic factors would likely not explain why little terns selected substrates that matched 
worse their eggs, 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 (Fig. S2 
ESM), 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). 

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. Adding nest materials to 
scrapes improved the achromatic camouflage but worsened the pattern camouflage of the eggs, 
which could be explained because the materials added are 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.  
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SUPLEMENTARY MATERIAL 

 

Intraspecific comparisons 

Species 
Original nest 

(with own eggs) 

Chimeric nest (with eggs from other 

nests of the same species) 

Pied avocet 30 870 

Kentish plover 37 1332 

Little tern 18 306 

 

Table S1. Number of nests used in the chimeric experiment carried out to test 
intraspecific differences in egg camouflage according to the selection of substrates 
(nest materials and microhabitats) of pied avocet, Kentish plover and little tern. 
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 Model R2 m R2 c AIC ΔAIC 

Pe
af

ow
l Luminance ~ sp * substrates 0.098 0.892 -35.77 -5.47 

Sqrt(Colour)  ~ sp * substrates 0.226 0.967 59.96 -7.36 

Sqrt(Pattern) ~ sp * substrates 0.240 0.865 1245.4 -10.3 

Fe
rr

et
 

Sqrt(Luminance) ~ sp + substrates 0.122 0.860 -170.6 1.89 

Sqrt(Colour)  ~ sp * substrates 0.239 0.947 -115.8 -5.81 

Sqrt(Pattern) ~ sp * substrates 0.243 0.859 1231.1 -11.9 

 

Table S2. Generalized Linear Mixed Models selected using the Akaike information 
criterion (ΔAIC > 2) for the Luminance, colour and pattern camouflage (response 
variables) for two visual systems (peafowl and ferret). The R2 m (marginal) and c 
(conditional) are shown together with the AIC of the best model selected, and the 
difference (ΔAIC) with the second best model (i.e., the one without the interaction). 
Species (pied avocet [n = 30], Kentish plover [n = 40] and little tern [n= 18]) and 
substrates (nest materials and microhabitats) were the explanatory variables, and nest 
identity the random factor. 
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Figure S1. Laying dates during 2008 and 2010 for the pied avocet (blue line), little 
tern (green line) and Kentish plover (red line). 
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Figure S2. a) Radiation and b) Maximum temperature registered in a weather station 
(Puerto de Santa Maria, 36º 36' 18'' N, 06º 09' 52'' W) close to our field site (Puerto 
Real). Data were collected during 2010−2014, from 15 March to the 31 August. A 
smooth line has been added to the points’ cloud plus confidence intervals (in grey). 
Day 90 � 1 April. Arrows show the median Julian laying dates of pied avocet (blue), 
Kentish plover (red) and little tern (green). 
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Amat. Does the use of nest materials in a ground-nesting bird result from a 
compromise between the risk of egg overheating and camouflage? 
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Abstract 

Many studies addressing the use of nest materials by animals have focused in only 
one factor to explain its function. Considering more than one factor could explain, for 
example, the apparently maladaptive choice of nest materials that make the nests conspicuous 
to predators. Here, we tested whether there is a trade-off between the risks of egg predation 
and overheating in the use of nest materials in the ground-nesting Kentish plover, Charadrius 
alexandrinus. For this, we experimentally added into nests materials differing in their thermal 
properties and coloration, thus affecting rates of egg heating and camouflage. In nests before 
manipulations, adults had selected light materials that matched worse egg coloration than the 
microhabitat, likely to buffer the risk of egg overheating. However, the adults did not keep 
the lightest experimental materials, probably because camouflage worsened. In all nests, 
adults removed most of the experimental materials independently of their properties, so that 
egg camouflage returned to the original values within a week of the experimental treatments. 
Although the thermal environment may affect the choice of nest materials by the plovers, at 
our study sites it was not likely too stressful as to determine the acceptance of the lightest 
experimental materials.     

 

Key words 

Background matching, coloration, disruptive camouflage, microhabitat, rates of egg heating, 
thermal environments, trade-off 
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Introduction 

 Many animals increase the survival prospects of their offspring by providing different 
forms of care, one of which is nest building (Smiseth et al., 2012), which is widespread 
across animal taxa (Hansell, 2005). Nests vary from simple structures to more elaborate ones. 
Thus, some fish lay their eggs on the ground and simply cover the eggs with substrate, but 
other animals like insects, birds and mammals use materials in the construction of more 
elaborated nests (Smiseth et al., 2012). Diverse functions have been attributed to nests, 
including structural support for eggs or offspring, concealing them from predators, or 
buffering them against environmental hazards (Collias & Collias 1984; Hansell, 2000, Fast et 
al. 2010).  

Certainly, there is a high variation of nest designs that does not only depend on the 
kind of habitat or the location of the nest (e.g. tree, ground, cavity, etc.), but also on the 
multiple roles that nest materials can play (e.g. Collias & Collias 1984; Hansell 2000). 
Despite the materials used to construct nests are supposed to play an important role in nesting 
success, there is a limited number of studies testing their functions (Deeming & Mainwaring, 
2015). In the more complex nests, as those of birds, there may be several layers, with the 
materials in the outer one being mainly for structural support, while the materials used in the 
inner layer being mainly for insulation (Hansell, 2000). In the case of many ground-nesting 
species their nests are very simple, just consisting of shallow scrapes into which the birds 
usually add materials such as pebbles, pieces of vegetation or shell fragments. These 
materials are collected around the nests, and this may result in scarcity when birds’ 
aggregations are high, eventually leading to the pilferage of nests materials among 
conspecifics (Carrascal et al., 1995).  

The use of nest materials is one of the various strategies used by animals to reduce 
the hazards of extreme thermal conditions for eggs, and may be especially important for 
species that breed at ground level in unsheltered sites (i.e., uncovered by vegetation or rocks) 
that may be exposed to cold winds and/or direct solar radiation (Howey et al., 1984; Hilton et 
al., 2004; Gedeon et al., 2010; Heenan et al., 2013). The protection against extreme thermal 
hazards may be achieved by using materials that diminish the rate of heat loss by eggs under 
cold conditions (Reid et al., 2002; Tulp et al., 2012), or the rate of heat gain under hot 
conditions (Mayer et al., 2009). In addition, the materials in nests on the ground prevent the 
eggs from becoming in contact with water after storms, so that they are important for nesting 
success (Moreno et al., 1995). Lastly, the nest materials also minimize the energy costs of 
incubation by adults, by reducing the duration of incubation, which contributes to maximize 
egg hatchability (Hansell, 2000; Deeming, 2002). 

Another important way in which the materials may facilitate nesting success in 
ground-nesting birds is by improving egg camouflage. Indeed, background matching of eggs 
reduces predation risk (Lee et al., 2012; Troscianko et al., 2016). The importance of the 
materials to facilitate camouflage may be especially relevant when the matching between the 
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nesting habitats and the eggs is not good. In such cases, the birds may improve egg matching 
with the materials that they add to the nests (Amat et al., 2012; Troscianko et al., 2016). This 
in turns suggests that birds are selective in the choice of nesting materials (Kull, 1977; Solís 
& de Lope, 1995). 

Because of the importance of egg camouflage for nesting success, it may seem 
surprising that the materials used in some nests may render such nests conspicuous to 
predators (Evans, 1954; Montevecchi, 1976). This indicates that there may be trade-offs 
among factors that affect nesting success on the choice of nest materials (Mayer et al., 2009; 
Stoddard et al., 2011). 

Here, we studied experimentally whether there is a trade-off between the needs for 
eggs camouflage and an appropriate thermal environment for embryogenesis in the choice of 
nest materials in the ground-nesting Kentish plover Charadrius alexandrinus. These plovers 
breed in exposed sites that receive direct solar radiation and may experience heavy heat loads 
during incubation (Grant 1982; Amat & Masero 2004; 2009). Their eggs reach temperatures 
that may be lethal for embryos when not attended by adults during only a very few minutes 
(Amat & Masero 2007; Amat et al., 2017). On the other hand, clutch losses due to predation 
may be as high as 70% of nests (Lessells 1984; Fraga & Amat 1996). Therefore in this 
species there may be selection pressures to have well camouflaged eggs, and to add nest 
materials that buffer against high harmful temperatures for embryos. However, these 
pressures may be in conflict, as the best materials for thermoregulation may not be 
necessarily the best ones for egg camouflage (e.g., Mayer et al., 2009). In our experiments, 
we used materials with different thermal conductances and that affected differently egg 
camouflage. We predicted that (1) if the camouflage was the main selective agent, the 
experimental materials that matched better the eggs and the surroundings should be kept in 
higher quantities than those that produced bad crypsis regardless of their thermal properties, 
and alternatively 2) if the risk of eggs overheating was the main selective agent, adults should 
retain a larger amount of the experimental materials on which the rate of egg overheating was 
lower, even if on those materials the eggs were badly camouflaged. 
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Materials and methods 

 

Study site and species 

Our study was conducted in 2014 and 2015 in a 15 ha saltpan at Cádiz Bay Natural 
Park, southern Spain (36° 30' 53.4" N 6° 09' 23.3"W). Kentish plovers nest in shallow scrapes 
on the ground, into which they add materials as pebbles, mollusc shells, plant fragments, etc., 
usually collected around the nests (del Hoyo 1996). In the saltpan there is a variety of 
substrates, including natural and others introduced by humans to construct tracks to facilitate 
the circulation of vehicles. At our study site the laying season of Kentish plovers 
encompasses late February – late June (A. Pérez-Hurtado, unpubl.).  

 

Camouflage experiment  

Because one of the aims of the study was to analyse the effect of the thermal 
environment on the choice of nest materials, we conducted the study during the second half 
of the nesting season (May onwards), when the highest ambient temperatures were expected. 
In every nest we took a picture (O = original) without modifying any aspect of the scene (nest 
and microhabitat). Then, we changed the original nest materials with experimental materials. 
We threw away the original materials at a distance long enough from the nest (> 7 m) to 
ensure that they were not recovered by the plovers. In the control nests (n = 12), we removed 
the materials and returned them into the scrape. The experimental materials that we used 
were dark grey pebbles (black hereafter, n = 16), white pebbles (n = 5), light grey pebbles 
(grey hereafter, n = 11) and twigs (n = 11). Except the twigs and white pebbles, all other 
materials are used in nests at the study site. 

After we replaced the original materials with the experimental ones we took another 
picture of the scene (T = treatment). Finally, one week later we took the last picture (W = 
week later) to quantify the amount of the experimental materials retained in the nest by the 
plovers. 

The photographs were taken in RAW format with a Canon EOS-400 digital camera 
equipped with Canon EFS 18-55 mm macrozoom lens from approximately 1 m above the 
nest. The experimental change of nest materials and the photographic procedure took less 
than 4 min per nest. Photographs were taken between 09:00 and 11:00 h (GMT), to ensure 
that lighting conditions were comparable between them. 

  



A compromise in the use of nest materials between the risk of egg overheating and camouflage 

119 

Digital image analysis 

  We adapted a texture analysis (Malik et al., 2001), which encompasses background 
matching/patterning matching, to measure egg camouflage. The images of our data set were 
processed using custom designed functions for MATLAB (2014). In a first step, RAW 
images were decoded and presented to the user through a Graphical User Interface (GUI) for 
marking Regions of Interest (RoIs). We defined four types of RoIs for each image; eggs area 
(with all eggs marked), nest area, internal area (a small area around the nest that was not 
included in the analyses) and, finally, the external area (microhabitat), which covered most of 
the scene in every picture. To avoid possible artefacts in the outer pixels we eliminated in the 
image analysis a small region around the border of the picture (see the grey area of the 
middle image of the Figure 1). Once all images were marked, we ran a second MATLAB 
function that evaluated camouflage by partitioning the input image into sets of “similar” 
pixels following the guidelines in Arbelaez et al., (2011). In this second stage, we first 
mapped the RAW images to the L*a*b* colour space (Comission International d’Eclairage) 
using the same method for the adapted white point as we reported in Amat et al., (2017). This 
colour space has been proven useful in several studies of camouflage (Nguyen et al., 2007;  
Lovell et al. 2013; Gómez et al., 2016; Troscianko et al. 2016; 2017; Amat et al., 2017). 
Afterwards, each image channel (lightness L*, red/green value “redness” a*, yellow/blue 
value “yellowness” b*), was passed through a bank of image filters containing 56 members. 
These members corresponded to 14 different filters, defined at 4 scales (σ = {16, 24, 32, 48} 
pixels).  Each set of filters for a particular scale contained odd-symmetric and even-
symmetric Gaussian derivative kernels at 5 orientations (evenly distributed between 0 a 180 
degrees), plus 4 rotation invariant filters (2 Gaussian kernels, 2 Laplacian of Gaussian 
kernels). At the end of the filtering process, we obtained 168 (3 × 56) measurements for each 
pixel in the original image. These measurements were vectorized and clustered using K-
means for 14 cluster centers (Nclusters). Finally, each pixel was assigned to the closest 
cluster center, and the whole output image just contained integer values in the range [1, 
Nclusters]. Then, we computed the clustering signature of each of the regions defined in the 
first stage. The clustering signature of a particular region was a vector of 14 components, 
with each of them representing the relative presence (%) of a particular cluster in this region. 
The number of cluster centers (14) was defined through a process in which we ran our 
algorithm for a subset of 10 randomly selected input images and varying Nclusters {6, 8, 10, 
12, 14, 16, 20}. We then decided to select the number of cluster centers minimizing the 
correlation between the clustering signatures for eggs and external areas. We observed that 
this correlation decreased as the number of cluster centers was increased, and that it showed a 
typical saturation curve starting at Nclusters = 12. Therefore, we chose Nclusters = 14, since 
the decrease in correlation between eggs and external areas obtained for larger Nclusters, was 
not significant when compared to the extremely high growth of computing time. 

Together with the clustering signature for each region, we also reported the amount 
of egg perimeter detected from the clustering analysis, which could be used to quantify 
disruptive camouflage, as similarly done by other authors (Lovell et al., 2013; Troscianko et 
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al., 2017). To do so, we created an image containing only texture frontiers. Afterwards, we 
computed another image containing the borders of marked eggs, and we dilated (Serra, 1983) 
each egg’s border image using a cross-shaped structuring element whose radius is 1% of 
every egg’s length. Then, we calculated the intersection of the two images, thinned it back to 
a single pixel width line, and calculated the percentage of egg borders that corresponded to 
texture frontiers.  

The final result from our image processing was a CSV file with one row per input 
image, where we reported the clustering signatures (14 elements) for the 4 regions defined in 
every image, together with the amount of egg borders reconstructed from texture frontiers. 
Besides, for registering purposes, we also saved the resulting texture images (See Fig 1 for an 
example of detected textures and egg borders). Normalized Texture Signatures (%) were 
considered as histogram of textures and compared using χ2 metrics as in Arbelaez et al. 
(2011) (eq. 9). Hence, for two normalized signatures, g, h, their degree of similarity is 
produced from: 

"# $, ℎ = 1
2

($+ − ℎ+)#
$+ + ℎ+

 

To obtain the reflectances of the nest materials we used the tool SpotEgg (Gómez & 
Liñán-Cembrano, 2017). We basically linearised and normalised the images using a grey 
standard. 

 

 

 

Figure 1. Images of texture analysis. Left: Original input image. Center: Resulting clustering (colours, 
for representation, are randomly assigned to each cluster [n=14] in each output image). We discarded in 
the analysis the border of the image which is represented in grey colour. Right: Reconstructed egg 
borders from texture frontiers. 
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To quantify how much experimental nest materials remained in the nest one week 
after the original materials were exchanged, we developed a custom tool using MATLAB 
(2014). First, we created a digital net (squares of 2x2 mm) embedded in the nest RoI of the 
photo taken one week after the exchange of nest materials (Figure 2). The percentage of 
squares in which the experimental materials dominated (i.e., the materials covered > 50% of 
the surface of a square) was considered as a measure of the acceptance of those materials by 
the plovers. 

 

 

 

Figure 2. Kentish plover nest one week after it was experimentally manipulated. To 
quantify the remaining experimental materials (in this case black pebbles), we created 
a digital net (2 ⋅  2 mm, in red). The squares that contained more than 50 % of its 
surface covered with experimental material were counted as positive (i.e. they were 
considered as those in which experimental material was not removed, and are 
coloured in red for representation). 
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Heating experiment  

To test how eggs overheated on each nest material, we used a procedure similar to 
that of Mayer et al., (2009). We put the four experimental materials in aluminium tins (75 
mm diameter, 25 mm depth), and placed a Kentish plover egg filled with plaster of Paris on 
the top. We also tested the effects of two common materials at the study site on the rate of 
egg overheating: ochre pebbles and flakes of dried mud, which were not used as experimental 
because of a limitation in the number of nests into which they could have been added. The 
plaster of Paris is adequate to measure operative temperatures of ectotherms (Ward, 1990; 
Tracy et al., 2007). We inserted 30–36 gauge nickel-chromium/nickel-aluminium 
thermocouple probes (Omega Engineering, Stamford, CT, USA) into the model eggs and 
these were connected to an Omega OM-550 datalogger, programmed to take a measurement 
every 15 s for 60 min. The egg was heated using a 100-W infrared lamp directed downward 
from 23 cm above. This experiment was conducted in a room, and we used four model eggs 
and ten replicates for every material.  

In addition, to test how the materials heated under field conditions, we employed a 
640 × 480 thermal imaging camera (FLIR Systems SC660). The camera was mounted on a 
tripod 50 cm above ground level and we set the camera to take photos for 20 min every 10 s. 
The nest materials that we used were the same as in the experiment carried out under room 
conditions and we deposited them, receiving direct solar radiation, over a 2 cm thick thermal 
isolating white foam sheet laid to avoid heat conduction from the ground. Five replicates 
were used, changing the positions of the materials in the foam sheet to avoid any position-
related influence of the thermal conditions. The data were cropped to 1111 s instead of 1200 s 
(20 min) because in a few replicates some of the final measurements were not recorded by the 
camera. 

The thermal images (Figure 3) were then decoded using a custom designed 
MATLAB function that allowed us to directly obtain raw thermal data from the camera 
output images. Finally, we wrote the results into a CSV file for further analysis.  
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Statistical analysis 

 Non-linear models were fitted (Figure 4) to calculate the heating rates and estimate 
final temperatures (Westmoreland et al. 2007) of model eggs under room conditions. We 
fitted the equation (Newton´s law of heating, Gockenbach and Schmidtke 2009): 

TE ~ TF + (Ti − TF)*(e −c*time) 

where TE is the egg temperature, TF is the final temperature reached by the egg, Ti is the 
initial temperature of the egg, c is the constant rate (parameter we wanted to calculate) and 
time is the period of heating.   

 We could not estimate the heating rates of the materials under field conditions, 
because the temperatures of twigs did not fit to a non-linear curve, as they were more variable 

Figure 3. Images of nesting materials. Left: Images of the nesting materials acquired with a conventional 
digital camera. Right: Thermal images obtained with a FLIRSC660 Thermal Imaging Camera after 20-min 
of exposition to direct solar radiation. Top left: Black pebbles. Top right:  White pebbles. Middle left: 
Twigs. Middle right: grey pebbles. Bottom  left: Flakes of dried mud. Bottom right: Ochre pebbles. 
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and did not increase constantly, likely because the temperatures of twigs were affected in 
higher intensity by wind than the other materials. For that experiment we just calculated the 
differences between treatments in the final temperatures they reached (averaging the last five 
records to minimise the effect of wind). 

 General linear mixed models (package “lm4”, Bates et al., 2014) were used to test 
differences between the heating constants and the final temperatures reached by the eggs 
under room conditions. In those cases the random effect was the egg identity (n = 4). The 
fixed effect was a categorical variable with four levels (i.e. the four experimental materials). 
That kind of model was also used to test the differences in the final temperatures that the 
materials reached under field conditions. In this case, the fixed effect was the same 
categorical variable than before (treatment) but we also used the five final records (i.e. 
temperatures) to reduce de effect of the wind, thus the random effect was nested: time record 
/ replicate.  

