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Resumo

As mudancgas climaticas antropogénicas estdo a aumentar a probabilidade de condi¢cbes
climatéricas extremas que excederdo as tolerancias biologicas atuais, sendo por isso uma
grave ameaga a biodiversidade, assim como provocardo mudancas permanentes na
paisagem e no meio ambiente. Embora a plasticidade possa ajudar os individuos a manter o
desempenho, ha limites para a sua capacidade, deste modo os animais serdo forcados a
adaptar-se as mudancas em curso ou acabardo extintos. Os desertos sdo uma das regides
biogeograficas mais propensas a sofrer com as mudancas climaticas. Estas alteram a
estrutura geogréfica e a dindmica temporal dos habitats de diversas comunidades de animais.
Neste trabalho, investigamos uma das adaptacdes classicas ao habitat, a camuflagem, numa
comunidade de roedores do Norte da Africa. Especificamente, testamos a resolugéo espacial
da camuflagem para distinguir entre estratégias de camuflagem generalista e especialista,
tendo investigado também a consisténcia temporal de tais estratégias. No estudo, foram
obtidas imagens digitais e de satélite de animais e habitats. As imagens de habitats foram
obtidas e analisadas desde a pequena escala espacial (1m) até a ampla escala espacial
(100km). Estas imagens foram também obtidas com uma resolugdo temporal de 3 anos, para
se desenvolver uma escala de tempo. Apresentamos assim, os resultados das andlises de
camuflagem em dezasseis espécies de roedores do Sahara-Sahel, conduzidas num total de
295 individuos. Mostramos que as espécies diferem na sua resolucao espacial e temporal na
adaptacdo da camuflagem. Também descobrimos que diferentes caracteristicas de cor
(matiz, saturacdo e brilho) tém importancia variavel entre as espécies estudadas, talvez
refletindo os padrdes de atividade das espécies, estratégias de histéria de vida e outras
propriedades ecoldgicas. Concluimos que a divisdo entre estratégias de camuflagem
generalistas e especialista pode néo ser tdo direta quanto pensavamos anteriormente. Ficou
evidente que os animais desenvolveram diferentes estratégias de camuflagem dependendo
das propriedades de cor estudadas (matiz, saturacdo e brilho). O nosso estudo também
permitiu descobrir que a resolucéo no tempo € algo importante a se ter em consideragéo para
a adaptacéo, sugerindo que a selecdo pode ser mais forte dependendo do tempo e da

frequéncia de reproducao entre as espécies estudadas.
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Abstract

Anthropogenic climate change is increasing the likelihood of extreme weather conditions that
exceed current biological tolerances, posing severe threats to biodiversity, as well as
permanent changes to landscape and environment. While plasticity can help individuals to
maintain performance, there are limits to their capacity, because of this, animals are forced to
adapt to the ongoing changes or face extinction. Deserts are one of the biogeographical
regions most prone to suffer from the climate change, that alter geographical structure and
temporal dynamic of habitats perceived by diverse community of animals. In this work we have
investigated one of the classical adaptations to habitat, camouflage, in a community of North
African rodent. Specifically, we tested the spatial resolution of camouflage to distinguish
between the generalist and specialist camouflage strategy and investigated the temporal
consistency of such strategies. In the study, digital and satellite images were obtained for
animals and habitats. Habitat images were obtained and analysed from small spatial (1m) to
broad spatial scale (10 0 k m) . |l mages were collected for 3 yea
time scale. Here we have presented results from analyses on camouflage in sixteen Sahara-
Sahel rodent species, conducted on in total 295 individuals. We have showed that species
differed in their spatial and temporal resolution of the camouflage adaptation. We also
discovered that different colour characteristics (hue, saturation and brightness) have variable
importance among studied species, perhaps reflecting species activity patterns, life history
strategies and other ecological properties. We concluded that the division between generalist
vs specialist camouflage strategies might not be as straightforward as we previously thought.
It became evident that animals developed different camouflage strategies depending on the
colour properties studied (hue, saturation, and brightness). Our research also allowed that
time resolution is something important to consider for adaptation, suggesting that selection
might be strongest in depending on the timing and frequency of reproduction among studied

species.
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brightness]; Gerbillus tarabuli [0.09 (0.30) and 0.12 (0.35) for hue, 2.74e-9 (5.23e-5) and
1.38e-1 (3.72e-1) for saturation and 7.31e-9 (0.00009) and 5.12e-1 (0.72) for brightness];
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3.37e-1 (5.80e-1) for saturation and 0.25 (0.50) and 0.27 (0.52) for brightness).
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General Introduction

