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RESUMO 

 

Variações espaciais em características morfológicas emergem em resposta a 

diferentes pressões seletivas experimentadas quando a distribuição geográfica cruza 

habitats heterogêneos. Em habitats sazonalmente alagados, a adaptação animal é 

visivelmente demonstrada pela capacidade de nadar entre topos de colinas que 

formam ilhas durante a inundação, ou pela capacidade de escalar as copas das 

árvores acima do nível da água. Nós notamos que uma serpente terrestre amplamente 

distribuída é forçada a escalar as copas das árvores em florestas de várzea inundadas 

do leste da Amazônia. Nós testamos a hipótese de que a inundação sazonal de 

hábitats seleciona morfotipos pelos níveis de adaptação para usar as copas das 

árvores como sítios de forrageamento e repouso. Medimos sete variáveis 

morfológicas em 30 espécimes de Bothrops atrox de florestas alagáveis de várzea e 

25 espécimes de florestas não alagáveis de terra firme. Modelos de Análise 

Discriminante de Componentes Principais (DAPC) separados por sexo mostraram 

diferenças morfológicas entre esses tipos de hábitat, os quais foram independentes 

de distância geográfica. Encontramos cauda mais longa e cabeça mais larga em 

fêmeas, cabeça mais baixa e corpo mais esguio em machos das florestas de várzea 

amostradas. Apesar das divergências em características morfológicas selecionadas 

terem sido enviesadas por sexo, nossos resultados convergem para seleção natural 

em direção à especialização para vida arborícola em hábitats sazonalmente alagados. 

Em última análise, mostramos um estágio intermediário de divergência evolutiva, 

embora um processo de especiação não seja claro como em populações isoladas em 

ilhas. 

 

 

Palavras-chave: Bothrops atrox, floresta Netropical, dimorfismo sexual, terra firme, 

várzea 

 

  



 
 

 

ABSTRACT 

Spatial variation in morphological traits emerges in response to different selective 

pressures experienced when geographic range crosses heterogeneous habitats. In 

seasonally flooded habitats, animal adaptation is conspicuously demonstrated by the 

ability to swim among tops of hills that form islands during flooding, or by the ability to 

climb treetops above the water level. We have noticed that a widely distributed 

terrestrial snake is forced to climb treetops in flooded várzea forests of eastern 

Amazonia. We hypothesized that seasonal flooding of habitats selects morphotypes 

by the levels of adaptation to use treetops as foraging and resting sites. We measured 

seven morphological variables on 30 Bothrops atrox specimens from floodable várzea 

forests, and 25 specimens from non-floodable terra firme forests. Models of 

Discriminant Analysis of Principal Components (DAPC) separately by sex showed 

morphological differences between these habitat types, which were independent of 

geographic distance. We found longer tail and wider head in females and lower head 

and slender body in males from the várzea forests sampled. Despite sex-biased 

divergences in selected morphological traits, our results converge to natural selection 

toward arboreality in seasonally flooded habitats. We ultimately show an intermediary 

stage of evolutionary divergence, although speciation is not clear as in island-isolated 

populations. 

 

 

Keywords: Bothrops atrox, Netropical rainforest, sexual dimorphism, terra firme, 

várzea 

 

  



 
 

SUMÁRIO 

 

 

AGRADECIMENTOS  

EPÍGRAFE  

RESUMO  

ABSTRACT  

1.INTRODUÇÃO GERAL................................................................................... 9 

2. CAPÍTULO 1 (ARTIGO)................................................................................. 13 

Morphological evidence supports evolutionary divergence mediated by 

seasonal flooding in Amazonia…………………………………………………… 

 

14 

Abstract………………………………………………………………………………... 15 

Introduction……………………………………………………………………………. 15 

Methods………………………………………….……………………………………. 19 

Results…………………………………………………………………………………. 22 

Discussion……………………………………………………………………………... 28 

Acknowledgments…………………………………………………………………….. 32 

References…………………………………………………………………………….. 33 

 

 



9 
 

1. INTRODUÇÃO GERAL 
 
 
Como o alagamento sazonal dos rios da Amazônia influencia a morfologia dos 

organismos?1 
 
O que é a pesquisa? 
   