For testing camouflage differences we also used GLMM. We performed three 
models: Egg-Nest Nest-Microhabitats and disruptive camouflage. The response variable in 
the first two cases was the differences between textures, whereas the proportion of egg border 
detected (border ratio) was the dependent variable in disruptive camouflage. The independent 
variables were treatment (the four experimental materials) and photo (O, T and W), which 
were both categorical variables. We used package lsmeans (Lenth, 2016) to get differences 
between treatments and calculate Tukey post-hoc p-values.    

 Finally, we also carried out an ANOVA to test differences among treatments in the 
quantity of materials that remained in the nest one week after the experimental change. 
Besides, we modelled two general linear models (GLM) to analyse the relationship between 
the nest lightness and the Egg-Nest and Nest-Microhabitat camouflage. A Spearman 
correlation was also carried out between the total reflectance of the materials and the 
temperature they reached under field conditions. All statistical analyses were carried out 
using R statistical software version 3.2.2 (R Core Team, 2016), and the significance level was 
set at 0.05. 

 

Results 

 

Heating experiment 

The eggs on the white pebbles heated more slowly (Figure 4, Table 1, F5,51 =77.93, p 
< 0.001, R2 = 0.87) and reached the lowest final temperatures (Figure 4, F5,52 = 29.26, p < 
0.001, R2 = 0.72). They were followed by eggs on grey pebbles (Table 1) and also by the 
original materials: the ochre pebbles and flakes of dried mud. Finally, the eggs on black 
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pebbles and twigs heated more and faster than on the other materials. Similar results were 
found when the materials were heated under field conditions using solar radiation as energy 
source, although in this case the black pebbles reached significantly higher temperatures than 
twigs (Table 1, F5,120 = 362, p < 0.001, R2 = 0.93). The temperatures reached by the 
experimental materials were highly and negatively correlated with their total reflectance in 
the visible range of the light spectrum (Spearman correlation, rs = − 0.64, p < 0.001). 

 

Camouflage experiment 

There were no differences in camouflage between original nests assigned to each 
treatment before the experimental manipulation of materials (F4,100 = 0.67, p = 0.61, R2 = 
0.21). In natural conditions the original nest materials were lighter (estimated mean ± se, Lnest 
= 31.56 ± 0.58; F1,55 = 52.67, p < 0.001, R2 = 0.67) than the microhabitats (Lmicrohabitat = 27.83 
± 0.51), the last ones matching better the eggshell lightness (Legg = 25.70 ± 0.73). In fact, 
before manipulations the Kentish plover eggs were better camouflaged with respect to the 
microhabitats than to the nest materials (Egg – nestdifferences = 55.43 ± 3.05 vs Egg – 

Figure 4. Non-lineal models fitted, following Newton´s law of heating, for Kentish plover model 
eggs placed on each nest material (non-experimental materials: dashed lines; experimental 
materials: solid lines), which was heated with a 100-W infrared lamp during one hour.  



Chapter 4 

126 

microhabitatdifferences = 31.93 ± 4.31; F1,100 = 24.26, p < 0.001, R2 = 0.21). We found a clear 
positive relationship between the nest lightness and the differences in camouflage of either 
Egg − Nest (F1,54 = 7.67, p = 0.008, Adj. R2 = 0.11) or Nest – Microhabitat (F1,54 = 13.59, p < 
0.001, Adj. R2 = 0.19), the greater the lightness of the nest, the worse the egg camouflage 
(Figure 5). 

 

 

 

 

 

 

 

 Room conditions Field conditions 

Material Heating rate (k) Final temp. (ºC) Final temp. (ºC) 

Experimental    

White pebbles 0.0133 ± 0.0006 (a) 41.56 ± 0.54 (a) 40.50 ± 0.44 (a) 
Grey pebbles 0.0156 ± 0.0006 (b) 42.59 ± 0.54 (a) 51.51 ± 0.56 (b) 
Blak pebbles 0.0160 ± 0.0006 (b) 47.70 ± 0.54 (b) 58.05 ± 0.63 (c) 
Twigs 0.0246 ± 0.0006 (c) 48.08 ± 0.54 (b) 54.13 ± 0.59 (d) 

Non-Experimental 
   

Ochre pebbles 0.0163 ± 0.0007 (b)  42.51 ± 0.54 (a) 45.51 ± 0.50 (e) 
Flakes of dried mud 0.0230 ± 0.0006 (c) 42.83 ± 0.54 (a) 48.46 ± 0.53 (f) 

Table 1. Means (± SE) of heating rates and maximum final temperatures of Kentish plover model eggs 
placed on experimental and non-experimental original nest material at room conditions (heated during 
one hour with a 100-W infrared lamp), and maximum final temperatures (mean ± SE) of six nest 
materials under field conditions (exposed to the sun radiation during 20 min). Different letters denote 
significant differences. 
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Treatment Nº Mean±SE 

White pebbles   5 22.1±5.1 

Grey pebbles 10 21.9±3.5 

Black pebbles 16 19.1±2.8 

Twigs   10 20.4±3.5 

 

Table 2. Percentage (estimated mean ± SE) of nest surface covered with 
experimental materials one week after the manipulation. 

Figure 5. Linear relationships (± CI) between the lightness of the nests (Lab colour space), and the differences in 
camouflage between: a) Egg – Nest and b) Egg – Microhabitat, obtained with an analysis of textures. The lower 
the values of lightness, the better the camouflage. 
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The camouflage Egg-Nest only improved with the treatments of grey pebbles and 
twigs (Figure 6, F2,100 = 5.28, p = 0.007, R2 = 0.47). However, the contrast between the nest 
and the microhabitat worsened in all except in control nests, in which it remained similar 
(Figure 6, F2,100 = 74.36, p < 0.001, R2 = 0.65). One week after we had applied the treatments, 
the adults had removed most of the materials that we added, leaving only around 20 % of the 
experimental materials (Table 2, (F3,37= 0.17; p = 0.914). Although the material left in the 
treatment of white pebbles covered a larger area than the others, the differences were not 
significant. The remaining 80 % was materials equal to the original ones that the adults added 
to the nest. The removal of the experimental material returned the values of camouflage very 
close to the original ones, and in some cases the camouflage was even better at the end of the 
experiment. The opposite, worse camouflage a week after the addition of experimental 
materials, never happen. 
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Figure 6. Differences in camouflage (estimated means ± SE) between Egg – Nest and Nest – 
Microhabitat, calculated with an analysis of textures, in the original situation (O), immediately 
after the change of nest materials (T), and one week after the change (W). The lower the values, 
the better the camouflage.  Different letters denote significant differences (Tukey post-hoc 
comparisons). 
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In terms of disruptive camouflage, the only experimental material that produced 
significant changes was the black pebbles, which improved egg camouflage by this 
mechanism (Figure 7, F2,100 = 5.04, p < 0.008, R2c = 0.38), although after a week the values 
were similar to the original. 

 

Discussion 

Several groups of birds may face a trade-off between egg camouflage and an 
optimum range of temperatures (Eggers et al. 2006; Hilton et al., 2004). In our study, Kentish 
plover adults removed around 80 % of the experimental nest materials in all cases, and that 
was independent of how well those materials matched the eggs or of their thermal properties. 
However, in all the treatments the matching between the nest and the microhabitat 
significantly worsened, so the decision of the adults of removing most of the experimental 
nest materials was probably driven by the necessity of increasing the camouflage of the 
whole system (i.e. Egg – Nest – Microhabitat) and not only some parts of it.  

Overall, one week after we made the change in the nest  the camouflage returned to 
the original values, probably because of the importance of egg and nest camouflage for 
nesting success (Lee et al., 2012; Troscianko et al., 2016). Interestingly, in some cases the 
camouflage improved one week after we had applied the treatments (i.e., black pebbles in 
Egg-Nest and twigs in Nest-Microhabitat), likely because the quantities of such experimental 
materials left in the nests did not increase the risk of egg overheating but increased matching. 

Figure 7. Differences in the proportion (estimated means ± SE) of the border of the egg that was detected 
using a texture analysis, which was used as a measure of disruptive camouflage, in the original situation (O), 
immediately after the change of nest materials (T), and one week after the change (W). The lower the values, 
the better the camouflage of the eggs. Different letters denote significant differences (Tukey post-hoc 
comparisons). 
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However, the opposite did not happen, so the camouflage of the nest one week after the 
manipulations was never worse than in the original nests, which suggests that of both 
important selective agents (i.e. camouflage and risk of egg overheating) camouflage is the 
one that is mainly driving the adults´ behaviour at our study site. On the other hand, we do 
not know whether the quantities of those experimental materials left in nests increased 
background matching or pattern matching (Lovell et al., 2013) because in our texture analysis 
both factors are not differentiated. Nevertheless our texture analysis is a more holistic 
approximation to quantify camouflage because other methods previously used usually split 
the two compounds of camouflage despite both factors likely contribute simultaneously to 
camouflage. 

Nevertheless, we found that under natural conditions Kentish plover selected lighter 
materials for the nest than those available in the surrounding microhabitat despite they 
matched worse the eggs, which may make the eggs more easily detectable by predators. This 
indicates that the thermal properties of nest materials may also affect their choice. Besides, 
this suggests that birds may not just simply select the best microhabitats in terms of thermal 
properties when the conditions of the environment are stressful (Carroll et al., 2015), but also 
that adults may manipulate the thermal environment using nest materials that reduce the risk 
of egg overheating under hot conditions, even if those materials worsen egg and/or nest 
camouflage (Mayer et al. 2009).  

The environmental temperatures experienced by the plovers during most of the days 
during incubation at our study site were not very high (< 30 ºC, own unpubl. data), and under 
such conditions the risks of overheating may not be too critical for unattended eggs. Likely, 
the occurrence of more stressful environmental temperatures could have changed the decision 
of the adults of removing the experimental lightest nest materials (i.e., those with lower 
thermal conductances) because the importance of the thermal environment on the trade-off 
between risk of egg overheating and camouflage would be stronger in that case (Gómez et al., 
2016). 

To sum up, camouflage seems to be more important in our study area than the risk of 
egg overheating in determining the choice of nesting materials by Kentish plovers, though 
naturally the adults selected lighter nesting materials that matched worse the eggs, which may 
be used to reduce the risk of egg overheating. The fact that the thermal environment was not 
likely very stressful at our study site may explain why the adults removed the lightest 
experimental materials, since camouflage may worsen with such materials. Finally, and very 
interestingly, one week after the experimental change the camouflage was better in some 
cases, which implies that adults may increase the egg/nest camouflage when the availability 
of different nest materials is higher. This could explain why shorebirds use in a same nest 
different materials if available, as this could serve to improve matching (via background 
matching-pattern matching and/or disruptive camouflage), and subsequently increase nesting 
success (Colwell et al., 2011).  
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SECTION	II	
	

Chapter 5. SpotEgg: an image-processing tool for automatised 

analysis of colouration and spottiness 

 

Chapter 6. The fractal dimension of spottiness predicts better 

than colour the pigments content in eggshells of a 

ground−nesting bird 

 

Chapter 7. Latitudinal variations in eggshell characteristics of 

a ground-nesting bird may reflect adaptations to cope with 

differential effects of solar radiation 
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Abstract   

Colouration and patterning are widespread amongst organisms. Regarding avian 
eggs, colouration (reflectances) has been previously measured using spectrometers whereas 
spottiness has been determined using human-based scoring methods or by applying global 
thresholding over the luminance channel on photographs. However, the availability of 
powerful computers and digital image-processing algorithms and software offers new 
possibilities to develop systematised, automatable, and accurate methods to characterise 
visual information in eggs. Here, we provide a computing infrastructure (library of functions 
and a Graphical User Interface) for eggshell colouration and spottiness analysis called 
SpotEgg, which runs over MATLAB. Compared to previous methods, our method offers four 
novelties for eggshell visual analysis. First, we have developed a standardised non-human 
biased method to determine spottiness. Spottiness determination is based on four parameters 
that allow direct comparisons between studies and may improve results when relating 
colouration and patterning to pigment extraction. Second, researcher time devoted to routine 
tasks is remarkably reduced thanks to the incorporation of image-processing techniques that 
automatically detect the colour reference chart and egg-like shapes in the scene. Third, 
SpotEgg reduces the errors in colour estimation through the eggshell that are created by the 
different angles of view subtended from different parts of the eggshell and the optical centre 
of the camera. Fourth, SpotEgg runs automatic Fractal Dimension analysis (a measure of how 
the details in a pattern change with the scale at which this pattern is measured) of the spots 
pattern in case researchers want to relate other measurements with this special spatial pattern. 
Finally, although initially conceived for eggshell analysis, SpotEgg can also be applied in 
images containing objects different from eggs as feathers, frogs, insects, etc., since it allows 
the user to manually draw any region to be analysed making this tool useful not only for 
oologist but also for other evolutionary biologists. 

 

Key words 

Colour measurement, egg volume, eggshell, fractal dimension, image processing, maculation, 
patterning  
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Introduction 

Avian eggshell colouration and spottiness could play multiple roles (Kilner 2006, 
Cherry and Gosler 2010). Several hypotheses have been advanced to explain the occurrence 
of spots in avian eggshells. For example, in ground nesting birds, more highly spotted eggs 
have been shown to be better camouflaged, however, as a drawback, more spotted eggs might 
suffer from overheating when directly exposed to solar radiation (Gómez et al. 2016). 
Spottiness of eggs in host species has been considered an important trait to be mimicked by 
successful avian nest parasites (López-de-Hierro and Moreno-Rueda 2010, Avilés et al. 
2006). Other functions of spottiness have also been proposed, such as physical eggshell 
protection (Bulla et al. 2012), antibacterial defence or UV protection (Maurer et al. 2011).  

Despite its relevance, the characterisation of spottiness using digital image-
processing tools has not been standardised along the different studies. Many times, spottiness 
determination has simply relied on subjective human perception (Gosler et al. 2000, Sanz and 
García-Navas 2009). In other cases, it has been determined by manually setting a threshold 
from the histogram of luminance of the input image (Duval et al. 2013, Duval et al. 2015), 
but this is also prone to observer’s subjectivity. An unbiased detection of spots and 
background in eggshell digital images, as well as using reliable methods for colour analysis, 
is cornerstone to test the different functions proposed for avian eggshell pigmentation. It is 
also evident that the variety of patterns, colours, distribution and size of spots, etc., found in 
avian eggshells require many times using more than just one parameter (degree of 
maculation) for a proper characterisation and evaluation of several hypotheses. We could rely 
on the widely applied method proposed by Gosler et al. (2000) to obtain more than one 
parameter to characterise spottiness. However, this method has low inter-observer 
repeatability Brulez et al. (2014a) as it uses researcher’ skills to visually quantify three scores 
(visual expert judgement): spot pigment intensity, distribution of spotting over the surface 
and average spot size. Furthermore, other studies suggest that these scores are not a good 
proxy indicator for pigment quantification (Brulez et al. 2014b, Wegmann et al. 2015) which 
may be result of its low repeatability.   

Separating spots from background in eggshell images is far from being a trivial 
image-processing task. There is not a single threshold that can be applied to separate spots 
from background (Stoddard and Stevens 2010). Eggshell surfaces over which spots are to be 
detected are not uniformly illuminated in general (in particular when taking images in the 
field). Moreover, and conceptually more important, eggshells are 3D curved shapes and even 
assuming the eggshell as an uniformly illuminated Lambertian surface, the visual angles 
subtended from the optical axis of the system (perpendicular to the sensor plane passing 
through the optical centre) to different parts of the eggshell are different and, hence, we 
cannot expect to receive the same amount of reflected light per area unit from segments of the 
eggshell that are seen under different subtended angles, no matter how uniform illumination 
was. This effect is particularly prominent among eggshell areas having large differences in 
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this angle (see, for instance, how setting a global threshold for spots segmentation fails near 
the pointed pole of the egg in Fig 1(a) in Duval et al. (2015).  

Here, we introduce a tool called SpotEgg that works under Windows, Linux, and OS 
X operating systems running MATLAB v2012.b (or latter) (MathWorks, Natick, MA, USA). 
Together with the library of functions, we also provide (under request and also free in 
different repositories in the web, together with some video-tutorials to help users; see Data 
accessibility section) a Graphical User Interface (GUI) that permits our tool to be utilised by 
people that have never used MATLAB before. Besides, as long as images are taken according 
with some guidelines (see next section), the tool can run almost automatically, minimizing 
the interactions from the user. SpotEgg has mainly been conceived to provide information in 
pictures about spottiness (number, size, distribution and shape of spots), colouration 
(reflectances), egg physical size and Fractal Dimension (FD, Mandelbrot 1967). Images may 
contain any arbitrary number of Regions of Interest (RoIs), which will normally correspond 
to eggshells. However, any other region whose spottiness or reflectance is to be measured can 
be also be manually defined. Finally, we have also incorporated a novel way to reduce the 
effect of the eggshell 3D shape in the reflectance measurements. In the manuscript we 
introduce the main features provided by SpotEgg and describe its main innovations, not going 
into implementation details for conventional image-processing parts. 
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Preliminary Considerations for Optimum Use of SpotEgg 

One (see for more functions in Table 1) of purposes of SpotEgg is to generate 
reflectance measurements from some selected objects in a digital picture. Unfortunately, 
digital cameras outputs cannot be directly used for that purpose for two main reasons. First, 
pixel values in a digital image are just dimensionless digital words of a number of bits (8-10-
12 bits most commonly). Hence, in order to scale these digital numbers to produce 
reflectance values, a process known as normalization, we need to have portions of the image 
where their pixels correspond to objects whose reflectance is known (i.e. we need reflectance 
targets or colour charts in the scene). Assuming that both the object and the reflectance target 
receive the same incident light power and both act as Lambertian surfaces (reflect equally in 
all directions) one can use pixel values from the known areas to scale the whole image and 
produce reflectance values. The second reason is that cameras are intended to produce images 
that are visually appealing to their main users. To that purpose, the outputs from the camera 
sensors, which are linear with respect to radiance, are non-linearly transformed by a so-called 
radiometric transfer curve. Basically speaking this transformation tries to maximize details in 
the highly illuminated areas of the scene and discard information in poorly illuminated areas. 
Sadly, for our purposes, such non-linear transformation precludes these output images to be 
directly used for reflectance measurements (even after carrying out scaling). The options at 
this point are (a) to access the real information captured by the camera sensors –what is called 
the raw pixel data, or (b) to have a number of targets or different known reflectances in the 
scene, to use their reflectance values to estimate which radiometric transfer function has been 
applied and revert its effects into the camera output image. SpotEgg offers both options. If it 
finds that the image provided contains raw pixel data, it employs the free tool DCRAW 
(Coffin 2015) to extract a so-called linear (with respect to radiance) image (and also does an 
extra-linearization using patches if they are in the scene, see Linearization and Scaling 
Factor). If the image provided does not contain raw pixel data, SpotEgg will try to linearize it 
from the information of the reflectance targets in the scene. Once the images are linearized 
and scaled, SpotEgg runs its spot analyses and reports information about total spottiness, 
physical characteristics of the spots (size, shape, position and colour information), also 
reporting colour characteristics for the background.  

SpotEgg capabilities (Table 1) are better exploited when the image-taking process 
and the data are executed/organized according to some basic requirements (detailed in 
Supplementary Material). Here we highlight the most important of these considerations.  

(1) Images must be taken, when possible, with same or at least very similar 
camera settings. We normally employ ISO 100, F8, and no zoom, but 
other configurations are fine as long as the image is well exposed and 
correctly focussed. 

(2) Egg patterning details need to be captured at sufficient resolution to be 
analysed properly. Clearly, it the image lacks of details, SpotEgg will not 
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be able to provide precise spot detection. You should try to put the 
reflectance target close to the eggs and set image framing so that you are 
not wasting image areas in parts which are not to be processed later. As a 
rule of thumb, eggs should occupy at least 1% of the scene (this is the 
minimum size the automatic egg finder tool requires for reliable 
operation), but, obviously, the larger the better. 

(3) Raw format is preferred since it allows SpotEgg to read the real 
information captured by the sensors in your camera. However SpotEgg 
also accepts jpg, png, bmp, and tif formats. In these cases, you need to 
have at least three different neutral colour reflectance targets in the scene 
for linearization. In any case, make sure you save your images using a 
lossless compression scheme when not using raw pixel data. 