This thesis and research were made with article submission in mind. The article is in its
finishing stages, so it was decided to put the article manuscript in its entirety. Even so, it was
decided that a general introduction needed to be done, before the manuscript, to further
explain and mention important topics that usual article manuscript constraints dond allow for,
therefore taking full advantage of the liberties that a thesis dissertation allows me to have.
Consequently, some parts of general introduction are likely echoed in the article introduction,
as one is the extension of the other. Following this general introduction is the article manuscript

in its entirety.
Climate Change

The history of life on Earth is closely associated with environmental changes on multiple
spatial and temporal scales (Davis & Shaw, 2001). Observed and projected climatic changes
for the 21st century, most notably, global warming, are comparable in magnitude to the largest
global changes in the past 65 million years (Diffenbaugh & Field, 2013). The effect of this
global crisis is already noticeable and resulting in a planet-wide biological response. Marine
and terrestrial organisms are already altering their distributions to stay within their ideal
environmental conditions. At the cooler extremes of their distributions, species are moving
poleward, whereas range limits are contracting at the warmer range edge, where temperatures
are no longer tolerable. On land, species are also moving to cooler, higher elevations; in the
ocean, they are moving to colder waters at greater depths (Chen, Hill, Ohlemiiller, Roy, &
Thomas, 2011). Furthermore, species are doing this at an unprecedented rate (Lenoir &
Svenning, 2015). Because different species respond at different rates and to varying degrees,
key interactions among species are often disrupted, and new interactions develop. These
idiosyncrasies can result in novel biotic communities and rapid changes in ecosystem
functioning, with pervasive and sometimes unexpected consequences that propagate through
and affect both biological and human communities (Pecl et al., 2017). While plasticity can help
individuals maintain performance, there are limits to their capacity. Climate change together
with the increasing anthropogenic barriers for migration will force populations to adapt to a
new set of conditions or face extinction (Peterson, Doak, & Morris, 2019). Although no region
of the world will be entirely spared, the negative impacts are likely to fall most heavily on poor
nations around the tropical region. The generalized lack of knowledge and preparation,
together with their historical climate and biogeography, makes these regions one of the worst
prepared to face the climate change consequences (Akpodiogaga-a & Odjugo, 2010). As
such, deserts and arid regions are especially exposed to the consequences of climate change

(Mahmoud & Gan, 2018), with some changes already being noticed: desert encroachment,
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coastal inundations, drying up of surface waters and shifts in crops cultivated over time was
also noticed (Akpodiogaga-a & Odjugo, 2010). Additionally, measurements of warming of
deserts were estimated at 0.25 C per decade from 2002 to 2015 but the reanalysis of models
estimated a trend varying {hoo&Wang 2016). Therefor® . 1 C p
thereds a need to further scientific knowledge i
of the upcoming years.

Deserts

Deserts are known to be among the harshest environments on Earth. These regions are
characterized by extreme diurnal temperatures, intense solar radiation, low relative humidity,
drying winds, and sparse rainfall (Hadley, 1972). Because of this, deserts have long been
seen as natural laboratories for learning how individuals are challenged by different aspects
of the environment, and how organisms have adapted to these challenges, providing a unique
opportunity to study adaptation at different scales (Behera, Matin, & Roy, 2014; Giannoni,
Dacar, Taraborelli, & Borghi, 2001; Mulroy & Rundel, 1977). Deserts and arid regions
represent about 1 8#ason(JosétChBrito &t alr, 2086) and dreaganérally
perceived as homogeneous and species-poor. However, they harbour about 25% of
continental vertebrate species, including some of the most endangered species in the world
(Durant et al., 2012), and their communities are largely made up of highly adapted, specialized
species that are found nowhere else. The species present in these regions are normally
patchily distributed, as their range limits are under strong climatic control, and have a relatively
high rate of endemism due to the adaptive processes of organisms to extreme environments
(Davies et al., 2012; Murphy, Breed, Guzik, Cooper, & Austin, 2012).