A utilização do ambiente e dos microhabitats parecem estar intimamente 

ligados à evolução e distribuição das populações naturais. Mesmo que um 

organismo ocorra em diferentes ambientes ele pode mostrar adaptações em 

caracteres fisiológicos, comportamentais ou morfológicos. Especialmente para a 

região amazônica, que possui alta biodiversidade, muitos organismos podem 

apresentar ampla distribuição e estar segregados espacialmente em diferentes 

ambientes.  

Dentre os principais ecossistemas da Amazônia estão as florestas inundáveis 

de várzea e as florestas não inundáveis de terra firme, as quais são bastante 

distintas em aspectos abióticos, o que pode gerar diferentes pressões evolutivas 

sobre a biota. As florestas de terra firme nunca ficam inundadas, o que favorece 

maior diversidade de espécies animais e vegetais em comparação às florestas de 

várzea. Por outro lado, a inundação sazonal (isto é, repetição do fenômeno a cada 

estação de cheia e seca) dos rios da Amazônia exerce forte influência ecológica 

sobre as espécies que vivem nesses ambientes. Diversas plantas e animais 

precisam desenvolver estratégias de adaptações fisiológicas, etológicas 

(comportamentais) e morfológicas para sobreviverem às mudanças impostas pelas 

inundações. Muitas espécies terrestres têm a dispersão limitada pelo alagamento 

dos hábitats, e animais podem ficar isolados nas copas das árvores durante o pico 

da cheia dos rios, pois esses são os únicos hábitats disponíveis.  

Neste trabalho utilizamos como modelo a jararaca-da-Amazônia Bothrops 

atrox (Figura 1) para compreender como florestas inundáveis de várzea e florestas 

não inundáveis de terra firme selecionam morfologicamente as serpentes 

amazônicas. A jararaca-da-Amazônia é uma serpente amplamente distribuída pela 

bacia Amazônica, responsável pela maioria dos acidentes ofídicos na região. Nos 

baseamos na premissa de que diferentes pressões evolutivas causam diferenças 

 
1 Texto de comunicação científica formatado conforme as normas do “Canal Ciência - Portal de Divulgação 
Científica e Tecnológica”, do Instituto Brasileiro de Informação em Ciência e Tecnologia (Ibict). 
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morfológicas entre os tipos de hábitats. Essa premissa nos permite levantar a 

hipótese de que Bothrops atrox que primariamente são serpentes terrestres, podem 

apresentar características arborícolas nas florestas de várzea durante o período de 

cheia dos rios. 

 

Como a pesquisa foi realizada? 

Basicamente, a pesquisa resumiu-se em investigar se populações de 

serpentes terrestres de florestas inundáveis de várzeas amazônicas ao ficarem 

abrigadas nas copas das árvores têm sua morfologia alterada para adaptarem-se e 

sobreviverem às mudanças sazonais causadas pela cheia dos rios. Para isso, foram 

tomadas medidas do tamanho do corpo (comprimento do corpo, diâmetro do corpo e 

comprimento da cauda) e da cabeça das serpentes (comprimento, altura e largura 

da cabeça) (Figura 1). Essas estruturas morfológicas foram selecionadas para serem 

medidas pois estão associadas à forma de alimentação e deslocamento das 

serpentes, os quais podem mudar em diferentes habitats. Os exemplares de 

jararacas provenientes de várzea e de terra firme estavam depositados nas coleções 

herpetológicas (coleção de anfíbios e répteis) da Universidade Federal do Oeste do 

Pará e da UNAMA campus de Santarém. Para testar as diferenças morfológicas 

entre as jararacas foi empregado um método baseado na variação de diferenças 

entre grupos amostrais, chamado de análise de discriminante de componentes 

principais. As diferenças entre esses grupos (várzea e terra firme) foram testadas 

posteriormente por análises estatísticas.  