(4) In order to extract reflectances, images must contain at least one neutral 
colour patch of known reflectance for normalization. Though this is not 
absolutely mandatory (Troscianko and Stevens 2015), acquiring reference 
chart information from a different image forces us to guarantee that 
illumination conditions and camera setup are kept constant between the 
two acquisitions, any difference there will degrade the accuracy of the 
results.  

(5) SpotEgg uses the free tool DCRAW (Coffin 2015) to extract pixel values 
from raw images. This software must be installed into your system. 

(6)  When images do not contain raw pixel data, SpotEgg can also linearize 
them for reflectance calculation as long as they contain reflectance targets 
or colour charts having at least three neutral colour patches of known 
reflectance (the larger the number of patches the better the linearization 
results). To save researcher time, SpotEgg includes an option for 
automatic detection of a specific standard colour chart (ColorChecker 
Passport, USA X-Rite Inc.). 

(7) Proper illumination is essential for getting good results. Images should 
not contain partial shadows, artefacts, and overexposed/underexposed 
areas. Ornés et al. (2014) introduced the use of a “black-box” to help in 
controlling lighting conditions in the field, but also other resources as 
neutral colour reflectors or diffusive neutral colour umbrellas could be 
used, especially in places of controllable illumination conditions (lab, 
museum, etc.). If only spottiness is required, camera bracketing may be 
useful to produce High Dynamic Range (HDR) versions of the scene 
(note that HDR alter colours).  
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Finally, since SpotEgg runs the programmed analyses for all the pictures in the 
selected folder, we recommend to create new folders for each species because the parameters 
for spottiness analyses are defined only once for a whole dataset (input folder).  
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Step Function Concept (short description) SpotEgg Result 

1 

Linearization 

Most usually, cameras transform the output from 
the sensors in their pixels by using a non-linear 
function which maximizes details in the highly 
illuminated areas at the expense of a loss of details 
in the darker areas. This transformation precludes 
the output images to be directly used for 
reflectance measurements. Two options arise 
depending on whether we can access raw pixel 
information (which is linear with respect to 
radiance) or not. If raw data are available, SpotEgg 
calls DCRAW to create an image whose colour 
channels are linearly dependent on the incident 
light power. If not, SpotEgg can still linearize the 
input image provided that it was stored in a 
lossless information format, and that it contains at 
least three neutral colour patches of known 
reflectance (although the larger the number of 
neutral colour patches the better) 

Linearized image: the three 
camera channels now become 
linearly dependent on incident 
light power. 

Normalization	

Pixel values are dimensionless digital numbers. In 
order to obtain reflectance values images must be 
scaled using the pixel values from an image sector 
of known reflectance (e.g. neutral colour 
reflectance target, or the neutral patches from a 
colour chart).  

An equivalent reflectance image 
is obtained. Each colour channel 
corresponds to average reflectance 
in this channel’s spectral band. 

2 RoI definition 

Definition of the image areas to be analysed. 
SpotEgg offers two options.  

(1) Automatic: SpotEgg can find objects which are 
egg-like shaped without any interaction from the 
user, provided that they occupy at least 1% of the 
image area and that the background around them is 
not too complex. 

(2) Manual: If automatic detection fails, or if the 
objects to be analysed are not egg-like shaped, the 
user can manually draw any number of objects to 
be analysed in the image.  

Creation of files where SpotEgg 
stores the definition of the 
different shapes to be analysed 
within each image. Additionally, a 
csv report containing information 
about location, physical properties 
(area, length, width, etc.) and 
average reflectances within each 
region is created. 
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3	 Spot 
Detection 

SpotEgg runs spot detection over each of the 
regions of interest (RoIs) defined for the current 
image. It offers the user the possibility of tuning 
the parameters which rule spot detection through 
an interactive process. SpotEgg provides two 
options for spot detection: 

(1) Simple spot detection (~10-15s for a 10Mpix 
image): Single pass execution using the parameters 
defined by the user 

(2) Advanced spot detection (~95s for a 10Mpix 
image): Two passes spot detection using the 
Background Colour Constancy algorithm. 
Specially recommended when the subject under 
study is not planar. The first pass provides high 
likelihood background locations. The second pass 
divides the region of interest in 25x25 tiles and 
scales each tile image so that the average 
reflectance of the high likelihood background 
locations in each tile matches that of the central 
area of the subject.  

When (1) or (2) are completed, SpotEgg employs 
the detected spots to produce different CSV reports 
and images. In addition to the colouration (average 
reflectances in each of the camera’s colour 
channels) SpotEgg obtains Fractal Dimension of 
the spot pattern without requiring the user to crop 
the image to be analysed to a rectangular region. 
Fractal Dimension can be understood as a measure 
of how the details in a pattern change with the 
scale at which this pattern is observed. 

(1) Black and white image 
marking the location of the spots. 

(2) Original Colour image with 
spots borders marked in red 

(3) Features report: a CSV file 
containing information about RoI 
area, volume (assuming 3D shape 
obtained by rotation along its 
major axis), length, width, …, 
Fractal Dimension of spottiness 
pattern, average reflectance in 
each of the camera’s colour 
channel (R, G, and B) for spot, 
backgrounds, and the whole RoI, 
and amount of maculation (% 
over whole RoI area) 

(4) Spot Report: a CSV file with 
information about location of each 
spot, physical size, eccentricity of 
its shape, and average reflectance 
in each of the camera’s colour 
channel (R, G, and B) 

(5) Profile Report: A CSV file 
with information about average 
reflectance in each of the 
camera’s colour channel (R, G, 
and B) for 100 equal width slices 
across the major axis of the RoI.  

 

  

Table 1. Colour and camouflage comparisons between two pairs of congeneric species: Kentish plover 
vs. Wilson’s plover Table 1. Summarized functionality of SpotEgg organized step by step. 
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SpotEgg Operational Flowchart 

SpotEgg is basically a GUI that uses a library of image-processing functions created 
for MATLAB. Running SpotEgg requires both MATLAB (v2012b or latter) and DCRAW 
(Coffin 2015) to be installed and added to the system path (explained in the video-tutorials 
we have created to help users). Once MATLAB is running, one simply navigates to SpotEgg 
installation folder (setting the work directory), and types its name (case-sensitive) in the 
MATLAB command window, to start the application.   

 

Main Window. – Fig.1 shows the main window of our tool. Two boxes in the upper 
part of the GUI allow the user to define the input folder (all images here will be processed) 
and the output folder where results will be stored. Buttons in the control box (grey-shaded 
area) allow the user to command a Linearisation (obtaining equivalent reflectance images), 
RoI definition (auto or manual), or colouration and spottiness analysis (which includes spot 
detection, measurement, and FD calculation). Alternatively, users can also command a run all 
action, which executes these three steps in a sequenced process. Fig. 1 of Supplementary 
Material shows the operational flowchart of SpotEgg. The three large coloured boxes 
correspond (from top to bottom) to the steps of creating the reflectance image, defining the 
RoIs, and running colouration and spottiness analysis.  

Fig. 1. SpotEgg Graphical User Interface (GUI) 
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Linearization and Scaling Factor. – When reading the input image, the tool decides if 
it comes as raw data or not in order to make a call to DCRAW to get linear pixel data as 
written by the camera. Once the image is available as a MATLAB’ variable, SpotEgg checks 
if automatic chart detection has been selected. In this case, it employs an internal function to 
identify the Passport X-Rite chart (ColorChecker Passport, USA X-Rite Inc.) and to try to 
find its 24 patches, and label them. When detection is successful (checked internally by the 
tool), see Fig. 2(a), a data structure containing the location of the centroid of each patch, 
dimensions, and measured RGB values, is written to a file (together with file name, and other 
parameters). Our tool also obtains a pixel-pitch to millimetre scaling coefficient from the size 
of the found patches. This coefficient permits to report metric measurements of egg and spots 
(provided that the chart is located next to the subject of interest so that both of them are at 
roughly the same distance from the camera). When the image contains a different calibration 
chart, or if X-Rite auto detection has failed, the user is requested to click on a point on each 
patch and to provide reflectances either by typing values in a box or by selecting a text file 
(using comma separated values). Additionally, users are also requested to define the pixel-to-
mm scaling constant by clicking on two points of known separation. We wish to clarify two 
important factors. First, when the chart included in all the pictures to be processed is the 
same, the user provides reflectance information only once. Second, SpotEgg does not simply 
employ the user-handpicked pixel on each patch for registering RGB values, but computes 
mean values over the whole area of the patch. Patches are reconstructed from the selected 
point using an iterative thresholding and morphological image-processing algorithm. The 
RGB values of the patches are employed to linearize the input image and to produce an 
equivalent RGB average reflectance image (in unsigned 16-bit format). Our tool runs its 
linearization algorithm even when DCRAW was used to extract the image in linear format 

Fig. 2. Automatic Chart and Egg Detection from SpotEgg. (a) Reflectance Image + Detected 
Chart (red dots marking the centre of the patches) from SpotEgg’ automatic detection. Note 
that reflectance images are less attractive for human perception but colourimetry correct. (b) 
Egg-like shaped RoIs Detector Result over the image produced by the camera (without any 
linearisation/correction) 
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from raw data. Such extra linearization (using a 3rd degree polynomial fitting) improves the 
accuracy in determining the reflectance of the known patches as shown in Fig. 3. There, we 
see how SpotEgg produces errors whose averages tend to zero across the six grey patches in 
the X-Rite chart. Conversely, using the values as provided by DCRAW linear output 
produces errors that, obviously, exhibit a minimum at the patch employed for scaling but are 
not zero-mean across the six grey patches on the chart (see blue squares in Fig. 3).  

RoI Definition. – Once reflectance images are obtained, we need to define the RoIs 
where spottiness and colouration have to be evaluated. Being initially conceived for eggshell 
analysis, and primarily aimed to save researcher time, SpotEgg includes a module which tries 
to automatically find egg-like shaped areas in the scene, however, if the analysis is to be 
executed over a different kind of object (e.g., butterfly wings), RoI borders can be drawn as 
closed polygonal lines with any number of vertexes.  

When running automatic eggshell detection, SpotEgg uses an automatic 
foreground/background multi-threshold (histogram-based) segmentation algorithm and 
checks whether the border of each found foreground object can be made to fit (using 
MATLAB nonlinear optimization toolbox) to the equation of an ellipsoid defined as in Eq.1 
in Troscianko (2014). Objects having large fitting errors are discarded whereas objects 
having low fitting errors are stored to be presented to the user for visual examination and 
validation at a later stage. Our egg-like shape detector uses a rotation-invariant algorithm, 
hence it does not require the egg to be placed in any privileged orientation in the scene. When 
all images in the input folder have been processed, results are displayed (using a red overlay), 
as illustrated in Fig. 2(b). At this point the user can accept the result, modify it, or discard it. 
Modification options include eroding/dilating/moving the whole shape, and 
adding/deleting/moving any number of vertexes to border of the RoI. Besides, the tool also 
allows adding any number of new RoIs to an image by manually drawing their shapes. Once 
RoIs are created, we employ the pixel-to-mm scaling coefficient for this image to calculate a 
set of geometrical properties for each of the RoIs in the scene. Among these measurements 
our tool reports length and width (in mm), volume (mm3) and area (mm2) (assuming the RoI 
is the generator of a 3D revolving surface), and also volume (mm3) using Hoyt’s formula 
(Hoyt 1979) (for comparative purposes). In addition to that, it also finds the orientation of the 
RoI and the position of its centroid and pointed pole. RoI features are written to a file in a 
structured format (each RoI is an element of the structure) that can easily be loaded into 
MATLAB’s workspace either for spottiness analysis using our tool or for any other purpose. 

 

 

 

 



 Chapter 5 
 

154 

 

Analysing Spottiness and Colouration. – Our spot detector uses a complex image-
processing algorithm, whose operation is determined with four parameters (see Spot 
Detection), to characterise spottiness in each of the RoIs in an image. The tool produces three 
.CSV output files per input image, namely the Features Report (FR), the Spots Report (SR), 
and the Colour Profiles Report (PR).  

The Features Report contains per-RoI information about; Geometrical properties of 
the RoI: volume, area, length, width, centroid, pointed pole; Spottiness: global degree of 
spottiness (% of RoI area), fractal dimension FD (Mandelbrot 1967), number of spots, 
average size of spots (% of RoI area); and Colouration: average reflectance in the R, G, and 
B, channels for the whole RoI, spots, and background.  

The Spots Report supplies, in one row per spot, information about position of 
centroid, eccentricity, size (% of RoI area), axial (D) and angular distances (to the pointed 
end of the RoI, (Supplementary Material Fig. 2), and per-channel average reflectances.  

Fig. 3. Improving DCRAW Linearisation in SpotEgg using the grey patches in X-Rite 
Passport chart. Blue squares (with dashed line) correspond to mean (10 images) reflectance 
reconstruction errors over the 6 grey patches in the chart when the linear output from DCRAW 
is simply scaled to the reflectance of one of these grey patches (patch#21, average reflectance 
34.16%). Red circles (solid line) display the same error when using the additional linearisation 
technique implemented in SpotEgg. Standard deviation bars are also plotted. 
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Finally, the Colour Profile report, contains information about average reflectances 
(per colour channel) for 100 equally spaced slices across the longitudinal axis of the RoI, 
allowing to study how global colouration varies from pole-to-pole of the RoI. 

When commanded so, SpotEgg can also save two images displaying maculation for 
each input file. First, it produces an uncompressed black and white image (white areas 
corresponding to spots) that can be used for masking purposes either in MATLAB, or any 
other layer-based image-processing tool (e.g. Adobe Photoshop, ImageJ, etc.). Additionally, 
it also saves an uncompressed version of the original input image showing detected spots 
borders in red over the original image. 

Spot Detection. – Probably, the main improvement and innovation provided by 
SpotEgg is its algorithm for spot detection. Spot detection in eggshell images (or any other 
RoI in general), can be understood as a segmentation problem over a slightly texturised non-
uniformly illuminated coloured background. Spots are, in general, non-uniformly illuminated 
coloured objects of arbitrary size and shape whose only a priori known characteristic is that 
of being darker than the background in their vicinity (the spots being brighter might also be 
incorporated in the tool). As mentioned in the introduction, eggshells are curved 3D shapes, 
and equally-sized areas located on different positions over the eggshell will be, in general, 
projected onto different areas in the sensor focal plane (similar to what happens when 
projecting earth surface into maps). This results in, first, a distortion in the apparent size of 
spots in areas seen from very different subtended angles Hartley and Zisserman (2003), and, 
second these different angles makes two lambertian equally-illuminated identical areas to 
reflect different amounts of light power into the camera’s field of view, with the one 
subtending the smaller angle appearing darker in the captured image. Such darkening 
produces two important errors when computing spottiness and eggshell colouration. On the 
one hand, the apparent shading produces errors in the computation of reflectances, especially 
in areas that are viewed under a very low subtended angle, because their apparent darker 
colouration is not due to a lower reflectance but to the fact that we are not receiving equal 
light power per area unit from this part of the image (Supplementary Material Fig. 3). On the 
other hand, it also affects the spots segmentation process as it significantly darkens the 
background in these areas, making impossible to define a single threshold for separating spots 
from background for the whole RoI. Indeed, we usually find egg pictures in our test data set 
where the background in areas next to the borders of the egg (in particular close to the 
pointed end) appears even darker than the spots in other areas of the same egg. Clearly, using 
a single threshold would produce effects like those in Fig 1(a) Duval et al. (2015). 

Perhaps the simplest solution is to manually draw an exclusion mask to avoid 
including these areas in our analyses. However, our aims were to create a standardised 
method not relying on subjective appreciations of what areas to exclude, and to minimise user 
interactions and save researcher time. Hence, instead of using global threshold techniques, 
SpotEgg creates per-pixel optimised thresholds (spatially-variable thresholding techniques) 
which are obtained from low-pass spatial filtered versions of each colour channel of the input 
image by using 2-D averaging disk-shaped kernels (Shapiro and Stockman 2001) of 
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programmable size. This spatial low-pass version of the input image serves as a threshold 
indicator for segmentation as described in (Supplementary Material:  Defining Local 
Thresholds for spots segmentation) making the decision whether a pixel corresponds to a spot 
or not only dependant on the difference between this pixel value and an average in a 
programmable number of pixels around it. Only four parameters define the operation of the 
algorithm these are:  

(1) The radius in mm of the averaging filter for calculating the initial local threshold 
denoted as R.  

(2) The minimum difference (threshold) between a pixel and its neighbourhood to 
consider it a spot, denoted as T,  

(3) A similarity filling factor which avoids the central area of very large spots to be 
incorrectly assigned as background in case these central areas are brighter than those at the 
periphery of the spot, denoted as SF.  

(4) The minimum spot size to be detected (MS, mm2).  

Fig. 4(c) shows spot detection by SpotEgg on a Kentish plover, Charadrius 
alexandrinus, eggshell. Our method is able to detect spots in areas where a human-based 
single threshold method has failed (Fig 4). 

 

 

 

Fig. 4. Global thresholding vs. SpotEgg Algorithm for Spots detection. (a) A Kentish plover 
egg is photographed on top of an 18% grey standard background under natural lighting 
conditions. (b) The original picture is manually thresholded using its histogram to determine 
the spot/background segmentation. (c) The original image is processed by SpotEgg using its 
locally variable thresholding algorithm.  
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Spot Detector Training. – It is impossible for us to provide numerical values for the 
four parameters {R, T, SF, MS} that control our spot detection algorithm for all species and 
image capturing conditions. Instead, the tool includes a training interface (see Training Run 
box in Fig. 1 Supplementary Material). Thus, at the beginning of a spot detection run, the tool 
asks the user whether a config file for these images exists or not. When not available, the 
training routine is executed. Here, the user first selects a relevant image (which does not need 
to be from the same dataset) for training and the tool runs spot detection for five 
configurations {R, T, SF, MS}1…5. Results are presented for visual examination and the 
user is requested to select the configuration providing better spot detection. At this point, a 
small control with four sliders is displayed and the user can try any number of new 
configurations. SpotEgg shows the resulting spot detection image for any new combination of 
parameters provided by the user until the user decides that the training is satisfactory. The 
resulting parameters are saved to a configuration file and employed during the analysis for all 
the images in the data set. It is worth mentioning that this systematisation of the analysis 
allows researchers to replicate studies (by sharing the configuration files) from other authors 
and systematically compare them without introducing any human-based biasing 

Background Colour Constancy Option. – A perfect correction of the apparent 
darkening of areas that are viewed under different subtended angles requires a well 
knowledge of many physical parameters of the setup (camera-to-subject distance, focal 
length, F# number, lens distortion, etc.) as well as a precise definition of the 3D structure of 
the scene. The later involves to know how to represent each point in the eggshell into the 
camera’s coordinate system (x, y, and z axes). Most of these parameters are hard to be 
obtained, in particular when working in the field. Therefore, we must accept that in most 
cases some darkening effect will be always present. However, our tool includes an option to 
attenuate this error (Fig. 5). This technique, which is enabled by checking a box in the main 
GUI, has been denoted as the Background colour constancy option. Basically, it relies on 
assuming that the average colouration of background of the eggshell is constant across a 
coarse tessellation of its shape. Whether or not this assumption is valid is something the user 
has to consider based on its own experience, knowledge, species, and image taking conditions 
for each study. Here we just provide a computing tool that, if this assumption is accepted, 
reduces the effect of the apparent darkening in eggshell areas that are viewed under low 
subtended angles (see Supplementary Material: Eggshell Apparent Darkening Due to the 
Visual Subtended Angle). The algorithm operates in two passes. First it runs a normal spot 
detection. Afterwards, it detects what are defined as high-likelihood background locations 
(positions across the eggshell where certainty about reliable detection of the background is 
higher, obtained by combining spot detection and per-colour-channel histogram of the 
reflectance image). Now the bounding box of each eggshell image is divided into 25x25 
equal-size sectors, and per-sector average reflectances of high-likelihood background 
locations are calculated. This information is employed to create a transformation matrix 
(same size as the RoI image) that scales the obtained average reflectance (per-channel) in 
each sector to that of a central area around the centroid of the RoI (assuming that pictures are 
taken so that this central area exhibits the lowest projective distortion).  The central area is 
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iteratively enlarged until it occupies at least 10% of the area of the eggshell, and contains at 
least 500 high-likelihood background pixels. The transformation matrix is low-pass filtered 
(spatial) in order to smooth it and avoid the creation of artefacts. Finally, RoI colour channels 
are multiplied by their corresponding transformation matrix to obtain the new image. Spot 
detection is then executed over this new image. Obviously, when the image contains more 
than one eggshell, the background constancy algorithm is applied independently for each of 
them. 