Sahara-Sahel region

This thesis will have the Sahara Desert and the neighbouring arid Sahel as the region of
interest, as the studied ¢ o mmu n ihdbit @tgates itself in this biogeographic region. The
Sahara is the largest warm desert in the world and, together with the neighbouring arid Sahel,
covers 11,230,000 km? and crosses over 17 different countries (Olson et al., 2001) (Fig.1).
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Figure 1. Aerial vision of Sahara-Sahel biogeographic region. Black lines represent country borders. In red, Australia continent,
was overlapped to compare the dimensions. The figure also chows annual temperature range and precipitation. Image taken

from:(Nokelainen, Sreelatha, et al., 2020).

Therefore, the vibrant Sahara-Sahel region is highly appealing for biodiversity, evolutionary
and ecological research, but its large size, its difficulty of access, as well as long-term political
instability led to a generalised lack of research and knowledge during most of the 20™ century.
The relatively peaceful period experienced in the decade 20017 2010 has translated into an
impressive increase in the number of studies devoted to the region, for all taxonomic groups
examined. These research efforts coupled molecular and geomatic (Global Navigation
Satellite Systems and Geographical Information Systems) tools together with a broad
sampling of taxa. Such studies are starting to unravel micro-hotspots of biodiversity and cryptic
diversity, showing that the Sahara-Sahel regioni s n é barren landscape we once thought.
These studies are also expanding tremendously our knowledge on biodiversity distribution
and evolution, but also revealing gaps on these topics which are in urgent need of research
effort for efficient planning of biodiversity conservation (J. C. Brito et al., 2014). Therefore, the
Sahara-Sahel region can be seen as the perfect natural laboratory to study adaptation at

different scales.
North African rodent communities

Rodentia is the largest order of Mammalia, encompassing 2,277 of 5,422 living mammal
species, or approximately 42% of worldwide mammalian biodiversity. Rodents are indigenous
all around the globe and even inhabit most small to large oceanic islands (Wilson & Reeder,
2005). In Africa, the level of species endemism is very high, nearly 95%, although this remains
an underestimate. The number of rodent species considered to be valid has continued to
increase in the last quarter-century (Figure 2). Rodentia in Africa is a remarkable model to

study. This is proven true by the remarkable species richness, coupled with enormous
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morphological diversity. Al so, i n the African r ode ndcdogitala x a ,

behavioural, trophic and locomotory adaptations that have evolved within the order (Happold,
2013).

2000

Verheyen (16).....cc.ccccviiincecicnan.
Setzer (34).cccevennne

Roberts (190)...ccrrmrincnnns
Allen (21)...
Osgood (39).....
15001 Thomas (387)...?. ........ ( 39) ...............
Heller (65)..........
Dollman (79)........
Wroughton (67)........

1 De Winton (41)........
Lataste (19).........

1000

Number of Taxa

Heuglin (22).......c.....
Peters (34)...covmivniinrnens
Smith (29).ccoenee
Gray (22)
Temminck (13) .o
| Cuvier (13).....
Lichtenstein (17)....cooiiiiiiiiciiiiins

500 |

Linnaeus (6)

T
1750 1800 1850 1900 1950 2000

Year

Figure 2. Number of taxa of African rodents through the years. Green line represents the cumulative number of species-group
taxa (species and subspecies)(total = 1729). Red line represents the number of species considered scientifically valid. [Image

taken from: (Happold, 2013)]

Most African rodents are typical 6 m o ulikeebut there are many that are very different (Figure
3) (Renaud et al., 2005); for example, jerboas (Allactaga, Jaculus) and springhare (Pedetes)
have extremely long hindlimbs and jump like kangaroos; anomalures (Anomalurus, Idiurus)
have large winglike membranes so they can glide from tree to tree; and mole-rats (Bathyergus,
Georhychus, Heliophobius) have blunt muzzles, cylindrical bodies, rudimentary (or non-
existent) eyes, and huge incisor teeth (for excavating burrows) (Happold, 2013). Because of
the large number of species representing families of distant evolutionary origins, there are
some interesting examples of ecological and morphological convergence: species of
Dipodidae and Pedetidae are bipedal and saltatorial; species of Bathyergidae and Spalacidae
are permanently subterranean; and species of Dipodidae and Gerbillinae can produce very

concentrated urine and hence can live in very dry habitats devoid of free water (Mares, 1993).