 

 

 

Figura 1: Medidas de comprimento, largura e altura da cabeça da jararaca Bothrops 

atrox. 
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Qual a importância da pesquisa? 

Os resultados gerados neste trabalho permitem preencher uma lacuna 

existente na literatura sobre como fatores temporais como as cheias dos rios 

influenciam na dinâmica populacional e evolutiva das serpentes amazônicas, pois 

não existem trabalhos que enfoquem nessas pressões ambientais como preditores 

evolutivos tanto em escalas locais quanto em escalas mais amplas. Os 

conhecimentos obtidos sobre as estratégias morfológicas adaptativas podem ser 

complementares a dados genéticos, que são outra importante forma de avaliar a 

evolução dos seres vivos que compõem as florestas de várzea e terra firme.  

Finalmente, pesquisas como essa fornecem subsídio para a elaboração de 

medidas diferenciadas de conservação da biodiversidade em diferentes ambientes.  
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Abstract 23 

Spatial variation in morphological traits emerges in response to different selective 24 

pressures experienced when geographic range crosses heterogeneous habitats. In 25 

seasonally flooded habitats, animal adaptation is conspicuously demonstrated by the 26 

ability to swim among tops of hills that form islands during flooding, or by the ability to 27 

climb treetops above the water level. We have noticed that a widely distributed 28 

terrestrial snake is forced to climb treetops in flooded várzea forests of eastern 29 

Amazonia. We hypothesized that seasonal flooding of habitats selects morphotypes 30 

by the levels of adaptation to use treetops as foraging and resting sites. We 31 

measured seven morphological variables on 30 Bothrops atrox specimens from 32 

floodable várzea forests, and 25 specimens from non-floodable terra firme forests. 33 

Models of Discriminant Analysis of Principal Components (DAPC) separately by sex 34 

showed morphological differences between these habitat types, which were 35 

independent of geographic distance. We found longer tail and wider head in females 36 

and lower head and slender body in males from the várzea forests sampled. Despite 37 

sex-biased divergences in selected morphological traits, our results converge to 38 

natural selection toward arboreality in seasonally flooded habitats. We ultimately 39 

show an intermediary stage of evolutionary divergence, although speciation is not 40 

clear as in island-isolated populations. 41 

 42 

Introduction 43 

The range of geographic distribution of biodiversity is often limited by 44 

environmental filtering [1, 2]. In general, species are absent from portions of 45 

environmental gradients that represent suboptimal conditions for survival and 46 
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reproduction [3]. However, the area occupied by an organism may be increased by 47 

means of phenotypic plasticity in morphological, physiological or behavioral traits [4, 48 

5]. Spatial variation in such attributes emerges in response to different selective 49 

pressures experienced when geographic range crosses heterogeneous habitats [6, 50 

7, 8]. Therefore, widely distributed species tend to show morphological variation [9, 51 

10], which may be associated with genetic divergence between categorical habitats 52 

[11], or along continuous gradients [12]. 53 

Amazonian rainforests may be heterogeneous enough that environmental 54 

filtering causes species spatial turnover throughout continuous landscapes, even at 55 

regional or local scales [13, 14, 15]. Nevertheless, species that are able to cross 56 

different habitat patches may colonize wide geographic ranges, which cover high 57 

levels of environmental heterogeneity [16]. Consequently, widely distributed species 58 

may show high levels of variation in body color or morphological traits, although the 59 

distribution of color or morphotypes are not necessarily geographically explicit. 60 

Intraspecific morphological divergence in Amazonia has been attributed to 61 

polymorphism [17, 18], riverine barriers [19], and seasonal flooding of habitats [20, 62 

21]. Ultimately, non-random distribution of morphotypes may reflect recent 63 

divergence processes, which suggest an intermediate stage of speciation [19]. 64 

Therefore, analyzing spatially explicit morphological data is a special opportunity to 65 

understand patterns of evolutionary divergence and the origins of biodiversity. 66 