Fractal Dimension (FD). – SpotEgg calculates Fractal dimension, Mandelbrot 
(1967), using a box counting method (Huang and Turcotte 1990). In our case, the user does 
not need to prepare the image to be processed to meet the 2n requirement for region width (as 
in the conventional implementation of the box counting methods, Supplementary Material: 
An Approximation to Box Counting Methods over non-rectangular RoIs), thus simplifying its 
usage and making region cropping/padding transparent to the user. 

Examination of Results. – SpotEgg informs about the end of a run by displaying the 
word IDLE in its status window. Processing time obviously depends on the performance of 
the computer, the size of the input images, and the number of images in the dataset. In our 
case, we recorded our video tutorials using an old 2008 4Gb RAM iMAC running OSX 
10.11.5, over 3888x2592 pixel images. For this setup, automatic chart detection (which 
includes raw file accessing by DCRAW) takes some 25s, egg detection takes 15s, and spot 
detection takes 10s when the background constancy is disabled and 65s when it is enabled. 
Summarizing, processing time amounted to some 105s per image in the worst case.   
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Fig. 5. Reflectance profiles across the major axis. Top image: Profile report for the original 
reflectance image. Bottom image: Profile report after applying SpotEgg background constancy 
option to correct the shading effect produced by the egg natural  curvature. 
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Fig. 6. Background and spot colouration results for a set of 10 Kentish plover eggshells 
(sample mean ± SE). The figure illustrates the effect of using/not using the background 
constancy constrain in the execution of the spot detection algorithm. Black lines correspond to 
runs where background constancy is enabled whereas grey lines correspond to the opposite 
case. 
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Since SpotEgg executions can take quite a long time, specially for large datasets, 
individual reports are provided as soon as an image is processed. Thus, users can visualize 
spot detection results, or check individual reports while a process is still running (e.g. Fig. 7). 
Only the unified summary reports (whose generation is enabled by a check-box in the main 
GUI) are compiled at the end of a run. This possibility saves time as it allows users to stop 
the analyses at an early processing stage if there is a need to re-tune the spot detection 
parameters.  

 

 

 

Discussion 

SpotEgg is a library of functions for MATLAB, including a GUI, which is intended 
to systematically analyse spot patterns and colouration in digital images. Although developed 
for eggshell analysis, the tool is versatile enough to process RoIs associated to any other kind 
of object (insects, frogs, etc.), although in these cases, measurements about volume and total 
egg area are not valid as these RoI do not correspond to 3D surfaces obtained from the 3D 
rotation of the RoI over its major axis. This software facilitates digital image processing to 
oologists and drastically reduces the time devoted for routine tasks by the researcher, 
especially when having large datasets. Furthermore, it produces fully replicable and unbiased 
results that are more accurate than those from previous methods based on human scoring or 
global thresholding (Fig. 5), providing a standardized method to characterize spottiness and 
colouration.  

Spectrometers were, till few years ago, the most suitable tool to obtain eggshell 
colouration, being frequently used in ecology and evolutionary biology (Avilés 2008, Cassey 

Fig.7. Some Outputs from SpotEgg for a Kentish plover eggshell: (a) Spots’ size vs. relative 
distance to the pointed pole. (b) Histogram of spots sizes (% of eggshell area). 
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et al. 2010). However, spectrometers are, generally speaking, single point probes which do 
not allow to measure 2D patterns. Moreover, measuring the reflectance of isolated spots 
becomes quite difficult in many species due to the small size of their characteristic markings. 
Gosler et al. (2000) introduced a method to quantify and describe eggshell spottiness based in 
human visual scoring (a kind of expert judgement). However, this method exhibits low 
repeatability (Brulez et al. 2014a). But, similar as it is happening with other techniques and 
devices that are revolutionising some fields in biology (Fairhust et al. 2013, Gómez et al. 
2014, Mulero-Pázmány et al. 2015), sensory ecology is evolving rapidly with the use of 
digital cameras (Stevens 2013). Specifically, digital-image processing is becoming ubiquitous 
among evolutionary biologists and oologists studying colouration and patterns (e.g. Stoddard 
et al. 2014, Stevens 2011, Troscianko and Stevens 2015). However, researches are not yet 
fully exploiting its capabilities, perhaps due to the fact that image-processing experts are not 
normally involved in these studies. Likely, future patterning and colour research (not only for 
eggshell studies) will make extensive use of multi-spectral cameras (Russell and Dierssen 
2015). However they are still too expensive, have low resolution, and are slow and bulky to 
take them out of the lab and considering using them in the field. Alternatively, even currently 
available low-cost digital cameras can be used to properly quantify eggshell colouration (in 
the colour bands provided by the camera) and patterning, assuming that some basic 
requirements are met (Stevens et al. 2007).  

With SpotEgg, we provide evolutionary biologists and oologists with a powerful 
image-processing tool of very simple use that makes transparent to the user its internal 
operation. We have chosen MATLAB as our operating framework, despite being a licensed 
software, due to its capability for implementing complex image-processing algorithms 
(including nested loops, conditional executions and multiple-passes algorithms) as compared 
to other general-purpose tools like Adobe Photoshop (Adobe, San Jose, CA, USA) or ImageJ. 
Furthermore, MATLAB is widely used worldwide and image-processing experts share many 
of their codes through the MATLAB Central. It could be argued that the OpenCV framework 
(Open Computer Vision) is a license-free alternative to MATLAB, which, roughly, offers the 
same computing capabilities. However OpenCV is primarily employed in applications whose 
purpose is to achieve real-time operation. Moreover, during algorithm design and prototyping 
phases, MATLAB allows, in our opinion, a faster developing time and an easier collaboration 
with other groups. Additionally, it also allows us to integrate functions from other MATLAB 
Toolboxes like non-linear optimization, statistical analysis, etc., into SpotEgg. In any case, 
now that SpotEgg has reached a stable version, we will start the migration of SpotEgg 
functions into an OpenCV-based tool working under Linux. Unfortunately we cannot provide 
a prediction of the release time for this new version as it will depend on the available funds.  

Our tool has been conceived to operate as automatically and autonomously as 
possible, requiring very little interactions from the user, always through a GUI, with the main 
purpose of saving researcher time devoted to routine, non−creative, tasks. In addition to these 
automation advantages, SpotEgg provides a standardised, automatable, reproducible, and 
parameterised spot detection. Besides, it also incorporates a method that partially 
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compensates the errors in reflectance estimation induced by the darkening produced by the 
natural 3D curvature of the eggshell. 

Since eggshell properties (colour, spottiness, size, etc.) vary among species, we 
recommend the use of the same spot detection parameters for a whole data set (digital images 
for eggshells of the same species) in order to allow for accurate comparisons. Moreover, the 
parameterisation of our spot detector allows authors to easily replicate other studies to 
compare results, also making easier a meta-analysis of the topic. This is something that, in 
our opinion, was an important lack in previous spottiness characterization techniques as 
neither human-based scoring, nor manual global thresholding allow for accurately 
reproducing any other study results. 

Another important feature provided by SpotEgg, is the possibility to obtain Fractal 
Dimension without requiring user interactions to crop the region of interest into a rectangular 
sector as it is normally required. Fractal Dimension figure provides a measurement of how 
details in the spottiness pattern change with the scale at which the subjects are observed. In 
our opinion, FD results, although not used yet, could be relevant for eggshell studies as FD 
might be related with pigments deposition and/or patterns. For example, Pérez-Rodríguez et 
al. (2013) found that higher bib FD indicates bird´s quality in red patridge (Alectoris rufa), so 
there is some possibility (it is not the purpose of our work here to check this hypothesis) that 
FD of eggshell spottiness is relevant for eggshell communication/signal theory, as suggested 
for background eggshell colour (Moreno and Osorno 2003). 

To conclude, by creating SpotEgg we have tried to simplify eggshell analyses, 
improving results, and their repeatability, and saving researcher time devoted to automatable 
tasks. We believe this tool may be useful for a significant number of researchers that work in 
general with eggs and more specifically they that are investigating function and evolution of 
eggshell colouration and spottiness (Avilés et al. 2006, Martínez-de la Puente 2007, Soler et 
al. 2008, Maurer et al. 2011, Amat et al. 2012, Cassey et al. 2012, Talabante et al. 2013, 
Portugal et al. 2014,Wilson-Aggarwal et al. 2016). Finally, thanks to its flexibility, SpotEgg 
can be extended beyond the analysis of eggshell patterns and colouration to other type of 
subjects. 
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SUPLEMENTARY MATERIAL 

 

Preliminary Considerations for Optimum Use of SpotEgg 

Preparing the Dataset. – SpotEgg runs the programmed analyses for all the 

pictures in the selected folder and writes per-picture and per-RoI CSV reports (files) 

to the selected output folder as well as combined CSV reports for all the pictures 

when commanded so. Since the parameters for spottiness analysis are defined only 

once for the whole dataset (input folder), the tool provides better results when all the 

images in the folder correspond to RoIs associated to related samples (i.e. eggshells 

from the same species).  

Resolution Aspects. – Images must be taken at a resolution/distance such that 

features are clearly seen in all the RoIs in each picture. Ideally, all images should be 

taken using the same, or at least very similar camera settings, and samples whose 

results are to be compared should be photographed from the same or similar distances 

(although having a scale in each picture allows running picture-to-picture 

comparisons of feature sizes), and the same or similar view angles. Being the latter 

particularly difficult to achieve when working in the field, SpotEgg incorporates a 

mechanism to partially compensate for the apparent visual shading due to the 

differences in the subtended angles among different areas of an eggshell.  

Requirements for Accurate Reflectance Measurements. – In order to extract 

average reflectances in the colour bands of the employed digital camera, each input 

image needs to contain at least one grey patch of known reflectance for 

normalization. Though this is not absolutely mandatory (see The Sequential Method 

in Troscianko and Stevens 2015), capturing a reference chart in a different picture 

forces us to guarantee that illumination conditions and camera setup are kept constant 

between the two acquisitions, and hence, the attainable accuracy is reduced when this 

strict requirement is not fully met. For that reason, SpotEgg has been optimised to 

process images that also contain the reflectance chart (though there is nothing in its 
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operation which precludes the incorporation of the Sequential Method).   

  Before normalization takes place, input images need to be linearized with 

respect to irradiance since most commercial digital cameras create images through a 

non-linear compressive mapping known as the radiometric response function (Steger 

2006). When input images are provided as raw data (it is important to clarify here that 

there is not anything as a standard RAW format, indeed, every camera vendor has its 

particular format for raw sensor data), SpotEgg runs this linearisation by using an 

internal function (GetRawImageColor) that executes a preconfigured call (transparent 

to the user) to the free program DCRAW (Coffin 2015) that must also be installed 

and available in the system’s path. When images are not raw pixel data, SpotEgg can 

also produce linear versions of the images for reflectance calculation as long as they 

contain calibration charts having at least three grey patches of known reflectance 

(although the larger the number of patches the better the linearisation results). In 

order to save researcher time, SpotEgg can be commanded to try to automatically 

detect a specific calibration chart, namely the ColorChecker Passport from X-rite 

(USA X-Rite Inc.). Details are provided in the section “Linearization and Scaling 

Factor”. 

Illumination Conditions. – Images need to be taken avoiding shades, artefacts, 

and overexposed/underexposed areas, especially in the regions to be processed. 

Notice that, since reflectances are reconstructed from pixel values corresponding to a 

neutral colour target (which is a Lambertian surface of known reflectance), we do 

need the target and the subjects of interest to receive the same incident light (power 

and colouration), and to be viewed under the same subtended angle.  

When taking images under fully controllable illumination conditions (lab, 

museum, etc.) there is a myriad of technical solutions to ensure that illumination is as 

uniform as possible over the whole picture (placing a lux-meter in different parts of 

the scene once illumination is stable is a good practice). Best results are obtained by 

avoiding a direct exposition of the area to be photographed to the light sources by  

making extensive use of reflective umbrellas, soft-box diffusors, etc. Moreover, it is 
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desirable that the spectrum of the lamp does not contain very high colour peaks which 

might artificially alter colouration in some subjects (depending on the absorbance 

characteristics of the subject) but produce not noticeable effect in the reflective target 

that is used for normalization. Finally, from our point of view, continuous light 

sources are preferable over pulsed schemes since they allow an easier setup and do 

not require a precise setting of the light strobe time and picture sampling time. 

When working in the field, setting up a proper artificial illumination system 

including light sources (and their power units), diffusive umbrellas, soft-box 

diffusors, etc., for each different picture taking location is not feasible from our 

experience. Moreover, the access time to the subject to be photographed is normally 

very short. Therefore, we will have to rely on existing natural illumination conditions 

keeping in mind what the method is based on, i.e. the illumination of the whole scene 

(both power and colour) can be reconstructed from the pixels corresponding to the 

reflectance target. As in the previous case, we need to guarantee that there are not 

partial shadows nor reflections affecting the target and not the subject and vice versa. 

Also, we must check that the neither the target nor the subject receive some stray 

light reflected (or scattered) from other objects in the scene. A method to somehow 

control illumination conditions in the field was proposed by Ornés et al. (2014), 

where a sort of  “black-box” was employed to isolate the subject from the 

surroundings objects. A different and affordable solution when working in the field, 

which does not involve any contact to the object to be photographed (e.g., a nest), 

consists of interposing diffusive neutral colour reflectors or diffusive neutral colour 

umbrellas between the sun and the object to be photographed. In both cases the 

equipment is cheap and its weight is low enough to consider taking it to the field. 

White Balance (WB). – SpotEgg always recovers WB from either the raw data 

when available, or from information extracted from the grey patches in the scene. 

Use of Camera Bracketing. – When the research is only about spottiness (no 

colouration), it is possible to employ the camera bracketing options in order to 

produce High Dynamic Range (HDR) versions of the scene. Although HDR images 
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are “artificially” coloured in general, since they usually employ tone-mapping 

techniques that alter colours, spot detection is simplified thanks to the obtained 

contrast gain. 

RoI Definition. – SpotEgg can be commanded to try to automatically find egg-

like shaped RoIs in the scene. Detection success strongly depends on how texturised 

the background is, obviously the more uniform the better, and on the separation 

between eggs (it is more reliable when eggs are not in contact). In order to minimize 

false positive, SpotEgg does not try to find egg-like shapes whose area is below 5% 

of the total area covered in the image. When the object under study is not an eggshell, 

or autodetection has failed, our tool allows the user to manually draw any number of 

RoIs in an image. 

 

Defining Local Thresholds for spots segmentation 

Generally speaking, spots are areas whose reflectance is lower than that in a 

neighbourhood around them. Obviously, the size of this neighbourhood depends on 

the species, since eggs from different species may exhibit spots of very different 

sizes. On the other hand, the variability of the illumination conditions across the 

eggshell, as well as the variability of the intensity of the spots, and the 3D nature of 

its surface, makes unviable the use of a single threshold for segmenting spots from 

background. Instead, SpotEgg employs a locally defined threshold for every pixel that 

is obtained from a per-colour-channel local averaging of the reflectances in a given 

neighbourhood radius around each pixel. Thus, for every reflectance colour channel 

, with k denoting any of the sensor colour channels, we create a new image , 

where each pixel {Gij} corresponds to the average of the pixels in a circle of 

programmable radius R around it. Mathematically, each reflectance colour channel is 

convolved ( ) with a disk-shaped averaging kernel MR, 

                                                                 (2) 

 I k  Gk

∗

 G
k = M R ∗ I k
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Spot candidates image for a given colour channel, , are defined by the 

following set of equations: 

 

 

          (3) 

where  is a spot sensitivity threshold (see Spot Detector Training in the paper), and 

imcomplement refers to the image complement operator, that for 16bit unsigned 

(uint16) numbers is simply: 

                                                (4) 

Basically, behind this mathematical formulation, we are simply defining spots 

candidates as those pixels that significantly depart from the pixel values in their 

vicinity. It is clear that this definition will be specially well suited to detect the edges 

of the spots, however, it might lead to misclassification of the central area of 

relatively large spots (as compared to the size of the disk kernel employed for 

averaging), as points in this area (close the centre of large spots) will not differ 

significantly from the average of their neighbours (other pixels in the same spot).  

SpotEgg solves this limitation as follows: First, for each spot candidates image, , 

we perform a hole-filling operator to produce an auxiliary image , 

  (5) 
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At this point we find the positions where the two images are different (i.e. the 

pixels which have been filled in the binary mask). 

  (6) 

Finally, we check how similar are the pixels in , to the original 

pixels in the same spot, and those being similar, within a user definable threshold, are 

added to the spot whereas the others are discarded. Finally, each resulting spot 

candidates, , image is post-processed to discard spots whose size is smaller (in 

mm2), than a user-definable limit, and the resulting per-colour-channel spot images 

, are logically combined to produce the final spot image  as: 

  (7) 

 

Eggshell Apparent Darkening Due to the Visual Subtended Angle 

It may sound naïf, even ridiculous, to express in a scientific paper that 

eggshells are 3D curved structures. However, such obviousness may be ignored when 

computing equivalent reflectances and spottiness from eggshell images and this could 

have implications when relating eggshell colouration and pigments. When 

normalizing the images to the reflectance of a known standard target placed in the 

scene one is implicitly assuming that; (1) both the eggshell and the target are 

lambertian surfaces under the same irradiance and (2) we are receiving the same light 

power per area unit from both of them. In other words, we assume that the amount of 

light received from the standard reflective target (chart, solid grey,…), and the 

knowledge about its reflectance, can be linearly employed to extract the reflectance of 

the subject under study, and either we can neglect the effects of 

absorbance/dispersion due to the medium (air normally) or it affects in the same way 

to the target and the subject. The first condition, easier to meet (though considering 

the eggshells as lambertian elements might be more controverted), can be satisfied by 

placing the reflectance standard as close to the eggshells to be photographed as 

  NewFilled k = xor(S k ,SF k )

 NewFilled k

 S k

  
{S k}k=1,2,...,Nchannels  S

  S = or({S k})



  Supplementary material Chapter 5 
 

174 

possible and by avoiding shades or reflections in both of them. Conversely, the 

second condition is simply impossible to meet since, eggshells are curved surfaces (in 

opposition to the targets which use to be planar surfaces) and cameras are projective 

systems. Let us show the implications of these two aspects using the diagrams in 

Supp. Fig.3, which, for the sake of simplicity, only 2D (x-y) cuts are drawn, with 

orthogonal axes of the system being the camera optical axis (y), the egg major axis 

(x), and the axis defining the eggshell maximum width (z) (though this is not too 

important if one assumes that egg shapes are invariant under rotation around their 

major axis). First, consider the diagram in Supp. Fig. 3 (a). There, two segments 

P1P2, P1’P2’, of equal length are located on different areas over the eggshell. If, 

again for the sake of simplicity, we model the camera projective mapping as that of a 

pinhole system, using the focal point as projection centre, it is straightforward to see 

how these two equal length segments are projected onto two segments of different 

length. The extension to the 3D case is also straightforward; sectors of equal area (A) 

over the eggshell appear as sectors of different areas (A1 and A2) on the focal plane. 