FCUP|12
Specialistvsgener al i st: a study on North African rodentds|camoufl ag

Figure 3. Four images demonstrating different species from African r o d e taxa,said their different but similar morphology. A)

Gerbillus campestris; B and C) Jaculus hirtipes; D) Gerbillus gerbillus. Photocredits: Zby sz ek Bor aty @EsKki

African rodents show a wide range of reproductive methods and reproductive strategies. The

strategy of any particular species is determined partly by its phylogeny, but also by the

environment and location, Pregnancy and lactation is adaptively time to ensure a high survival

rate for the young. Because small rodents have relatively short gestations (ca. 25-40 days),
theycanbeveryr esponsive to changes in theingidtesthat e. He
reproductive process, and the young are born while the favourable conditions last. Within this

reproductive period, many species show a 6pe@Xnieasorédbyteepr oduct
percentage of adult females that are pregnant) (Barros et al., 2018). Because of this short

gestation, a female may have several litters when conditions are favourable for reproduction.

A strategy that includes short gestation, the rapid growth of young to independence and

postpartum oestrus (the female can conceive again immediately after parturition) is especially

important to species where favourable conditions are short-lived or unpredictable. A corollary

of small size is a short lifespan and hence it is necessary for small rodents to attain sexual

maturity rapidly, to have large litters, and to produce several litters in quick succession to

maximize their lifetime reproductive success (Happold, 2013).

The behaviour of African rodents has not been studied as extensively as that of the larger
mammals. Their small size, nocturnal activity and lack of visibility make it very difficult to
pursue behavioural studies on rodents (Rosenzweig & Winakur, 1969). Therefore, additional
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studies (which provide information on sociality, agonistic behaviour, nesting behaviour and
maternal behaviour) have been made on several species in captivity. Although most species
tend to be asocial and/or solitary except for times during reproductive activity, some species
form loose aggregations and social groups. All species of rodents that have been studied show
many forms of intra- and inter-specific communication; these include vocal (e.qg., call, squeaks,
whistles), visual (e.g., amicable, or aggressive displays, postures, tail-flicking, etc.), non-vocal
auditory (foot-drumming, tooth-chattering) and olfactory (scent-marking) signals (Happold,
2013).

Rodents play an important role in ecological processes in Africa due to the many species

present, their collectively widespread distributions and the, sometimes, large populations

numbers within particular habitats. Because the vast majority of species are herbivores and

granivores, they assume a major role in recycling nutrients, increasing seed dispersal and
changing their surrounding environment (a proc
Although the influence of one individual rodent may seem trivial (compared with that of a
mega-herbivore), the very large numbers of rodents in many ecosystems mean that their total

influence is not inconsiderable. Rodents also play an important role in the food web, as they

are important prey for many small and medium-sized carnivores (Sillero-Zubiri & Gottelli,

1995).

Camouflage adaptation

Natural selection can shape phenotypic variation through the process of animal adaptation. In
this way, adaptation can be defined as the inheritable phenotypic change (whether on a
molecular, e.g. hormonal, or morphological, e.g. tooth shape, level) resulting in increased
fitness of individuals caring such change in a particular matching environment (Boomsma,
2016). As previously stated, the adaptation of rodents to desert environments involves more
than mere tolerance or avoidance of extreme conditions. They include specific behavioural,
morphological, and physiological modifications, which usually are not unique to desert
organisms but often are more highly developed and efficiently utilized than in their mesic
counterparts (Hadley, 1972; Ott & Rogers, 2010; Williams & Tieleman, 2005). In this way,
adaptation is an outcome of natural selection, which shapes heritable components of prey
anti-predatory adaptations, such as phenotype environment convergence for visual crypsis
(Tim Caro, 2005).