Environmental heterogeneity across Amazonia has been often classified in 67 

seasonally flooded (e.g. várzea) and non-flooded forests (e.g. terra firme). Although 68 

such categorical levels represent extreme portions of continuous gradients of 69 

vegetation cover, soil water saturation and nutrient availability, they are justified by 70 

conspicuous differences in attributes of biodiversity. For instance, terra firme forests 71 
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are not widely flooded for long periods, which causes greater diversity of animal and 72 

plant species compared to várzea forests [22, 23, 24, 25]. However, such difference 73 

may be reversed due to seasonal fluctuation in the river levels. Periods of resource 74 

scarcity during the dry season may stimulate migration to várzea forests, where 75 

sediment-rich soils increase the availability of nutrients during non-flooded seasons 76 

[26]. During flooding, várzea forests may considerably limit plant survival and 77 

dispersal capacity of terrestrial animals, since the availability of adequate habitats is 78 

considerably reduced for several months every year [24, 27]. In addition, 79 

environmental filtering and limited dispersal cause differences in assemblage 80 

composition of flying [28, 29] and non-flying mammals [24, 27, 30], amphibians and 81 

squamate reptiles [31]. Therefore, assuming várzea and terra firme forests as distinct 82 

biogeographic units at local or regional scales is widely based on evidence, which 83 

makes this an efficient approach for modeling ecological hypotheses that support 84 

conservation decision making. 85 

Ecological dynamics in the várzea forests are highly dependent on 86 

topography, because altitudinal variation can generate islands formed by tops of hills 87 

above the water level. Animal species may be isolated on these islands during 88 

flooding, or islands may function as habitat patches for animals that are good 89 

swimmers [30]. Alternatively, treetops above the water level may provide foraging 90 

and resting sites for arboreal species during flooding. Trees have dealt with the lack 91 

of oxygen and light during flooding through morphological, metabolic and 92 

physiological plasticity, associated with high capacity to recover dead tissues [32]. 93 

However, probabilities of animals to occupy treetops may be highly dependent on 94 

morphological and physiological adaptations for climbing. For instance, arboreal 95 

snakes are often slender and have longer tails than terrestrial or aquatic snakes, 96 
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which enables the physical and physiological conditions required for climbing [33]. In 97 

addition, seasonal flooding also causes differences in estimated assemblage 98 

composition of rats and small marsupials [34], frogs and Squamata reptiles [31]. 99 

Since these animals are prey, one could expect morphological trait selection in 100 

predators, via prey size range or encounter rates of varying-sized prey, and specially 101 

in gap-limited predators such as snakes [35]. Therefore, it is reasonable to 102 

hypothesize that forced arboreality exerts selective pressure on morphological traits 103 

that reflect ability for climbing (e.g. tail length, body diameter), and overall differences 104 

in diet between different habitats (e.g. head measurements). We note that a pitviper 105 

snake Bothrops atrox (Linnaeus, 1758) that is primarily terrestrial in terra firme forests 106 

tends to become strictly arboreal in the flooded várzea forests of the eastern 107 

Amazonia. We hypothesize that specimens are morphologically distinct between 108 

these habitat types. 109 

In this study, we use the Amazon Lancehead Bothrops atrox (Serpentes: 110 

Viperidae: Crotalinae) to investigate the effects of seasonal flooding on intraspecific 111 

morphological divergence. We test the general hypothesis that seasonal flooding of 112 

habitats selects morphotypes by the levels of adaptation to use treetops as foraging 113 

and resting sites. Although adult and especially juvenile lanceheads may eventually 114 

climb trees in flooded and non-flooded forests, they are considered as primarily 115 

terrestrial [36, 37]. We measured variables thought to express the ability for climbing 116 

or possible differences in diet between várzea and terra firme. 117 

 The Amazon Lancehead provides a good opportunity to investigate 118 

intraspecific morphological variation because it is widely distributed across 119 

heterogeneous habitats in Amazonia, and it shows conspicuous variations in body 120 

color and morphology (see [37]). Additionally, lanceheads may be genetically 121 
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different between várzea and terra firme forests, suggesting that populations 122 

experience distinct evolutionary pressures along environmental gradients [11]. Here, 123 