This may have implications when the experiment tries to find relationships between 

chemical analyses (pigment concentration) and observed spottiness, since the process 

of taking the images may distort the real degree of spottiness (specially, in images 

where spots are concentrated in parts where size distortion is larger). However, if, 

statistically speaking (most probably it will never be true for any particular egg), 

spottiness is also invariant under rotations around the longitudinal axis, and then one 

can also assume that spots and background are size-distorted in the same way along 

experiments containing a sufficiently large number of samples. The second important 

error introduced by the image-taking process is related to the distortion in apparent 

brightness. Let us assume that the radiance of a narrow beam optical radiation is 

conserved through our optical system, i.e., assume that we have zero absorption, zero 

dispersion, no vignetting, etc. Then, the optical power (it is worth to remember here 

that a pixel value’s is proportional to the received light power) received by the camera 

from a point  is given by (Boyd 1983):  r
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  (1) 

There,    is the source radiance at point  in the direction of the unit 

vector , the integral area is over the entrance pupil, the solid angle integral extends 

over the solid angle subtended by the entrance window, and finally,  is the angle 

formed between the surface’s normal vector, and the optical axis of the system. In our 

case,  is proportional to both the reflectance of the eggshell and the irradiance, 

and for simplicity, we will assume it as Lambertian (equal for all possible 

orientations), therefore,  (that is, it only depends on a point’s 

reflectance and irradiance). Clearly, as stated in eq. (1), the optical power received 

from any differential area sector ( ) over the eggshell depends on both, the angle 

between the surface’s normal vector and the optical axis at this point, and the solid 

angle subtended by this . We can assume that the effect of the different distances 

from the entrance pupil of different  over the eggshell is low enough to be 

neglected in the calculations (as distance affects the solid angle) provided that the 

distance from the camera to the egg is much larger than the differences in distances 

among different parts of the egg. However, the effect of the orientation of the 

surface’s normal vector ( ) in eq. 1 cannot be neglected (see Sup. Fig. 3(b)). 

Hence, considering that reflectance values from any sector over the eggshell can be 

obtained by a simple normalization to the reflectance of a standard target is 

methodologically incorrect. Therefore, either we constrain the reflectance studies to 

small area sectors over the eggshell whose subtended angle is close to 0 (which 

involves many subjective appreciations which are prone to produced biased errors) 

or, if we aim to maximize the area of the eggshell image that is employed for 

reflectance evaluations, we provide a mechanism to correct this error.  

Unfortunately, fully correcting this effect requires for a perfect knowledge of, 

basically,  for every point  of the eggshell in the image. This is not a 

trivial variable to obtain as it depends on a large set of factors like, diameter of 

  
Φ = L(r,n)∫∫ ⋅dA ⋅cos[θ(r)]dΩ
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entrance pupil, egg curvature at every point, relative orientation of normal vectors at 

each point and camera’s sensor plane, etc., many of them of very difficult (if not 

impossible) obtention, especially when using images taken in the field.  

Instead, we have created a method (Background Colour Constancy Option in 

the paper) that reduces this error by calculating a compensation matrix for the 

eggshell image. This method relies on the only assumption that the average 

background reflectance on a 25x25 tessellation of the eggshell image is constant. In 

order words, we assume that eggshell background reflectance is constant at a large 

scale. 

 

An Approximation to Box Counting Methods over non-rectangular RoIs 

As defined by Mandelbrot (1967), given a bounded set , in an Euclidean 

space, the set is said to be self-similar (fractal) if it can be expressed as the union of 

 different non-overlapping duplicates of , each of which is similar to , scaled 

down by a factor . Under this definition, the fractal dimension  of  is 

mathematically defined as: 

                                                        (7) 

Since, as demonstrated by Pentland (1984) the image of a fractal object is also a 

fractal, we can use the resulting spottiness images (black and white image marking 

the spots) to provide the obtained fractal dimension for the subjects under study 

(eggshells or any other kind of spotted RoI). FD in images is usually evaluated using 

box-counting methods Huang and Turcotte (1990) that rely on partitioning the objects 

into boxes of the same size, and check how may boxes  are needed to form the 

object when displayed at a certain scale . Then,  is obtained by fitting the to a 

line the data obtained for  and .  

 I

 Nr  I  I

  1/ r  FD  I
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log(Nr )
log(1/ r)
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There exist many methods for  calculation, each of them involving 

complex mathematical concepts that are far beyond the scope of this paper. Let us 

here simplify them as much as possible and say that in most of cases, they rely on 

applying different partitioning and counting techniques for images whose size can be 

expressed as  

 with . This is obviously a serious constrain for us since we cannot 

guarantee that egg (or RoI) images, will meet this requirement. Here, basically two 

solutions arise; (1) to require the user to manually crop the RoI for  calculation 

such that it meets the constrain, (2) to implement an automatic mechanism for that, 

and maximize the area of the RoI which is accounted for in the calculation of . It 

is clear that keeping our tool as user-friendly and automated as possible makes us to 

opt for the second choice. 

Once we obtained the spottiness image for a given RoI we pass this image 

(B&W) to our  calculator. First, the RoI is rotated to set its major and major axes 

with the same orientation of the image axes (remember that among the measurements 

provided within the Feature Report, we provide RoI orientation, therefore this 

calculation does not need to be repeated). Then, we find the bounding box for the 

current RoI and crop the original image using this bounding box. Now, this image is 

padded with zeros until its size meets the requirement of being  with . 

Basically, it the size of the original bounding was  we find the new size 

as:  

                                                  (8) 

Clearly, the padding process might alter the obtained  as boxes having 

some pixels inside the original RoI and some pixels in the padded area cannot be 

considered as full-size boxes in the counts. In order to solve this problem, we also 

calculate the counting (at each scale) for the padded version of the original RoI (not 

the spotted image, but just the RoI with pixels belonging the area marked as “1” and 

background as 0), and use this information as a correction coefficient for the count on 

 FD
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the padded spot image. In order words, for boxes that are fully inside of the original 

RoI, their counts are unaltered whereas the counts for boxes containing pixels of both 

types are scaled up by a factor which is the ratio between the number of total number 

of pixels in this box and the number of pixels in this box that correspond to pixels in 

the original RoI.  

In order to test our implementation, we have executed  analysis for a 

number of known fractal curves.  During the tests, the fractal each image was cropped 

using the same ellipse for every pair of images. Thus, we try to produce an image that 

imitates the effect of this fractal image as being “printed” over the surface of an 

eggshell, with part of it not visible as it is printed on the hidden face. Results for this 

test are summarized in Supp.Table 1. 

For these fractal figures, our method’ average error is 2.025% (standard 

deviation 1.619%) whereas the conventional box counting produces an average error 

of -3.845% (standard deviation 0.81%). As a direct consequence of our scaling for the 

counts in the boxes in the frontier of the RoI, our method overestimates the FD value 

in all cases whereas the conventional box counting method underestimates FD due to 

the fact that frontier boxes are accounted for as complete boxes while they are 

chopped by the shape of the ellipse used to crop the image. 

  

 FD
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20 
Theoretical 

FD 

Box Count 

FD 

Box Count 

FD Error 

(%) 

SpotEgg 

FD 

SpotEgg 

FD Error 

(%) 

Koch  

Snowflake 
1.262 1.214 -3.80 1.309 +3.72 

Sierpinski 

 Triangle 
1.585 1.531 -3.41 1.601 +1.01 

Sierpinski  

Pentagon 
1.672 1.619 -3.17 1.723 +3.05 

Sierpinski  

Carpet 
1.893 1.797 -5.07 1.887 +0.32 

 

Supp. Table 1. A comparison of conventional and SpotEgg box counting for 

different fractal images of known FD.  
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Supp. Fig. 1. SpotEgg Operational Flowchart (simplified). Blue boxes correspond to 

either user inputs or inputs received from other sections of the tool. Red boxes 

correspond to outputs (saved to file). Black circles are data multiplexers (information 

flow from this point may have different sources). 
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Supp. Fig. 2. Coordinate Systems for reporting spot position over the eggshell. 

SpotEgg reports the axial distance D, which is defined as the distance from the 

pointed pole of the RoI to the projection of the centroid of the spot to the major axis 

of the RoI. SpotEgg also reports, angular position , which is defined as the angle 

between the major axis of the eggshell (or RoI) and the line passing through the 

centroid of a spot and the pointed pole of the RoI. 

 

  

Θ
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Supp. Fig. 3. (a) Showing how same length eggshell segments located on different 

areas in the eggshell are projected onto different length segments on the camera focal 

plane (shown in 2D for plotting simplicity). (b) Illustration showing how points over 

the eggshell located on areas of different curvatures are viewed under different 

subtended angles (shown in 2D for plotting simplicity). 
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Abstract   

Quantifying pigment contents in avian eggshells is important to validate hypotheses 
on the functionality of eggshell coloration. Few studies have analysed whether eggshell 
coloration and spottiness are related to pigments content, and contradictory results have been 
found. In this study, we analysed whether the coloration and the spottiness of Kentish plover 
Charadrius alexandrinus eggshells are related to pigment concentrations (protoporphyrin and 
biliverdin), as well as to the fractal dimension of spottiness. Using the fractal dimension of 
spottiness may be a simple standardized method to quantify complex patterning. We found 
that protoporphyrin was more abundant than biliverdin in eggshells. Unexpectedly, we found 
that the content of protoporphyrin was positively related to green and blue colours, and 
negatively to the redness of the eggshells’ background, probably due to a different allocation 
of pigments between the spots and the background of the eggshell. On the other hand, there 
was a positive relationship between the fractal dimension of eggshell spottiness and the 
amount of protoporphyrin. Likely, the fractal dimension of spottiness may be related to the 
mechanical function of protoporphyrin (e.g. by strengthening eggshells to interfere with a 
potential fractal structure of fractures), and/or it may improve egg camouflage. However, 
more studies in other avian species are needed to evaluate if the fractal dimension of 
spottiness is a good surrogate of protoporphyrin content in eggshells, and whether a different 
allocation of pigments between the spots and the background affects the functionality of the 
eggshell coloration and patterning. 

 

Key words 
Biliverdin, coloration, digital photography, eggs, fractal analysis, protoporphyrin  
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Introduction 

The study of avian eggshell coloration has fascinated evolutionary biologists from 
long time ago (Wallace 1889). However, despite the interest of the topic, some questions 
remain unanswered, and there are still some controversies on its functions. Because of new 
technologies, e.g. digital photography and less complex chemical analyses, we may now 
improve the testing of hypotheses that have been previously addressed to explain eggshell 
coloration (see Underwood and Sealey 2002; Kilner 2006).  

The primary function of the avian eggshell is to protect the embryo against predators, 
solar radiation, brood parasites and/or infectious bacteria (Avilés et al. 2006; Maurer et al. 
2011a; Gómez et al. 2016),	but it also may perform other functions, as for example to be a 
reservoir of calcium and magnesium (Deeming 2002). In addition, eggshell coloration may 
act as a post-mating signal (Moreno and Osorno 2003, sexually selected eggshell colour 
hypothesis). Understanding the functions of eggshell coloration requires using precise 
measuring techniques to quantify eggshells real colours (i.e., reflectances). During the last 
decade different techniques have been used (Stevens 2011), with spectrometers frequently 
employed (Avilés 2008; Cassey et al. 2010) to precisely measure eggshell reflectance, and 
although its use has some advantages over other devices, it has also some drawbacks (e.g. 
imprecise measurement of reflectance of small surfaces such as eggshell´s spots, 
transportation to the field, incapability to characterise patterning, etc.). This may be a reason 
for which digital photography is increasingly used to study coloration (Stoddard et al. 2014; 
Troscianko et al. 2016; Gómez and Liñán-Cembrano 2017).  

On the other hand, chemical analyses are nowadays cheaper than years ago and easily 
available, allowing precise measurements of the concentrations of the two main pigments in 
the avian eggshells: biliverdin, responsible for the blue-green tones, and protoporpyrhin 
which gives the background its red-brown appearance and is the main constituent of the 
spottiness (Kennedy and Vevers 1973; Mikšik 1996; Gorchein et al. 2009). Both pigments 
are part of the haem pathway biosynthesis and belong to the porphyrin group, which is 
characterised by the presence of nitrogen-containing pyrrole rings (Hill and McGraw 2006). 
However, despite being similar molecules, they have been described to signal opposite 
female conditions when deposited in eggshells. On one hand, biliverdin seems to be an 
antioxidant (Ryter and Tyrrel 2000), and higher quantities may signal good physiological 
condition of the laying female (Siefferman et al. 2006; Moreno et al. 2006; Hargitai et al. 
2016a). On the other hand, protoporphyrin, due to its pro-oxidant nature (Afonso et al. 1999), 
has been shown to signal the contrary (Martínez-de la Puente et al. 2007), but opposite results 
have been found (see Reynolds et al. 2009; Riehl 2011). Besides, there are still some 
contradictions between quantification methods (Cassey et al. 2012a; Brulez et al. 2014a). 

Typically, eggs of many bird species show specific spotted designs whose 
functionality is still not fully understood. Among some of its functions, spottiness has been 
shown to facilitate egg recognition of avian brood parasites (Stoddard et al. 2014), as well as 
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camouflage (Gómez et al. 2016; Troscianko et al. 2016), or to strengthen eggshells (Gosler et 
al. 2005; Bulla et al. 2012). In spite of its interest, many authors conducting studies on 
eggshell appearance have described spottiness using human-based visual scorings (Gosler et 
al. 2000), or have manually set a threshold in the histogram luminance to segment spots from 
the eggshell background (Duval et al. 2013; Duval et al. 2015). These ‘manual’ methods 
exhibit some important limitations (Gómez and Liñán-Cembrano, 2017). First, human-based 
scorings (even when using experts) may lead to low inter-observer repeatability (Brulez et al. 
2014b). Moreover, the scores that are currently proposed do not seem to be a good proxy of 
pigment content (Brulez et al. 2014a; Wegmann et al. 2015). Second, when using global 
threshold over 3D shapes objects, in most cases a simple threshold is not sufficient for a 
satisfactory segmentation across the whole 3 D surface (Gómez and Liñán-Cembrano, 2017). 
Therefore, the characterisation of spottiness has been a challenge during the last years, and, 
as suggested by Brulez et al. (2014b), the search for a new unbiased method to describe 
spottiness patterns would be very useful for researches that work on eggshell coloration.  

Fractal spatial arrangements are starting to be considered more than just a 
mathematics-physics field of research, and some researchers have considered their 
implications in evolutionary biology (Jovani and Tella, 2007; Bruner et al. 2013, Pérez-
Rodriguez et al. 2013). Conversely to a simple regular pattern which repeats along a given 
length scale, a theoretical fractal pattern has so many scales (infinite in practice) that it is 
considered scale-less (it lacks for a characteristic length scale), exhibiting the so-called exact 
self-similarity (the observed pattern is the same when looking closer and closer, see Kenkel 
and Walker 1996). Fractals in nature, of course, have a finite number of scales (at some scale 
the pattern necessarily disappears) but they can still be geometrically characterised using 
mathematical techniques employed for purely theoretical fractals (Mandelbrot 1967; Weibel 
1991; Hastings and Sugihara 1993). Thus, fractal geometry methods can be employed to 
quantify natural patterns, as the complexity of the eggshell spottiness. The fractal dimension 
(FD) is a parameter used to characterise surface roughness in an image (Sarkar and 
Chaudhuri, 1992), so that FD of the spottiness may be employed as an index that 
characterises the eggshell patterning.  

In this study we aimed to 1) relate eggshell pigments content (quantified using 
chemical analyses) with digital colour measurements, and 2) test whether FD is a good proxy 
for the characterisation of eggshell spottiness and how it is related to the content of pigments.  
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Figure 1.  Characterisation of spottiness of a Kentish plover eggshell using an algorithm developed 
for SpotEgg (Gómez and Liñán-Cembrano 2017). On the left, the original picture. On the right, the 
detected spots in white colour. 
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Materials and methods 
 

Eggshell colour and fractal dimension using digital image processing 

We collected eggs in deserted nests of Kentish plovers Charadrius alexandrinus (n = 
22, one egg per nest) breeding in Puerto Real (Cádiz, Spain). In terms of coloration (total 
reflectance = average of the three camera bands [R,G,B]) those eggs did not differ from 
others (n = 10) of the same population that were being incubated (20.45 ± 0.64 vs 20.74 ± 
1.00; Wilcoxon sum rank test, W = 100, P = 0.70), so our eggshell samples could be 
considered as representative of the population. Kentish plover eggs were photographed using 
a Canon EOS 400D camera equipped with Canon EFS 18-55 mm lens. Eggs were placed 
above a grey standard (Lastolite Ezybalance, 30 cm, 18% reflectance) that was later 
employed for normalisation of the images to obtain reflectance values. Photographs 
(3888×2592 pixels) were saved unprocessed (RAW format), and were taken from a quasi-
zenithal position. Since conventional digital cameras employ the so-called radiometric 
transfer function (a non-linear function) to produce visually appealing images at the expense 
of a reduction of the contrast in lowly contrasted areas, images needed to be linearised with 
respect to irradiance to obtain meaningful reflectance results. In this study, images were 
transformed into equivalent reflectance images (Gómez and Liñán-Cembrano 2017) by using 
SpotEgg (Gómez and Liñán-Cembrano 2017), a free tool that runs over MATLAB 
(MathWorks, Natick, MA, USA). Briefly, firstly we linearised the images and then we 
mapped them into equivalent reflectance images by using the known information from the 
pixels in the reflectance target. After doing that, we obtained the colour (red [R], green [G], 
and blue [B]) for the whole eggshell but also for the spots and the background. Furthemore, 
we calculated the redness (R/[R+G+B]) and the total reflectance (average of the three 
colours). Spot detection in each picture was also executed using a relatively complex image-
processing parameterised algorithm that, basically, relies on defining optimised spatially 
variant thresholds to segment spots from background (Fig. 1, for details see Gómez and 
Liñán-Cembrano 2017). Once the spot images were created, SpotEgg produced a report that 
included: percentage of the egg´s surface covered by spots (degree of spottiness), average 
size of the spots, number of spots, eccentricity of spots –i.e. the ratio of the distances between 
the foci of the ellipse that has the same second-moments as the spot and its major axis length 
(spots with values closer to 0 being similar to a circle and spots with values around 1 similar 
to a line). The tool also executed a fractal analysis of the spottiness pattern, and provided the 
FD for such egg patterning. We chose the Minkowski–Bouligand dimension (Schroeder 
1991), also known as box-counting dimension, as our way to determine the FD of the 
spottiness pattern in the eggshells. The FD is an index (non-integer in general that in the case 
of 2-D surfaces varies between 1-2) that informs about the complexity of a fractal pattern. 
More specifically adapted to our problem, it is a measure of the space-filling capacity of a 
fractal pattern and how it varies across the observation scale. 
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Chemical pigment extraction 

We used hydrochloric acid (HCL) to extract and quantify the two main eggshell 
pigments: protoporphyrin and biliverdin. HCL is a strong acid that breaks the links between 
the pigments and the carbonate calcite eggshell matrix, thus being suitable to quantify them 
(Gorchein et al. 2009). Each eggshell sample was ground and homogenised, and then we 
weighted aliquots of approximately 25 mg in Eppendorf tubes, as Gorchein (2012) suggests. 
For each egg we obtained four subsamples. We added 375 µl of HCL 3N to each eggshell 
subsample. After 1 min, 375 µl of Acetonitrile and 250 µl of H2O Milli-Q- were added. The 
tubes were shaken with a vortex during 1 min for homogenisation. Then we applied an 
ultrasound bath at room temperature during 3 min. We centrifuged 10 min at 13000 rpm and 
4ºC, and finally filtered the supernatant in Nylon filters of 0.45µm and moved the content to 
High Performance Liquid Chromatography (HPLC) tubes. Later we ran the HPLC.  

Standard biliverdin hydrochlroride and protoporphyrin IX were purchased from 
Sigma-Aldrich Spain and were used as reference to determine the concentrations of pigments 
in eggshells. Solvents and reagents employed for standard solution and chromatography were 
acetonitrile (UHPLC-Supergrandient) and hydrochlroric acid (37%) from Panreac, 
trifluoroacetic acid (Chromasolv for HPLC ≥ 99 %) from Sigma-Aldrich Spain, and Milli-Q 
grade water (Millipore). 