Visual crypsis, also known as camouflage, can be described as a widespread anti-predator
adaptation that hinders detection or recognition by increasing prey resemblance to the natural
environment or objects they are in (Cuthill, 2019; Cuthill et al., 2005). Camouflage colouration

can be used to reduce the prominence of the primitive features, edges, parts of the body and
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even the whole animal impeding predators accurate sensory processing. There are two
indispensable principles in understanding camouflage. Firstly, whichever mechanism is
employed, it will act to reduce the signal-to-noise ratio, in which the signal is the object of
interest, the prey, and the noise is anything else that surrounds and belongs to the habitat of
the prey (S. Merilaita, N. E. Scott-Samuel, & I. C. Cuthill, 2017). Secondly, both the noise and
the signal are filtered through the eyes of a predator, leading to each different predator species
filtering the signal and the noise in a species-specific way (Cuthill, 2019; Endler, 1978).
Because of this, we can find white species or species that become white in the winter, in artic
and tundra biomes, such as the snowshoe hare Lepus americanus (Di Bernardi et al., 2021);
pale species in the desert and open environments, such as the lesser Egyptian gerbil Gerbillus
gerbillus (Nokelainen, Brito, et al., 2020), and red and grey species in rocky habitats, such as
the rocky mountain sheep Ovis Canadensis (Tankus & Yeshurun, 2001); as well as many
more cases of background matching in the wild (T. Caro & Mallarino, 2020). Camouflage is a
very diverse adaptation and includes background matching, disruptive colouration, self-
shadow concealment, obliterative shading, flicker-fusion camouflage, distractive markings,

transparency, silvering, masquerade, motion dazzle and motion camouflage (Merilaita, 2011).

The most common camouflage type is background matching. It can be defined as the
adaptation of an animal® body colouration to reduce the signal-to-noise ratio to visual
dependent predators (Endler, 1978; Sami Merilaita, Nicholas E. Scott-Samuel, & Innes C.
Cuthill, 2017). Through matching the hue, saturation, brightness and pattern of the immediate
background, the animal looks like and if successful, is indistinguishable from a sample of the
background (Merilaita, 2011). In visually heterogeneous habitats, background matching is not
easy to achieve (Ramirez-Delgado & del Castillo, 2020). Almost all habitats vary spatially and
temporally, and animals that match the background in a given location might not be able to
match the background in another location or time (Merilaita, 2011). Some background types
are relatively homogeneous and can be described as a single surface, but many may include
multiple surfaces. Therefore, one of the critical factors for camouflage is the spatial and
temporal heterogeneity of the habitat (Sami Merilaita et al., 2017). When the environment is
homogeneous at the spatial scale of the animal, then all samples of habitat that form that
background are the same, homogenous, and therefore there is a single optimal camouflage
pattern for the animal (Sami Merilaita et al., 2017). But when the animals occur in very different
habitats, and the physiologic colour change is not possible, the animal should match one of
the backgrounds well at the expense of the others. Such tactic is called a specialist strategy
(Cuthill, 2019). In contrast, when the environment background is heterogeneous, but the
variation within local habitats isn't high, a generalist strategy could outperform the specialist

tactic (Merilaita, 2011). In a generalist strategy, compromise camouflage is used where the
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animal averages the colour and/or textures of surrounding habitats, obtaining the best fithess
benefits (Michalis, Scott-Samuel, Gibson, & Cuthill, 2017). On one hand, a prey that has a
colouration matching a rare background sample will be more likely to mismatch its local
background than a prey bearing coloration equivalent to an average sample (Michalis et al.,
2017). On the other hand, a prey that can recognize mismatch to their immediate background
can move to a more suitable substrate (Kang, Moon, Lee, & Jablonski, 2013). It is also
important to note that prey that as the colours of a more common background will have fewer

biological costs of finding suitable resting places.

Figure 4. Photographs of four different habitats found in the Sahara-Sahel biogeographic region. Underlining the unexpected
diversity found here. Photo credits: Zby szek Boraty Eski










