we focus on demonstrating that the genetic divergence found in [11] may be 124 

associated with morphological differences between habitats, which are specifically 125 

caused by seasonal flooding. 126 

 127 

Methods 128 

Sampling and morphological measuring 129 

We measured 55 juvenile and adult Bothrops atrox specimens (24 females, 31 130 

males) deposited in the herpetological collections of Universidade Federal do Oeste 131 

do Pará (UFOPA-H) and Universidade da Amazônia (UNAMA), both in Santarém, 132 

Pará, Brazil. The várzea forests were represented by 30 specimens (nine females, 133 

21 males), and the terra firme forests were represented by 25 specimens (15 134 

females, 11 males).  135 

Our sampling covers approximately 4000 km2 along the banks of the 136 

Amazonas River and within the Tapajós River basin, in the eastern Amazonian, 137 

Brazil (Fig 1). The geographical coverage of the study area is equivalent to less than 138 

0.6% of the B. atrox range (entire Amazon Basin). We attempted to sample a 139 

relatively small area to reduce possible effects of uncontrolled variables on the 140 

morphological variation found (e.g. great geographic distances, unmeasured 141 

environmental heterogeneity). Additionally, genetic divergence in B. atrox populations 142 

between várzea and terra firme forests has been found in the region covered by our 143 

sampling [11]. Therefore, we were able to investigate whether evolutionary 144 

divergence between habitat types can be also demonstrated by morphological data.  145 
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Our sampling covers both banks of the Amazonas River, but riverine barrier 146 

effects on the morphological variation are unlikely, because islands that emerge in 147 

the river channel during the dry season allow stepping-stone dispersal [11]. 148 

Furthermore, the only analyzed specimen from terra firme forests in the north bank of 149 

the Amazonas River was not identified as an outlier in any of our models.  150 

 151 

Figure 1. Distribution of Bothrops atrox specimens analyzed. Distribution of 152 

Bothrops atrox specimens measured to test morphological differences between 153 
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várzea (flooded) and terra firme (non-flooded) forests in Amazonia. Some 154 

coordinates are approximate, based on centroid coordinates of sampling sites. 155 

We used a digital caliper (0.1 mm accuracy) to measure snout-vent length 156 

(SVL), tail length, head length, head width in the snout region, head width in the eye 157 

region, head height in the snout region, head height in the eye region, and diameter 158 

in the middle of the body. To reduce the effects of measurement errors on 159 

morphological variation [38], we measured each variable five times on 160 

nonconsecutive days, and we used average values.  161 

To reduce the effects of body size and allometry, we transformed all variables 162 

[39]. We applied the formula Yi (SVL0/SVLi)b, where Yi is the observed value, SVL0 is 163 

the average SVL, SVLi is the individual SVL, and b is the slope of a linear regression 164 

between logYi and logSVL. Additionally, we scaled the transformed variables by 165 

subtracting the mean and dividing by the standard deviation. This approach was 166 

useful in reducing the effects of very different variances among morphological 167 

variables [40]. The morphological dataset is summarized in Table 1. 168 

 169 

Table 1. Summary of morphological variables measured in Bothrops atrox specimens 170 

(Females: N = 24; Males: N = 31). The values are corrected for body size and 171 

allometry. SD = standard deviation. 172 

 Females Males 

Variable Mean SD Mean SD 

Tail length 101.03 8.69 107.38 7.33 
Head length 31.42 1.59 29.63 1.69 

Head width_snout 20.29 2.26 19.26 1.55 

Head width_eyes 10.17 0.84 10.26 0.77 

Head height_snout 9.08 0.89 8.43 0.59 

Head height_eyes 10.87 1.51 10.37 0.76 

Body diameter 58.30 7.85 56.58 4.62 

 173 
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Data analysis 174 

To estimate morphological differences between specimen groups we used 175 

Discriminant Analysis of Principal Components (DAPC). This method was efficient to 176 

our study system because the discriminant function optimize variation between 177 

groups while minimize variation within groups [41]. Therefore, the morphological 178 

variation detected by DAPC is expected to be less biased by within-habitat variation 179 

than similar multivariate ordination methods, such as PCA [42]. We implemented 180 