 

Statistical analyses 

When data did not meet normality and homoscedasticity, as when comparing 
quantities of protoporphyrin and biliverdin, and also total reflectance between spots and 
eggshell background, we chose a Wilcoxon signed rank test. This test was also used to 
compare the differences in coloration between the eggshell samples of this study with other 
eggs of the population. General linear models (GLM), with Gaussian error, were used to test 
differences between the positive and negative residuals obtained from a linear regression 
between FD and spottiness. Generalised linear mixed models (GLMM), with Gaussian error, 
were used to test differences between the colours (random factor = egg identity). Later we 
implemented a Tukey test for the multiple comparisons. Spearman correlation was used to 
test how different measurements were correlated. On the other hand, a principal components 
analysis (PCA) was carried out to reduce the number of correlated variables of the colour of 
eggs: R-spots, G-spots, B-spots, R-background, G-background, and B-background. We split 
the colour of the eggs between the background and the spots because they could vary 
independently (Gómez et al. 2016). On the other hand, we executed a second PCA not only to 
reduce the colour-related variables as in the previous case, but also the traits that characterise 
the spottiness together with the two main pigments (variables: total reflectance of spots and 
background, number of spots, average size of spots, eccentricity of spots, protoporphyrin, and 
biliverdin). Later we related this PCA to the residuals resulting from the linear regression 
between FD and spottiness (therefore these two variables were not included in the PCA) 
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which was carried out to control for the degree of maculation. We present estimated mean 
values ± se. Analyses were carried out in R (R Core Team 2015) and significance level was 
set at < 0.05. 

 

Results 
 

Coloration and pigments content in eggshells 

We found more protoporphyrin (0.42 ± 0.13 mg/g) than biliverdin (0.11 ± 0.06 mg/g, 
Wilcoxon signed rank test, V = 253, P < 0.001) in the eggshells. Moreover, the concentrations 
of both pigments were positively correlated (rs = 0.50, P = 0.02). Accordingly, the R values 
of the whole eggshell were significantly higher (25.15 ± 0.66; F = 597, P < 0.001, R2 
marginal = 0.65, R2 conditional = 0.96) than those of G (21.31 ± 0.66) or B (14.89 ± 0.66). A 
Tukey post hoc analysis showed that there were significant differences between the three 
colours (all P’s < 0.001). Similar differences were found when the colour of both the spots (F 
= 90, P < 0.001) and the background (F = 775, P < 0.001) of the eggshells were analysed 
separately (Fig. 2). On the other hand, as expected, the spots were significantly (nearly three 
times) darker (total reflectance = 4.89 ± 0.32) than the eggshell background (28.18 ± 0.91; V 
= 253, p < 0.001). 

Because the three colours (R,G and B) in the whole eggshell were highly positively 
correlated (all P’s < 0.01), and the same was found in the spots (all P’s < 0.01) and 
background (all P’s < 0.01) separately, we carried out a PCA to reduce the number of 
variables to a smaller number of uncorrelated principal components (PC). The PC1 
(eigenvalue = 3.41, explained variance = 56.82 %) was mainly affected by eggshell total 
reflectance, whereas in PC2 (eigenvalue = 2.35, explained variance = 39.13 %) the 
background colour diverged in the opposite direction to that of the spots (see Table 1). When 
a linear regression was done to test if PC1 and PC2 were related to pigment concentrations in 
eggshells, we did not find a significant relationship with PC1 (F = 0.84, P = 0.45, Multiple 
R2:  0.08, Adjusted R2:  0.01), yet we found a significant negative relationship between PC2 
and protoporphyrin content (F = 7.96, P = 0.01, Multiple R2:  0.31, Adjusted R2:  0.23). This 
means that eggs with more protoporphyrin had darker spots and lighter backgrounds. 
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Figure 2  Boxplot of the reflectance (%) for each of the camera´s channels (Blue [B], Green [G], 
and Red [R]) of the spots and background of 22 Kentish plover eggshells. The median, first and 
third quantiles, and 95% confidence intervals are shown. Dots represent extreme values. Different 
letters show the statistical differences between the colours of the spots and the background 
separately.  
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Finally, the redness of the whole egg was negatively related to the quantity of 
protoporphyrin (F =5.78, P = 0.026) but not to that of biliverdin (F = 2.26, P = 0.15), 
although most of the variance was not explained by the model (Multiple R2:  0.23, Adjusted 
R2:  0.15). A similar finding (a negative relationship between redness and protoporphyrin) 
was found for the background of the egg (F = 5.76, P = 0.027), but not for the spots (F = 
4.10, P = 0.057). These results were in accordance with the raw positive correlations between 
the G and B colours and the total reflectance of the eggshell background with protoporphyrin, 
but not with biliverdin (Table 2).  

 

 

 

 

 

 

 

 

Variable name PC 1 (56.82 %) PC 2 (39.13 %) 
correlation P correlation P 

R – spots 0.683 < 0.001 0.691 < 0.001 
G – spots 0.737 < 0.001 0.670 < 0.001 
B – spots 0.815 < 0.001 0.512 0.015 
R – Background 0.690 < 0.001 -0.491 0.020 
G – Background 0.746 < 0.001 -0.661 < 0.001 
B – Background 0.838 < 0.001 -0.694 < 0.001 

Table 1  Results of principal component analysis to reduce the number of correlated variables of 
coloration (Red, R; Green, G; Blue, B) in spots and background in Kentish plover eggshells (n = 
22). The total amount of variance explained by the two first principal components (PC) is indicated 
in parentheses. 
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  Protoporphyrin Biliverdin 
Spots R -0.25 -0.08 

	
G -0.17 -0.09 

	
B 0.04 -0.08 

	
Total reflectance -0.13 -0.09 

Background R 0.40 0.07 

	
G 0.46* 0.13 

	
B 0.53* 0.07 

		 Total reflectance 0.46* 0.15 

Total eggshell R 0.07 -0.18 

	
G 0.20 -0.09 

	
B 0.34 -0.06 

		 Total reflectance 0.20 -0.07 

 

 N spots Spottiness 
Spot´s 

size 

Spot´s 

ecc. 
PP BV 

FD -0.17 0.84** 0.62** 0.49* 0.46* 0.40 

N spots  -0.23 -0.74** -0.35 0.09 0.04 

Spottiness   0.79** 0.48* 0.35 0.22 

Spot´s 

size 
   0.53* 0.27 0.05 

Spot´s 

ecc. 
    0.18 0.14 

Table 2  Correlations (Spearman test) between Kentish plover eggshell coloration (Red [R], Green 
[G], Blue [B], total reflectance) and content of pigments (protoporphyrin and biliverdin) in eggshells 
(n = 22 eggs). Significant correlations are in bold (*P < 0.05). 

Table 3. Correlations between the eggshell fractal dimension of spottiness (FD), the physical 
characterisation of the eggshell´s spotting (number of spots, spottiness [percentage of the eggshell 
covered by spots], average spot´s size, average spot´s eccentricity) and the quantity of eggshell 
pigments (protoporphyrin [PP] and biliverdin [BV]) in Kentish plover (n = 22 eggs). Significant P-
values are indicated in bold (*p<0.05, **p<0.01).  
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Fractal analysis 

The FD of spottiness was positively correlated with the degree of spottiness, average 
size of spots, average eccentricity and quantity of protoporphyrin, but not with number of 
spots or biliverdin content (Table 3). To control for the degree of spottiness (as Pérez-
Rodríguez et al. 2013) we carried out a regression between the FD and the spottiness (Fig. 3), 
and then selected eggs with either positive or negative residuals and compared them. Since 
some of the explanatory variables were correlated, we performed another PCA (Table 4) to 
test whether eggs with positive and negative residuals differed in their traits. There were three 
PCs with eigenvalues > 1, but just PC2 (eigenvalue = 1.72, explained variance = 24.63 %) 

Fig. 3  Linear regression (blue line) between the fractal dimension of the spottiness and the degree 
of spottiness. On the top of the figure are eggshells with positive residuals whereas the bottom are 
those with negative residuals.  
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split the eggshells in two groups (Fig. 4). This component was positively associated with 
protoporphyrin, biliverdin and the total reflectance of the background of the eggshells (F = 
11.79, P = 0.003, Table 4). In fact, positive residuals were associated with greater 
concentrations of both biliverdin (0.13 ± 0.014; F = 6.43, P = 0.020) and protoporphyrin 
(0.47 ± 0.033; F = 5.76, P = 0.026) than negative residuals (biliverdin = 0.080 ± 0.017; 
protoporphyrin = 0.35 ± 0.039). 

 

 

 

 

 

 

 

 

 

Fig. 4  Biplot of the two first principal components for the variables used to describe the main 
physical (coloration, characteristics of spottiness) and chemical (pigments concentrations) 
characteristics of Kentish plover eggshells (n = 22). The variance explained by the two first 
principal components (PC) is in parenthesis. PC 2 separates the eggshells between those with 
positive (red starts, corresponding not only to higher quantities of protoporphyrin and biliverdin 
but also brighter backgrounds) and negative residuals (black circles) resulting from a linear 
regression between the fractal dimension of spottiness and the degree of spottiness. The empty red 
star and black circle represent the centroid of the cloud of the positive and negative residuals, 
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Variable name 
PC 1 (35.29 %) PC 2 (24.63 %) PC 3 (18.61 %) 

Corr. P Corr. P Corr. P 

TR– spots -0.652 < 0.001 -0.072  0.544 < 0.001 

TR – 
background 0.193  0.534 0.010 0.751 < 0.001 

Number – spots -0.805 < 0.001 0.273  0.089  

Average size – 
spots 0.891 < 0.001 -0.186  0.013  

Average ecc. – 
spots 0.727 < 0.001 0.049  0.408  

Protoporphyrin  0.191  0.905 < 0.001 -0.042  

Biliverdin 0.038  0.709 < 0.001 -0.516 0.014 

 

 

 

 

 

 

  

Table 4  Results of principal component analysis (PCA) to reduce the number of correlated 
variables of coloration (total reflectance [TR] of the spots and the background), characteristics of 
the spottiness (number of spots, average size of spots and average eccentricity of spots) and 
pigments (protoporphyrin and biliverdin) in Kentish plover eggshells (n = 22). The total amount of 
variance explained by the three first principal components (PC) is indicated in parentheses. 
Correlations (Corr. Between the variable and the principal component) and significant P-values are 
shown. 
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Discussion    

Here, we have found that Kentish plover eggshells were, as expected from their 
visual appearance, mainly protoporphyrin-based, though they also contained biliverdin. 
According to the values of protoporphyrin (around four times higher), the red (the reflectance 
in the red part of the spectrum) was significantly higher than the other two colours (i.e., G 
and B). Yet, unexpectedly, the red colour was not correlated with the protoporphyrin and, on 
the contrary, this pigment was correlated with the green and the blue colours of the 
background. Indeed, the redness (of the whole eggshell and also of the background) was 
negatively related to the protoporphyrin content. These results may be related to the different 
allocation of the pigments between the spots and the background colour of the eggshell, as 
eggs with more protoporphyrin had darker spots (as also found by Hargitai et al. 2016b using 
a human visual scoring) and lighter backgrounds.  

However, our results might also be explained by the differential pigment deposition 
among eggshell layers because our chemical analyses quantified the overall concentration of 
pigments while the colour was measured in the outer layer of the eggshell. Indeed, the 
protoporphyrin might be placed in more quantities in inner layers within the outmost part of 
the eggshell (Sparks 2011, Samiullah and Roberts 2013). All these results show that the 
relationship between the pigments deposited in the eggshell and the coloration is complex, 
and may explain contradictory results of previous studies (Reynolds et al. 2009; Riehl 2011, 
Cassey et al. 2012a; Brulez et al. 2014a). 

Independently of the reason, the differences in coloration between the spots and the 
background, likely due to differential protoporphyrin deposition, could affect in an important 
way some functions of the coloration of Kentish plover eggshells. For example, lighter 
eggshell backgrounds but darker spots may help the eggs to overheat less in hot 
environments, but still may allow improvement of camouflage through a disruptive 
mechanism (Gómez et al. 2016).  

On the other hand, we found a positive relationship between protoporphyrin and 
biliverdin, as previously reported (Wang et al. 2009; Cassey et al. 2012b; Poláček et al. 2016, 
Brulez et al. 2016). This is contrary to predictions of the eggshell coloration signalling 
hypothesis (Moreno and Osorno 2003), likely because the function of coloration and 
patterning in ground-nesting bird eggshells is different than in songbirds (Kilner 2006). 
Besides, the covariation between the concentration of both pigments could explain the high 
positive correlations that we found between the three colours (not only for the whole eggshell 
but also for the spots and the background separately).  

Another important result of our study is that the fractal dimension of spottiness was 
correlated to the amount of protoporphyrin. In fact, when we controlled for the degree of 
spottiness (as Pérez-Rodríguez et al. 2013) we found the same result: the eggs with larger FD 
corresponded to eggs with greater amounts not only of protoporphyrin, but also of biliverdin 
(although this pigment is much less abundant in Kentish plover eggshells). On one hand, the 
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relationship between protoporphyrin and FD is interesting because, if generalised between 
species, researchers could use the FD as a proxy of the pigment content in eggshells, hence 
avoiding chemical analyses. On the other hand, that result may open new research lines 
because FD of the spottiness may be related to the roles conferred to this pigment.  

A greater amount of protoporphyrin could serve to strengthen the eggshell (Gosler et 
al. 2005; Bulla et al. 2012; but see Maurer et al. 2011b). Because fractures of some structures 
follow fractal patterns (Mecholsky and Freiman, 1991; Zioupos et al. 2006), and the 
allocation of protoporphyrin seems to be different between the spots and the background, the 
patterning of the spottiness (described through its FD value) might interfere with the way in 
which fractures move across the eggshell, thus diminishing the probability of breakage. 
Indeed, the production of a fracture surface with high FD requires more external energy 
(Hirata 1989). 

Another function conferred to the eggshell spotting is to improve camouflage (Kilner 
2006; Underwood and Sealy 2012). The military industry has found that the camouflage 
patterns of warfare material can be improved by matching the fractal dimension of those 
patterns to the fractal dimension of objects in nature (Billock et al. 2008). If this also applies 
to spotted avian eggshells, the consideration of the FD of spottiness in studies of nest 
camouflage may serve to gain insight into the adaptive value of camouflage and how the 
perceptual systems of nest predators are affected by this.  

In conclusion, our study shows no simple relationships between pigment content in 
eggshells and their coloration in the Kentish plover, as other studies have also found in other 
species (Butler and Waite 2016). We found that the redness of the eggshell was negatively 
related to the protoporphyrin content, likely in relation to the different allocation of pigments 
between the spots and the backgrounds of the eggshells, which may have several ecological 
implications (Gómez et al. 2016). Interestingly, the amount of protoporphyrin in the eggshell 
was mainly related to the FD of spottiness rather than to the red colour. That relationship 
between FD and protoporphyrin may have a functional value that needs further investigation. 
The simplicity of the fractal analysis to capture the complexity of the eggshell patterning into 
a single scalar value may make this method useful for evolutionary biologists and oologists. 
However more studies are necessary to establish whether FD of eggshell spottiness predicts 
the protoporphyrin content of eggshells in other species too, as well as to better understand its 
variation depending on the eggshell patterning.  
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Abstract 

Solar radiation is an important driver of animal coloration, not only because of the 
effects of coloration on body temperature, but also because coloration may protect from the 
deleterious effects of UV radiation. Indeed, dark coloration may protect from UV, but may 
increase the risk of overheating. Here we show that eggshell reflectance in the Kentish plover 
Charadrius alexandrinus, both in the human visible and UV spectra, is primarily determined 
by latitudinal variations in solar radiation, with eggshells of lower reflectance (darker) found 
in higher latitudes. Thermal constraints may drive in part the observed spatial variation in 
eggshell coloration, which may be lighter in lower latitudes to diminish the risk of 
overheating. However, in the southernmost localities (nearer to the equator), where solar 
radiation is very high, eggshells are of dark coloration in spite of high ambient temperatures, 
likely to protect embryos from UV. Sun elevation could affect spotting across latitudes, 
because the effect of shadows may be more pronounced at higher latitudes eggshells with 
larger spots at such latitudes may facilitate camouflage through eggshell pattern matching 
between the eggs and their surrounds. Contrary to expected, we found smaller spots at lower 
sun elevation (higher latitudes). Egg size exhibited spatial variations in relation to coloration, 
likely through the effect of surface area-to-volume ratios on overheating and cooling rates of 
eggs. Therefore, differential effects of solar radiation on functions of coloration and size of 
eggshells may shape latitudinal variations in egg appearance in the Kentish plover. 

 

Keywords 

Biogeographical pattern, biophysical mechanisms, egg coloration, egg size, latitudinal 
gradient, UV protection 
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Introduction 

One of the most thoroughly studied topics of animal coloration is that of melanism, 
the occurrence of individuals that are darker in pigmentation. Several hypotheses have been 
advanced to explain the existence of melanism, the most widely relevant including links to 
camouflage and solar radiation, such as thermoregulation and protection from ultraviolet 
(UV) radiation (see Clusella Trullas et al. 2007). These different functions of pigmentation 
should place considerable selection pressure on animal appearance, which in turn should also 
be influenced by environmental factors such as solar radiation and habitat.  

The steady-state temperature that an organism reaches in the absence of metabolic 
heating and evaporative cooling is referred to as operative temperature, which depends on 
absorbed radiation, air temperature and wind speed (Bakken 1992). Most of the variation in 
operative temperature stems from changes in solar radiation (Angilletta 2009). Given that 
coloration affects the amount of energy absorbed or reflected at different wavelengths, the 
operative temperature of an organism may be affected by its colour. Under the 
thermoregulation hypothesis, melanism is advantageous in cold climates, and lighter 
individuals are expected to occur in hotter areas given the lower absorbance of solar radiation 
by light colours (Bishop et al. 2016). Consistent with this hypothesis, a geographical variation 
in the degree of melanism has been found in various taxa of ectotherms, with darker 
individuals being found at higher latitudes and lighter ones at lower latitudes (Rapoport 1969; 
Brakefield 1984; Alho et al. 2010; Moreno Azócar et al. 2015). The UV resistance hypothesis 
posits that dark colours reduce the transmission of UV light through body layers (Thompson 
1955; Bastide et al. 2014). Therefore, changes in colour to cope with temperature and UV 
radiation are likely when differences in body temperature and UV protection affect fitness 
(Clusella-Trullas et al. 2008; Umbers et al. 2013). 

Given that avian embryos have a very small capacity to thermoregulate (Whittow and 
Tazawa 1991), the eggs may be considered as ectotherms, and the same principles regarding 
the relationship between the thermal environment and coloration may be applied to eggshells. 
Therefore, as in ectotherms, changes in coloration with solar radiation may be expected in 
avian eggshells. The eggs may remain exposed to environmental conditions during absences 
of adults from nests, which may be critical for embryos of species nesting at ground level in 
exposed sites, as unattended eggs receiving solar radiation may overheat in a very few 
minutes (Grant 1982; Amat and Masero 2007; Amat et al. 2017). There are some biophysical 
mechanisms with which birds may counteract the negative effects of high temperature on 
embryos’ overheating. One of such mechanisms is eggshell colour, as lighter eggs overheat 
less quickly than darker eggs when exposed to direct solar radiation (Montevecchi 1976; 
Gómez et al. 2016; Lahti and Ardia 2016). Another mechanism is egg size, as smaller eggs 
have higher surface-volume ratios and greater convective coefficients than larger eggs, so that 
small eggs can dissipate heat quickly (e. g. Porter and Gates 1969), yet they overheat faster. 
Gates (1980) proposed that the effect of species coloration on thermoregulation should 
change with object size, and that there would be a positive relationship between body size 
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and dark coloration, a prediction supported by theoretical models and empirical evidence 
(Clusella-Trullas et al. 2008; Schweiger and Beierkuhnlein 2016). 