DAPC models in the adegenet R-package [41], defining numbers of retained principal 181 

component axes using a-scores. This approach optimizes probabilities that the 182 

samples are allocated to a same group over successive random permutations, which 183 

avoids excessive retention of principal components, and the consequent false 184 

clustering [43]. We set up an initial DAPC model defining sex as a priori groups, to 185 

decide whether to run the subsequent analyzes with the full dataset or separately by 186 

sex, in the case of sexual dimorphism. We set up the subsequent models assuming 187 

habitat types (várzea and terra firme) as a priori groups. To control the quality of the 188 

groups defined a priori in all DAPC models, we checked posterior probabilities of the 189 

specimens being correctly allocated in várzea or terra firme. 190 

We obtained statistical support for the DAPC models using ANOVA. We used 191 

the scores produced by the discriminant function axis from each DAPC model as 192 

dependent variables, and sex or habitat types as categorical independent variables. 193 

All ANOVA models were validated by residuals not differing from theoretical normal 194 

distributions (Shapiro-Wilk P > 0.35 in all cases). 195 

To evaluate the effects of geographic distance on the morphological variation 196 

we tested spatial autocorrelation in the residuals of the ANOVA models. We used 197 

pairwise Euclidean distances among geographical coordinates as dependent 198 
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variables in Moran's I tests (separately by sex) for global spatial autocorrelation, and 199 

Geary´s C tests for spatial autocorrelation at local scales [44] along six distance 200 

classes. We set up Geary´s C models attempting to reach the best solution regarding 201 

homogeneity in the distribution of pairwise comparisons among geographic distance 202 

classes. 203 

 204 

Results 205 

Sexual dimorphism 206 

The DAPC modeled to test sexual dimorphism was based on seven principal 207 

components axes, which captured 100% of the observed variance in the pairwise 208 

morphological dissimilarities. Although some overlap in morphological variables were 209 

detected along axis 1 of the DAPC (Fig 2A), significant differences (ANOVA F1–53 = 210 

27.83, P < 0.0001) in the scores produced between females and males sustained 211 

sexual dimorphism (Fig 2B). This finding was supported by high probabilities (Fig 2C) 212 

that the samples were correctly allocated in the female (70%) and male (80%) 213 

groups. Sexual dimorphism was mainly associated with differences in tail length 214 

(longer in males), head length (longer in females) and head height in the snout region 215 

(higher in females). The contributions of these variables to the solution returned by 216 

DAPC were 40, 27 and 20%, respectively. The other variables contributed less than 217 

5% to the sexual dimorphism. Sexual dimorphism suggests that morphological traits 218 

respond to different evolutionary pressures between sexes, which led us to analyze 219 

morphological differences between habitats separately by sex. 220 

 221 
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 222 

Figure 2. Sexual dimorphism in Bothrops atrox from eastern Amazonia. Sexual 223 

dimorphism in Bothrops atrox from eastern Amazonia, based on seven morphological 224 

variables corrected for body size and allometry. A) Distribution of specimen densities 225 

along the first axis produced by a Discriminant Analysis of Principal Components 226 

(DAPC). B) Differences in the scores generated by the DAPC between sexes. C) 227 

Probabilities that the specimens were correctly allocated in one of the groups 228 

(females and males). 229 

 230 

Morphological variation between habitat types 231 

The DAPC model based on female’s data was set up with five principal 232 

components axes, which captured 90% of the observed variance in the original 233 

morphological data. We found that females are morphologically different between 234 

varzea and terra firme forests (Fig 3A). This finding was supported by significant 235 

differences (ANOVA F1–22 = 13.59, P = 0.001) in the scores produced by DAPC 1 236 

between habitat types (Fig 3B), and high probabilities that the samples were correctly 237 

allocated in the varzea (80%) and terra firme (93%) groups (Fig 3C). Morphological 238 

differences between habitat types were mainly associated to tail length (70% 239 

contribution to the morphological variation detected by the DAPC), and head width in 240 

the snout region (15%). Overall, females from varzea forests had longer tail (Fig 5A) 241 
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and wider head in the snout region (Fig 5B) than specimens from terra firme. The 242 

other variables contributed 8% or less for the solution returned by the DAPC model. 243 