Variations in eggshell colour to cope with the thermal environment may affect other 
aspects of the breeding ecology of ground-nesting birds.  For example, plover species in 
tropical sites lay lighter-coloured eggs than plover species in mediterranean sites receiving 
less intense solar radiation (Gómez et al. 2016). However, the background camouflage of 
light-coloured eggs may be worse than that of dark-coloured eggs (Gómez et al. 2016; 
Troscianko et al. 2016), and less well camouflaged nests usually incur greater risk of being 
depredated (Lee et al. 2010; Skrade and Dinsmore 2013; Troscianko et al. 2016). 
Consequently, this may lead to a trade-off between eggshell coloration and camouflage 
mediated by the thermal environment (Montevecchi 1976; Gómez et al. 2016; Wilson-
Aggarwal et al. 2016; Torres-Campos et al. 2016). In addition, solar radiation may affect 
camouflage in another way. At high latitudes radiation reaches the Earth’s surface at lower 
sun angles relative to equatorial latitudes, so that these variations in the directionality of 
radiation may affect reflectance patterns of eggshells, as well as the coloration patterns of 
nesting environments as a result of different shadowing effects (Penacchio et al. 2015; 
Wilson-Aggarwal 2016; Amat et al. 2017). By affecting shadowing, sun elevation may affect 
the characteristics of eggshell spottiness to improve camouflage. 

Another way in which eggshell colour may affect embryo viability is through the 
probability of UV transmittance throughout the eggshell (Veterány et al. 2004). Darker 
colours reduce light transmittance through eggshells, thus protecting the embryo from UV 
radiation (Shafey et al. 2004; Brulez et al. 2015; Maurer et al. 2015; Lahti and Ardia 2016). 
However, as the absorbance of solar radiation by darker colours is higher than that of lighter 
colours, this may result in a trade-off between the risk of egg overheating and the risk of UV 
radiation on embryos if ambient temperature and solar radiation are positively related (Lahti 
and Ardia 2016): darker eggshells would protect the embryo from UV radiation, but in turn 
would increase the risk of overheating. However, the thermoregulation and UV protection 
hypotheses are not necessarily mutually exclusive, for instance when the relationship between 
solar radiation and temperature is non-linear, as it may occur in tropical mountains where 
radiation is high but temperature low. 

Given the above considerations, depending on the environment, the importance of 
selective drivers on eggshell coloration may vary spatially, leading to complex interactions 
among factors that affect variations in colour patterns (Lindstedt et al. 2008; Ahlgren et al. 
2013; Bastide et al. 2014), as well as in egg size, to cope with solar radiation in different 
environments. The resolution of the above trade-offs would depend on which effects are more 
limiting on embryos’ viability. In this study we tested whether the reflectance of Kentish 
plover Charadrius alexandrinus eggshells, both in the human visible (VIS) and UV spectra, 
is affected by maximum ambient temperature and solar radiation (including total maximum 
radiation incident on the surface of Earth, and its directionality [hereafter sun elevation]) 
across a large geographical range. We also tested the relationship between both coloration 
and spotting patterns of eggshells and egg size. We expected that eggshells with higher 
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reflectance (i. e., those of lighter colours) and less spotting should be found in sites where 
solar radiation is higher. However, if UV radiation is very high, the impact of UV radiation 
on embryo viability may be stronger than the risk of egg overheating, in which case eggshells 
with lower reflectance and more spotting should be expected in sites with very high solar 
radiation levels, even if the risk of egg overheating is high (see Bastide et al. 2014). In 
addition, we expected that spotting patterns would be affected by sun elevation, with eggs 
with larger spots being found at higher latitudes to facilitate camouflage (see above). Because 
the effects of UV radiation and sun elevation are contrary, this could result in stabilizing 
selection of spotting patterns across latitudes. Lastly, we also tested whether there are spatial 
variations in egg size in relation to eggshell colour, so that relatively smaller eggs should be 
laid at lower latitudes, given the thermal advantages of such eggs in hotter environments (see 
above). 

 

Methods 

 

Study species and photography 

Kentish plovers are shorebirds widely distributed across the Palearctic. They nest at 
ground level in exposed sites. Lack of nest cover allows a quick detection of approaching 
predators by incubating birds (Amat and Masero 2004), but eggs overheat to temperatures 
that may be lethal for embryos in a very few minutes when left unattended by adults and 
receiving direct solar radiation (Grant 1982; Amat and Masero 2007; Amat et al. 2017). 

 For this study we used the Kentish plover eggshells in the collection of the Natural 
History Museum at Tring (United Kingdom). We noted the date and locality of collection of 
every clutch. Using GoogleTM Earth we obtained the coordinates of those localities, as well as 
their altitudes above sea level. The eggs had been collected between 1858 and 1972, across a 
geographical range encompassing 11.35°N – 54.52°N and 13.86°W – 77.25°E. 

Eggshells were photographed following the protocols of Stevens et al. (2007), 
Troscianko & Stevens (2015) and Gómez & Liñán-Cembrano (2017). Only one eggshell per 
clutch (n = 110) was photographed using standardised lighting conditions provided by a UV 
lamp (EYE Color ARC MT70D, Iwasaki Electric Co., Ltd., Tokyo, Japan) diffused with a 
silver photographic umbrella, using a Nikkon D7000 camera with a 105 mm Micro-Nikkor 
lens that transmits UV. The camera had undergone a quartz conversion to allow the sensor to 
detect UV light. This set up therefore allowed the quantification of colour in terms of 
wavelengths of light thoughout the avian visible spectrum. By using a a Baader UV-IR 
blocking filter (Baader Planetarium, Mammendorf, Germany) we took photographs in the 
human visible spectrum spectrum (400-700 nm), and with a Baader UV-pass IR blocking 
filter we could take images in the UV spectrum (approximately 315-400 nm). The camera 
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was mounted on a camera stand, and photographs were taken, with a shutter cable, at f/4 in 
RAW format. We placed beside the eggs a Spectralon grey standard (40% UV-visible, 
Labsphere, Congleton, UK) that reflects light in the UV and human visible spectra. A metric 
scale was included in all photographs. 

 

Image analysis                                                                                                                                                                                                                                                                             

All images were linearised with respect to irradiance using the tool SpotEgg (Gómez 
and Liñán-Cembrano 2017). Values from the Spectralon grey standard were employed for 
normalisation to standardise images with regards to the illuminating light and convert the 
data to percent reflectance (Stevens et al. 2007; Troscianko & Stevens 2015; Gómez & 
Liñán-Cembrano 2017). Once the reflectance images were generated, the next step was to 
manually draw closed polygonal lines defining the regions of interest (RoIs), where 
spottiness and colour analyses were executed. Finally, we analysed colour and spottiness. For 
this, SpotEgg employs an image-processing algorithm to segment spots from background in 
each of the RoIs on an image. The spot detection routine produced detailed .CSV reports with 
information about reflectance (in the red, green and blue camera’s colour bands) for spots (S) 
and eggshell background (B), as well as the size of each detected spot, the number of spots 
and total spottiness (percentage of area of the eggshell covered by spots). 

For the UV images, the sensitivity of the camera system (filter + lens + image sensor) 
in the UV is significantly lower than for the visible wavelengths, requiring longer exposure 
times, such that images signal-to-noise ratio is heavily degraded. These two facts rendered 
the detection of spots in the UV images quite inaccurate. Consequently, we opted for using 
the images of spots detected in the visible image as a mask for evaluating reflectance of both 
spots and eggshell background in the UV band. Although the camera position was kept when 
the filters were changed, it was inevitable that the UV and visible images were in practice 
taken from very slightly different positions, so that both images were not coincident. Hence, 
using spot information from the visible image as a mask to measure reflectance in the UV 
images required applying a space-variant geometrical transformation to the mask image to 
ensure proper matching. We implemented a plugin for SpotEgg that inferred the spatial 
transformation between the visible and UV images from a set of at least 13 corresponding 
points (manually marked as feature matching dit not work due to the low quality UV images) 
corresponding points.  Once the control pairs of points had been selected, SpotEgg employed 
the Local Weighted Mean method proposed by Goshtasby (1988) (especially well suited 
when the distortion varies locally) to find the geometrical transformation between the UV and 
visible images. This transformation was applied to the black and white image with the 
location of the spots that was produced for the visible image. The result was another black 
and white image corresponding to spots that were correctly aligned with their corresponding 
UV image. This UV-spot image was then used as a mask to obtain the reflectance of both S 
and B in the UV-band. 
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As measures of colour we averaged the three camera bands (red, green and blue), 
both in the VIS and UV spectra. In addition, using SpotEgg (Gómez and Liñán-Cembrano 
2017) we also estimated egg size and the surface of eggshells. 

 

Radiation, ambient temperature and sun elevation 

We obtained data on the monthly average amount of the total radiation incident on a 
horizontal surface at the surface of the Earth at noon (average of 3 hours at the time closest to 
the local solar noon), as well as maximum daily Earth’s surface temperature from NASA 
(https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?email=skip@larc.nasa.gov). The 
meteorological data were on a scale of 1 degree longitude by 1 degree latitude, covering the 
entire range from which eggs were obtained, and were averaged on a monthly basis over a 
22-year period (Jul 1983 – Jun 2005) for the corresponding quadrat of every locality. We 
only used data for the months during which the Kentish plover is breeding at every locality 
(laying dates obtained from Wiersma et al. 2016). Sun elevation data were obtained for every 
locality using an online calculator (http://aa.usno.navy.mil/data/docs/AltAz.php). We 
recorded the maximum sun angle at the15th of each month during the breeding period, and 
then angular values were averaged per locality.   

 

Statistical procedures 

Two types of analyses were conducted. First, we performed a principal components 
analysis (PCA) from a correlation matrix on eggshell colour and spot patterning to obtain a 
smaller set of uncorrelated components that represents most of the information in the original 
variables. Before PCA, log-transformation linearised the relationships between egg colour 
and spot variables. 

We then applied Generalised Additive Mixed Models (GAMMs) to estimate spatial 
variation in egg colour and patterning (Wood and Augustin 2002). In contrast to GAMs, 
GAMMs permit spatio-temporal correlation within blocks using random effects. In order to 
model spatial patterns we included nest location coordinates (longitudes and latitudes) as a 
two-dimensional smoother. Furthermore, the spatial model included the year of collection 
and surface area-to-volume ratio as linear covariates to account for both temporal changes in 
egg coloration during long-term storage (Cassey et al. 2010a, 2010b; Navarro and Lahti 
2014) and the effect of egg-size on coloration (Gates 1980). Finally, the localities of 
collection were considered as a random effect, resulting in a semi-parametric mixed model. 
Because eggs were collected over a large geographic area, we used an isotropic ‘spline on the 
sphere’ smoother (Wahba 1981; Wood 2003) to describe eggshell colour and patterning as a 
function of latitude and longitude. 
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The influence of environment (temperature, radiation, and sun elevation) on eggshell 
colour and spot-patterns were also analysed using GAMMs. Environmental models also 
included year as a linear covariate and the collection sites as a random effect. We assessed the 
significance of each environmental variable by using REML approach (Zuur et al. 2009). The 
optimal model was selected by dropping sequentially non-significant terms from the model. 
The number of knots in the spatial smoothers was estimated using the default settings in the 
mgcv 1.8-14 in R (Wood 2006, 2016). However, we restricted the environmental models to a 
maximum of 5 knots to prevent over-fitting. Residuals from the environmental model were 
modelled by using a two dimensional smooth function of longitude and latitude to determine 
if the explicative factors accounted for spatial eggshell colour and spot-patterns. 

 

Results 

 

Egg reflectance and spot-patterns 

 

 S-number S-size S-area B-VIS S-VIS B-UV S-UV 

S-number  −0.88 *** −0.43 *** 0.23 * 0.11 0.20 * 0.16 

S-size   0.81 *** -0.49 *** −0.38 *** −0.45 *** −0.39 *** 

S-area    −0.66 *** −0.59 *** −0.60 *** −0.55 *** 

B-VIS     0.79 *** 0.90 *** 0.73 *** 

S-VIS      0.63 *** 0.84 *** 

B-UV       0.76 *** 

S-UV        

 

 

 

Table 1. Table 1. Pearson’s correlation coefficients and significance between variables describing 
eggshell reflectance, for both background (B) and spots (S), in the visible (VIS) and ultraviolet 
(UV) spectra, and spot patterning (number, size and area) in the Kentish plover. ***: < 0.001; *: < 
0.05 
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Figure 1. Biplot of the two first principal components for the variables used to describe both 
eggshell (S = spots, B = background) colour (solid lines) in the human visible (RGB) and ultraviolet 
(UV) spectra, and spot pattern (size, area and number) (dashed lines) in the Kentish plover.  

Eggshell reflectance and spot pattern variables were inter-correlated, except spot 
number and colour (Table 1). The two first principal components accounted for 97% of the 
variance of egg colour and S-pattern, so that we retained them for further consideration 
(Figure 1). The first principal component (PC1) accounted for 57% of the variance and was 
related to eggshell reflectance, with negative values indicating eggs with darker backgrounds 
and spots, as well as eggshells that reflected less in the UV (eigenvectors: spot number = 
0.239, spot size = −0.360, spot area = −0.394, background VIS = 0.426, spot VIS = 0.390, 
background UV = 0.410, and spot UV = 0.396). The second principal component (PC2) 
accounted for 40% of the variance and related to patterning; positive values of PC2 were 
related to decreasing spot number but increasing spot size (spot number = −0.645, spot size = 
0.525, spot area = 0.186, background VIS = 0.222, spot VIS = 0.312, background UV = 
0.206, spot UV = 0.293). 
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Figure 2. Spatial patterns in (A) eggshell colour and (B) spot-patterning for Kentish plover, 
determined by GAMMs. 

Spatial models 

The reflectance of eggshells (PC1) showed a significant spatial variation (two 
dimensional smoother: P = 0.026, edf = 1.87) from northwest to southeast across the study 
area (Figure 2A). This means that the colour of eggshells tended to be lighter and with more 
reflectance in the UV towards lower latitudes and greater longitudes (i.e., toward the 
southeast). PC2 exhibited a more complex spatial pattern (Figure 2B; P = 0.001, edf = 6.26). 
Eggshells showed a high density of small spots in Northwest Europe and the Middle East, 
and fewer and larger spots in Eastern Europe and Western Asia. 
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Table 2. Results of the GAMMs fitted to eggshell reflectance (PC1) and spot patterning (PC2). 
Parametric coefficients for surface/volume of eggs, temperature, radiation, and sun elevation were 
estimated when the degrees of freedom for the spline estimates equals 1. Collection site was 
entered as a random effect in both models. s.e.= standard error, edf= estimated degrees of freedom, 
Ref. df = reference degrees of freedom 

Once spatial structure was accounted for, the year of collection was related both to 
eggshell colour (PC1: β = 0.033 ± (s.e.) 0.001, P = 0.001) and spotting pattern (PC2: β = 
0.013 ± 0.010, P = 0.042). 

 

Reflectance (PC1): Deviance explained = 57.1% 

Parametric coefficients     

 Estimates s.e. t P 

Intercept −60.805 19.490 −3.120 0.002 

Year 0.024 0.010 2.434 0.017 

Surface/Volume 58.452 22.540 2.593 0.011 

Temperature −0.031 0.030 −1.050 0.300 

Sun elevation 0.079 0.071 1.109 0.271 

Smooth terms     

 edf Ref. df F P 

Radiation 3.620 3.812 3.288 0.009 

 

Spot-pattern (PC2): Deviance explained = 40.9% 

Parametric coefficients     

 Estimates s.e. t P 

Intercept -17.059 12.662 −1.347 0.181 

Year 0.011 0.006 1.737 0.086 

Surface/Volume 23.207 15.589 1.489 0.140 

Temperature −0.016 0.021 −0.784 0.435 

Radiation −10.841 3.156 −3.435 0.001 

Smooth terms     

 edf Ref. df F P 

Sun elevation 2.752 3.119 3.343 0.022 
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Environmental models 

GAMMs results using environmental variables are presented in Table 2. Eggshell 
reflectance (PC1) responded in a nonlinear fashion to solar radiation (Figure 3A). Eggshell 
colour varied slightly until radiation at ground level was near 0.7 kW/m2 and then became 
lighter until values of 0.8 kW/m2, but with higher radiation levels eggshells became darker 
again. The year of collection was related to eggshell colour, with older eggs being darker than 
those collected more recently. Surface area-to-volume ratio of the eggs was also positively 
related to PC1, and thus larger surface area-to-volume ratios (smaller eggs) tended to be 
associated with lighter-coloured eggshells. Temperature and sun elevation had no significant 
relationship with PC1. 

Spot pattern (PC2) was also related to radiation, but in a linear fashion (Figure 3B). 
Eggshells were more spotted and had smaller spots when solar radiation increased. 
Furthermore, sun elevation affected spot pattern, so that eggshells tended to have less but 
greater spots when the sun elevation increased, until asymptotic values of PC2 were reached 
at ~65º of sun elevation (Figure 3C). There was no relationship between the spotting pattern 
and either the date of collection or surface area-to-volume ratio of egg, neither were spotting 
patterns related to temperature. 

Residuals from PC1 and PC2 models exhibited a non-significant spatial structure (P = 
0.818, edf = 1.221*10-4, and P = 0. 783, edf = 1.423*10-4, respectively), suggesting that both 
environmental models accurately described eggshell patterning across the study area. 
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Figure 3. Partial plots (95% CI) of GAMMs for the relationships between (A) radiation 
and eggshell colour (PC1), and both (B) radiation and (C) sun elevation and spot 
patterning (PC2). Only the significant environmental variables were included in each 
model. 
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Discussion 

Our results indicate that eggshell reflectance in the Kentish plover, both in the human 
visible and UV, is primarily determined by spatial variations in solar radiation, and that this 
may also affect egg size in a way that has not been appreciated in previous studies (see 
Williams 1994). Thus, we show for the first time that smaller eggs (i.e., those with higher 
surface/volumen ratio) tend to be lighter than larger eggs. As solar radiation is mainly 
affected by latitudinal variations, it may be concluded that the pattern in eggshell coloration 
is latitudinal, with eggshells of darker colour and lower UV reflectance found in northern 
latitudes, although this is conditioned by high solar radiation levels (see below). Thermal 
constraints may partly drive the observed spatial variation in eggshell coloration, which may 
be lighter to diminish the risk of overheating (Gómez et al. 2016; Lahti and Ardia 2016). In 
plovers, darker eggs have better camouflage than lighter eggs (Gómez et al. 2016; Troscianko 
et al. 2016), which suggests that ground-nesting birds may face trade-offs between the level 
of egg camouflage and dealing with high levels of solar radiation (Gómez et al. 2016; 
Wilson-Aggarwal et al. 2016). However, in sites where solar radiation is very high (> 0.8 
kW/m2), lighter colours may not be advantageous because of the higher transminance of light 
coloured eggshells, as this increases the risk of UV radiation reaching the embryo (Brulez et 
al. 2015; Maurer et al. 2015; Lahti and Ardia 2016). Such high UV radiation levels are found 
in the lower latitudes, and this may be a reason for the occurrence of eggs of dark coloration 
at such latitudes in spite of high ambient temperatures. Studies with Drosophila flies have 
shown latitudinal clines in pigmentation, with darker phenotypes being found at higher 
latitudes. However, the relationship is reversed at southern latitudes near the Equator, with 
UV radiation being the main factor responsible for this reversed latitudinal pattern (Bastide et 
al. 2014), similar to our results.  

We also found that solar radiation affected eggshell spotting pattern across the 
latitudinal distribution of the Kentish plover (Figure 3B). In addition, eggshells had larger 
spots when the sun elevation increased, until asymptotic values of PC2 were reached at ~65º 
of sun elevation (Figure 3C). This is contrary to our prediction that eggshells with larger 
spots should be found at sites with lower sun elevation to facilitate camouflage (see 
Introduction). Thus, on the one hand we found that when solar radiation increased, eggshells 
were more spotted and with smaller spots, but on the other hand eggshells had larger spots 
when the sun elevation increased (until ~65º of sun elevation). Therefore, the relative 
importance of the thermal environment and UV radiation on embryo performance may result 
on stabilizing selection on spot size across the latitudinal distribution of the Kentish plover. It 
may be that at lower latitudes, smaller and numerous spots may decrease the rates of 
overheating of eggs not attended by adults, but larger spots may render a more effective 
protection against UV radiation throughout a “parasol effect” (Lahti and Ardia 2016). 

The Kentish plover exhibits genetic homogeneity across its distribution range, mainly 
due to female dispersal associated with sequentially polyandrous breeding system (Küpper et 
al. 2012; Vidal et al. 2015). Thus, the geographical differences in eggshell coloration and 
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spotting pattern may be phenotypic in response to changes in local conditions. Although the 
repeatability of eggshell appearance of individual female birds seems high (Gosler et al. 
2000, Skrade and Dinsmore 2013), it remains to be shown whether females exhibit some 
plasticity in eggshell coloration (i.e., in the quantities of pigments assigned to eggshells) 
depending on local factors, as this could optimise fitness in response to simultaneous 
changing threats (Hansson 2004). Populations of African village weaverbirds Ploceus 
cucullatus changed in egg appearance after being introduced in sites where they experienced 
different levels of solar radiation compared to those in their original sites (Lahti 2008). This 
phenotypic plasticity may be adaptive, as there may be differences in the effects of solar 
radiation throughout the long nesting season of the Kentish plover (individual females may 
lay up to four clutches in a season [Amat et al. 1999]), as well as between sites at which 
individual plovers may breed during successive nesting attempts. Indeed, individual 
shorebirds may move thousands of kilometres to breed, not only between nesting seasons, but 
also within seasons (Stenzel et al. 1994; Figuerola 2007). As a consequence of a climate-
warming scenario, the local adaptations may be altered, in which case phenotypic plasticity 
or rapid evolution (Lahti 2008) might be an important mechanism to respond to those 
changes. For instance, due to increasing temperatures, it may be expected that eggs should 
become lighter at northern latitudes.  

To sum up, our study shows that the latitudinal trends in eggshell coloration and 
spottiness is affected by levels of solar radiation at the nesting sites. Such conditions may 
affect the performance of embryos through a 2-way interaction between the risk of 
overheating and the deleterious effects of UV radiation. Although in this study we could not 
account for some factors that might have affected eggshell designs, as for example the laying 
substrates and nest materials that may affect camouflage (Mayer et al. 2009, Lovell et al. 
2013, Troscianko et al. 2016, Chapter 3, Chapter 4), our results support the colour-mediated 
heating hypothesis. 
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General discussion and synthesis 

Montevecchi (1976) formulated the hypothesis that there is trade-off between the risk 
of overheating and camouflage in eggs of ground-nesting birds, but Ruxton (2012) 
diminished the importance of the colour-mediated heating hypothesis. He based his 
arguments on the study of Baken et al. (1978), in which it was shown that protoporphyrin, 
one of the main pigments in avian eggshells, reflects much of the energy in the infrared 
wavelength range of the sun spectrum, and thus egg overheating should not be too critical. In 
line with this, Westmoreland et al. (2007) showed in a field experiment that more pigmented 
eggs of tree-nesting birds did not heat faster than unpigmented ones (but their methods could 
have not been adequate, see Gómez et al. 2016). However, they indicated that although the 
colour-mediated heating hypothesis was not supported, the results could be different for 
ground-nesting species whose eggs may be more exposed to direct solar radiation. In fact, 
that is what we found, supporting a trade-off between the risk of egg overheating and 
camouflage in the eggshells of ground-nesting birds, as initially proposed by Montevecchi 
(1976). In Chapter 1 (Gómez et al. 2016) we demonstrated that darker and more spotted 
eggs of shorebirds were better camouflaged, however they overheated more when they were 
exposed to direct solar radiation. Indeed, the more pigmented eggs of Japanese quails 
(Coturnix japonica), placed in nests of four species of ground-nesting shorebirds, reached 
higher temperatures than less pigmented eggs. Despite that the contribution of visible range 
of the sun spectrum is around 40 % of the energy (Gueymard 2004), neither Westmoreland et 
al. (2007) nor Ruxton (2012) considered the importance of the visible range of the sun 
spectrum to egg overheating, and this may explain our results.   

Obviously, where sun radiation is stronger, as in regions that are closer to the equator 
(because the solar radiation is more perpendicular at low latitudes), the eggs should overheat 
more when they are at the same environmental temperature than in regions farther away from 
the equator. In accordance with this we found that, when the environmental temperature was 
controlled for, more pigmented eggs (darker and more spotted) reached higher temperatures 
in tropical sites (Costa Rica) than in the mediterranean ones (Spain). Therefore we expected 
that eggs of species that inhabit tropical regions would be lighter to diminish the risks of 
overheating. Accordingly, the eggs of tropical species as Wilson´s plover (Charadrius 
wilsonia) and Black-necked stilt (Himantopus mexicanus) had lighter eggshell backgrounds 
than congeneric Mediterranean species, likely to reduce the absorption of solar radiation and 
hence avoid lethal conditions for the embryo. Besides, Wilson´s plover eggs were lighter than 
those of the congeneric Kentish plover (Charadrius alexandrinus). The eggshell design of 
both species is very similar, however, the eggs of the Wilson’s plover had darker spots and 
lighter backgrounds. This may represent an adaptive response to the higher levels of solar 
radiation experienced by shorebirds in the Tropics. However because predation is also a 
strong selective agent on the nesting strategies, the eggs also need to be well camouflaged. 
One way of remaining camouflaged for eggs with lighter backgrounds could be darkening the 
spottiness, so the egg may be cryptic through disruptive camouflage more than by 
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background matching (Lovell et al. 2013, Gómez et al. 2016). Therefore, birds may vary the 
coloration and the proportion of spottiness of their eggs to deal with two main factors they 
have to face in hot environments: predation (basically a global factor) and the risk of 
overheating (which presumably would depend more on latitude, altitude and environmental 
conditions). 

The results we found in the Chapter 1 were supported also by Chapter 7, on a study 
of the spatial variation of coloration and patterning of the eggs (from a museum collection) of 
Kentish plovers. The coloration and spottiness pattern of the eggshells of that species depend 
on the intensity of radiation (which is mainly driven by latitudinal changes) as we expected 
by our previous results. We found that eggs in northern latitudes were darker than eggs from 
southern regions. However, that trend changed at the lower latitudes because in those regions 
the levels of UV radiation are very high and thus very harmful for the embryo (Lahti and 
Ardia, 2016). In other words, an important factor should also be taken into account when 
studying eggshell coloration and patterning of ground-nesting birds: the UV radiation, as it 
may play an important role in determining the eggshell design (Lahti and Ardia, 2016, 
Chapter 7).  

All our analyses of coloration and patterning were carried out using images obtained 
with digital cameras, which are not an apporpiate tool to analyse coloration unless these are 
calibrated, for which they must be linearised and equalised. Besides, the methods usually 
employed to characterise the eggshell spottiness show low repeatability (Brulez et al. 2014a) 
because they are basically based on subjectivity: human visual scoring (Gosler et al. 2005) or 
manual global thresholding (Duval et al. 2013; Duval et al. 2015). Therefore, to create a 
standardised procedure, we were compelled to develop the tool SpotEgg (Chapter 5). In 
addition to standardisation of the method, SpotEgg drastically reduces the time employed in 
the analyses by the researcher.        

With SpotEgg we were able to carry out more robust analyses in Chapters 6 and 7. 
In fact, with the results of this software we were able to understand better the relationship 
between the eggshell coloration and patterning characterised by digital image processing 
techniques, as well as the relationship with the amount of pigments in eggshells, which were 
determined using chemical analyses. In fact, in Chapter 6 we analysed coloration and 
pigments concentrations in Kentish plover eggshells, and discussed why our results were in 
some cases counterintuitive (i.e. there were no relationships between coloration and pigments 
concentrations), as other studies have also found (Cassey et al. 2012; Brulez et al. 2014b). As 
expected from the coloration, Kentish plover eggshell had more (four times) protoporphyrin 
than biliverdin and the red was significantly higher than the green and the blue, not only in 
the whole eggshell, but also when spots and the background were analysed separately. 
However, we found that the content of protoporphyrin was positively related to green and 
blue colours, and negatively to the redness of the eggshells’ background, which was 
unexpected because protoporphyrin produces the red-brown tones eggshells (Kennedy and 
Vevers 1973; Mikšik 1996; Gorchein et al. 2009). The reason for this result is likely due to 
the  different allocation of pigments between the spots and the background of the eggshell, or 
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maybe because of the different allocation of pigments in eggshell layers. If ground nesting 
bird females could deposit intentionally different amount of pigments between the spots and 
the background of the eggshell, they may be able to improve the camouflage of their eggs 
according to the laying substrates (via disruptive camouflage or background matching, Lovell 
et al. 2013), without compromising the risk of overheating. However, this is something we do 
not know and further investigation is needed. 

Interestingly, we found a positive relationship between the fractal dimension (FD, a 
way of measuring spatial patterns) of eggshell spottiness and the amount of protoporphyrin. 
This simple index could be used as a proxy of the pigment content, and, if generalised among 
species, presents two advantages: it may be used instead of chemical analyses, and it could 
characterise better than other methods (for example visual scorings) the spottiness. A 
preliminary and non-statistical significant trend was that eggs with greater FD were more 
spotted, but with smaller spots. When we controlled FD for the proportion of spottiness, the 
residuals were very low, which means that the samples that we analysed were very similar in 
their spottiness pattern. To understand better those relationships, the analysis needs to include 
a greater diversity of designs (i.e., extended to more species). Importantly, FD values could 
be related to the functions attributed to the spottiness. For example, FD may be related to the 
function of protoporphyrin to strengthen the eggshell, and thus the spottiness pattern could 
help in reducing potential fractures (Hirata 1989), because fractures of some structures follow 
fractal patterns (Mecholsky and Freiman, 1991; Zioupos et al. 2006). On the other hand, the 
FD of spottiness could be important to improve egg camouflage. Indeed, the military industry 
has found that the camouflage patterns of warfare material can be improved by matching the 
fractal dimension of those patterns to the fractal dimension of objects in nature (Billock et al. 
2008).  

But egg camouflage does not only depend on the eggshell design (coloration and 
patterning) but also on the substrates on which the eggs are laid. Lovell et al (2013) found 
that individual Japanese quail females laid their eggs in the most appropriate artificial laying 
substrates where egg camouflage (via disruptive camouflage or background matching) was 
optimised. In Chapter 3 we demonstrated, in a field study, that the selection of nesting 
substrates was done at an individual level. Besides, we found that the three species that we 
studied (pied avocet, Recurvirostra avosetta; Kentish plover, and little tern, Sternula 
albifrons) added nest materials that reduced differences in luminance between the eggs and 
the nests, but worsened the pattern matching. Likely, the worse pattern matching of the nest 
materials may result from a compromise between conflicting factors that affect nesting 
success (e.g. Mayer et al., 2009, Chapter 4).  

Although these three species rely on egg camouflage to improve their clutch survival 
(Troscianko et al. 2016b) because their eggs are greatly exposed to visual predators, 
surprisingly they were not equally well camouflaged. We found that the Kentish plover and 
the pied avocet had better camouflaged nests than the little tern. Besides, this species was 
also the only one in which individual egg camouflage was not related to the characteristics of 
the laying substrates. The paler (lighter and less spotted) eggs of the little tern may make their 
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eggs less well camouflaged, as has been found when comparing egg camouflage between 
species with lighter eggs (worse camouflage) and those with darker eggs (better camouflage) 
(Gómez et al. 2016, Stoddard et al. 2016, Troscianko et al. 2016b). The eggshell coloration 
and patterning of the tern´s eggs may be advantageous because this species breeds later, so 
they face more intense solar radiation than the avocet and the plover. On the other hand, that 
eggshell design may compel the use of nesting substrates where the risk of egg overheating is 
lower, in spite of egg camouflage being worse. Therefore we hypothesise that the selection of 
nesting substrates, through its effects on eggshell coloration, may affect the resolution of a 
trade-off between egg overheating and camouflage (Chapters 1 and 7). In fact, different 
studies have found how important these two factors are in the selection of nesting substrates. 
For example, Carroll et al. (2015) found that when considering all available substrates, 
northern bobwhite (Colinus virginanus) selected those in which the eggs would overheat less. 
On the other hand, Mayer et al. (2009) found that Piping plovers (Charadrius melodus) added 
into the nests whiter/paler pebbles that, although worsened the camouflage of the nest with 
respect to the surroundings, had higher near-infrared reflectance and were closer in colour to 
the eggs than the randomly available pebbles, so that the nest materials matched better 
eggshell luminance and at the same time diminished the risk of egg overheating.  

Thus, we carried out an experiment to test whether there is a trade-off between the 
thermal environment in nests and egg camouflage on the choice of nest materials by Kentish 
plovers (Chapter 4), for which we added materials to the nest (white pebbles, grey pebbles, 
black pebbles and twigs). The lighter materials that we provided worsened egg camouflage, 
and the rates of egg heating on such materials were lower than those of eggs on darker 
materials. The birds removed from nests most of the experimental materials that we provided, 
independently of their thermal properties, and replaced them with original materials. This 
made the values of camouflage to return close to their original values. However, under 
natural conditions the plovers selected lighter materials than those available in the 
surroundings of nests. Although this indicates that the thermal environment is important in 
determining the choice of nest materials, the fact that the plovers rejected the lighter materials 
that we added to the nests may indicate that the thermal environment was not stressful 
enough to determine the acceptance of some of the experimental materials.   

Obviously, clutch survival does not only depend on eggshell coloration and 
patterning, but also on some of the decisions that incubating birds may take to reduce 
predation. For example, as it was shown in Chapters 3 and 4, the selection of laying 
substrates (microhabitats and nest materials) may enhance crypsis and reduce the risk of 
overheating when the eggs are exposed to direct solar radiation. On the other hand, 
incubating birds of many ground-nesting birds may decide when is the best time to 
depart/return from/to the nests when a predator approaches, leaving the eggs exposed to 
environmental hazards the least possible time. Given this, we hypothesised that the decision 
by adults on when to flee from nests would be affected by individual levels of egg 
camouflage. In addition, return times would be affected by environmental temperatures. 
Therefore, in Chapter 2 we tested both hypotheses in a study on incubating little terns (Amat 
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et al., 2017). We found that in the best camouflaged nests the terns allowed closer predator 
approach than in nests with worse camouflage, and also that the terns returned sooner to 
resume incubation when ambient temperature was higher. With these strategies, the terns 
shortened the periods during which the eggs remained exposed to direct solar radiation. Thus, 
this result reinforces the global idea of this thesis that many species of ground-nesting birds 
face a trade-off between eggs camouflage and risk of overheating. Indeed, in Chapters 2, 3 
and 4 we have not only demonstrated that the compromise affects eggshell coloration and 
patterning, but also the behaviour of the incubating adults.  

 

Final remarks 

First of all, this thesis has refuted the idea that ground-nesting birds did not face a 
trade-off between the risk of overheating and camouflage on the coloration of their eggs. 
Some authors overemphasised the importance of the reflectance characteristics of eggshell 
pigments in the infrared wavelength range of the sun spectrum (Baken et al. 1978), and 
undervalued the results of previous studies (Montevecchi 1976, Lahti 2008) together with the 
transmittance of the pigments in the visible part of the solar spectrum (which represents about 
40% of the energy that reaches the surface of objects). 

Secondly, we have found that the relationship between the eggshell pigments and 
their coloration and patterning is more complex than expected. We believe that the different 
allocation of pigments between the background of the eggshell and the spots may be an 
important way of keeping the eggs well camouflaged meanwhile the coloration could reduce 
the negative effects of sun radiation (overheating but also lethal UV radiation). If this trend is 
confirmed in more species, that would be a phenotypic plasticity mechanism that will allow 
to ground-nesting birds to adapt to local factors. On the other hand, eggshells coloration and 
patterning vary in a complex way across latitudinal gradients, as we have seen in this thesis, 
though is mainly driven by solar radiation once predation is considered as a global factor that 
also greatly affect the egg design (the eggs of many ground-nesting birds are typically brown 
and spotted to be well camouflaged). However, we are aware that more studies are needed on 
more species to obtain more robust conclusions. If possible, would be great to analyse images 
(of eggs and nests) collected in the field (not in a museum) from different sites corresponding 
to several latitudes. With that data would be easier to analyse in combination how vary the 
eggshell design depending on camouflage and the risk of overheating.  

We think that the knowledge acquired in this thesis could be useful to understand 
better the evolution of coloration and patterning in eggshells of ground-nesting birds in 
exposed sites (i.e., without cover). On the other hand, this thesis may help to understand the 
effects on such species of rising ambient temperatures under a scenario of global warming. 
Indeed, these species could suffer in the near future increasing probabilities of egg mortality 
if the risk of overheating is greater, which is expected because temperatures are projected to 
rise 2-4ºC in the next decades (IPCC Climate Change Synthesis Report 2014). We do not 
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know how plastic is eggshell coloration, but we advance that eggshells should become in 
overall lighter as an adaptation to the expected new environmental conditions.  

 



 

235 

  



 

236 

 



General conclusions 

237 

General conclusions 

1. Despite recent studies have argued against the colour-mediated heating hypothesis, our 
results unequivocally show a trade-off between overheating and camouflage in the coloration 
of eggshells in ground-nesting birds.  

2. The intensity of solar radiation affects coloration and patterning of Kentish plover 
eggshells across a latitudinal gradient, with darker eggs being found at higher latitudes. 
However, at lower latitudes the eggs were also dark, likely to reduce the harmful effects of 
UV radiation. Therefore, in addition to the thermal and visual environments, UV radiation 
may also have played a role in the coloration of eggshells. 

3. Kentish plover´s eggshells have around four times more protoporphyrin than biliverdin. 
Besides, the red colour prevails over both green and blue in eggshells. Yet, there is an inverse 
relationship between eggshells’ redness and pigment concentrations. Different allocation of 
pigments between the spots and the background, or among eggshells’ layers, could explain 
this result. 

4.  The fractal dimension of eggshell spottiness was positively correlated with the amount of 
protoporphyrin. If this result is generalised among species this single scalar could be used as 
a proxy of pigment concentrations in eggshells. On the other hand, the fractal dimension of 
spottiness may be related to functional aspects of protoporphyrin in eggshells, namely 
strengthening to avoid fractures as well as camouflage. 

5.  The analysis of coloration and patterning of eggs using digital images was standardised 
with the development of the tool SpotEgg. The automatic and local thresholding algorithms 
of SpotEgg allow shortening the time spent in routine tasks, as well as an  improvement of 
results.  

6. Ground-nesting birds face a compromise in their decisions of flushing from nests when a 
predator approaches. Flushing at a short distance may facilitate nest location by the predator, 
but flushing at a long distance from the predator may leave the eggs exposed to 
environmental hazards. In a study on little terns, the flushing distances were affected by 
individual levels of egg camouflage, with birds in the best camouflaged nests allowing a 
closer predator approach. On the other hand, return times to nests were basically driven by 
environmental temperatures, the birds shortening the absences from nests when ambient 
temperature was higher. 

7. The pied avocet, Kentish plover and little tern have well camouflaged nests under predator 
visual models. However, the last species is the one in which egg matching to laying 
substrates (microhabitats or nest) was worse. The eggshell coloration and patterning of the 
little tern´s eggs is probably more advantageous to reduce the risk of overheating because that 
species breeds later than the other two, however lighter eggshells could compromise 
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camouflage. On the other hand, the little tern was the only species that did not select laying 
substrates according to the individual characteristics of eggshells, likely because of the 
constraint imposed by the coloration of its eggs. 

8. The eggs of the pied avocet, Kentish plover and little tern match better the nest materials 
than the microhabitats in terms of luminance but worse in terms of the patterning. This result 
is probably related to the different functions of nest materials, because they could be 
important for camouflage but also to regulate the temperatures of the eggs. 

9. Under natural conditions, nesting Kentish plover selected lighter nest materials that 
camouflage worse the eggs than those available in the microhabitats surrounding the nests. In 
a field experiment, the plovers removed experimentals materials that we provided 
independently of their thermal properties. Thus, at our field study site the behaviour of the 
adults seems mainly driven by the necessity to improve camouflage of the whole system (egg 
– nest – microhabitat) more than to reduce the risk of egg overheating, likely because the 
thermal environment was not very stressful.   

10. As a general conclusion, this thesis has shown that several factors may intearct in 
complex ways to determine the designs (coloration and patterning) of avian eggshells, and 
that the importance of such factors depends on their effects on embryo performance. 
Nevertheless, the incubating adults may adopt behavioural responses to modulate the 
negative effects of those factors on embryo performance. 
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