 244 

 245 

Figure 3. Morphological variation in females Bothrops atrox in function of 246 

habitat types in eastern Amazonia. Morphological variation in females Bothrops 247 

atrox in function of habitat types in eastern Amazonia, based on seven morphological 248 

variables corrected for body size and allometry. A) Distribution of specimen densities 249 

along the first axis produced by a Discriminant Analysis of Principal Components 250 

(DAPC). B) Differences in the scores generated by the DAPC between habitats. C) 251 

Probabilities that the specimens were correctly allocated in one of the groups (várzea 252 

and terra firme). 253 

 254 

For males, the DAPC model was set up with four principal components axes, 255 

which capture 85% of the dissimilarities observed in the morphological data. The 256 

DAPC revealed significant morphological differences (ANOVA F1–22 = 11.30, P = 257 

0.002) between várzea and terra firme forests (Figs 4A and 4B). This finding was 258 

supported by a high a posteriori probability (Fig 4C) that the specimens have been 259 

correctly allocated in várzea (86%), although a smaller proportion of specimens were 260 

correctly allocated in terra firme (40%). The variables that contributed most to the 261 
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morphological differences between habitat types were head height in the snout 262 

region (40%), head height in the eye region (32%) and diameter in the middle of the 263 

body (18%). The specimens from várzea had lower head (Fig 5C) and a slender 264 

body (Fig 5D) than specimens from terra firme. The other variables contributed 7% or 265 

less to the solution returned by DAPC. 266 

 267 

 268 

Figure 4. Morphological variation in males Bothrops atrox in function of habitat 269 

types in eastern Amazonia. Morphological variation in males Bothrops atrox in 270 

function of habitat types in eastern Amazonia, based on seven morphological 271 

variables corrected for body size and allometry. A) Distribution of specimen densities 272 

along the first axis produced by a Discriminant Analysis of Principal Components 273 

(DAPC). B) Differences in the scores generated by the DAPC between habitats. C) 274 

Probabilities that the specimens were correctly allocated in one of the groups (várzea 275 

and terra firme). 276 

 277 
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 278 

Figure 5. Morphological differences in females and males Bothrops atrox. 279 

Morphological differences in females (A and B) and males (C and D) Bothrops atrox 280 

between terra firme (TF) and várzea (V) forests in eastern Amazonia. The variables 281 

were identified by a Discriminant Analysis of Principal Components (DAPC) as more 282 

relevant for the morphological divergence between habitat types. The variables were 283 

corrected for body size and allometry. 284 

 285 

The Moran´s I test showed that the morphological differences between habitat 286 

types were not globally biased by spatial autocorrelation for females (P = 0.86) and 287 

males (P = 0.69). This finding was consistently captured by the Geary's C tests for 288 
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local-scale spatial autocorrelation, for which the null hypothesis was not rejected in 289 

any of the six distance classes (Table 2). 290 

 291 

Tabela 2. Summary of Geary's C tests for spatial autocorrelation in the residuals of 292 

ANOVA models used to test morphological differences in Bothrops atrox between 293 

várzea and terra firme forests. The models were set up with six geographic distance 294 

classes, separately by sex. Distances are shown in kilometers. N = number of 295 

pairwise comparisons per distance class. 296 

Females Males 

Distance C P N Distance C P N 

32 0.82 0.10 170 22 1.03 0.70 274 
96 0.88 0.25 82 66 0.96 0.39 206 

160 1.06 0.74 206 110 0.66 0.10 116 

224 0.73 0.19 54 155 0.87 0.18 182 

288 1.58 0.93 18 198 0.92 0.32 116 

352 1.32 0.86 22 242 1.07 0.55 34 

 297 

Discussion 298 

We showed that environmental heterogeneity in eastern Amazonia drives the 299 

evolutionary history of a widely distributed species through selection of morphological 300 

traits associated with habitat use. Although Bothrops atrox is traditionally considered 301 

as habitat-generalist [36, 45], we found spatially explicit morphological variation 302 

associated with environmental filtering pressure acting towards habitat specialization. 303 

Spatial variation in selection of morphological traits may be related to wide 304 

geographic range crossing heterogeneous habitats [10], and suggests natural 305 

selection favoring locally specialized phenotypes [9, 46]. Different morphotypes have 306 

been predominant in the populations of distinct habitats, in a way to optimize 307 

functional responses to environmental conditions [1, 47, 48]. Ultimately, our results 308 
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show that evolutionary divergences between várzea and terra firme forests, which 309 

have been detected by genetic data of B. atrox [11], may be also detected by 310 

morphological evidence. 311 

Environmental gradients selecting morphological traits is an expected scenario 312 

for species that are widely distributed across heterogeneous habitats [49, 50], but 313 

this is often inferred from indirect evidence [10]. Here we demonstrated that selection 314 

of morphological traits is directly caused by seasonal flooding of habitats, which 315 

forces snakes to occupy treetops above the water level during several months. This 316 

finding is supported by the fact that morphological differences between habitat types 317 

were specifically caused by traits associated with arboreality. For instance, the 318 

gravitational force imposed during climbing generates levels of cardiovascular stress 319 

that should be compensated by a combination of elongated blood vessels along the 320 

tail and small mass/length ratio [33, 51]. Consequently, arboreal snakes typically 321 

show longer tails and slender bodies than terrestrial or aquatic snakes [52], and 322 

snake assemblages may be richer in long-tailed slim species in forests than 323 

savannas [53]. In addition, the relatively low compliance of long tails is relevant for 324 

the blood flow through vital organs (specially the brain) in the vertical position 325 

required for climbing [54]. Therefore, longer tails and slender bodies in the flooded 326 

várzea forests are not only morphological but also physiological adaptive 327 

advantages. 328 

Particularly in vipers, arboreality may result in selective pressure on head, 329 

body and tail size, and on the position of the heart relative to the body [51, 55, 56]. 330 

While divergence in most of these characters seems to be associated with adaptive 331 

advantages for climbing, morphological variation in the head may be more 332 

associated with diet [56, 57, 58]. Bothrops atrox may feed on a wide variety of prey 333 
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such as centipedes, frogs, lizards, snakes and mammals, despite adults tend to 334 

avoid low-calorie ectotherm prey [36, 59]. Assemblage composition may differ 335 

between várzea and terra firme forests for most of these prey types, as observed for 336 

frogs, Squamata reptiles [31] and small mammals [34]. We hypothesized that (i) 337 

different encounter frequencies of varying prey size between várzea and terra firme 338 

forests may select morphotypes by head size, since snakes are gap-limited predators 339 

[60]. This is supported by differences in the composition of the B. atrox venom 340 

between várzea and terra firme forests [11, 61], since biochemical structure of the 341 

venom results from molecular adaptations to kill and digest prey [62]. Moreover, (ii) 342 

the enlarged head in the várzea forests compensates for the seasonal absence of 343 

small ground frogs (e.g. Adenomera andreae, Pristimantis sp.) that are important 344 

prey for juveniles in the terra firme forests [36]. An ability to swallow calorie-rich large 345 

prey that is developed ontogenetically early should be selectively advantageous, and 346 

therefore proportionately large-headed neonates tend to be born [63]. Sexual 347 

dimorphism in snakes is more likely innate than ontogenetically acquired by 348 

environmental pressure [35]. Nonetheless, spatially explicit dietary datasets, that are 349 

not biased by rapid digestion of fragile tissues [64], are required to test both 350 

hypotheses appropriately. 351 

Our data showed an expected sexual dimorphism determined by longer tail in 352 

males, which is caused by presence of hemipenial muscles. Larger head in females 353 

is more likely associated with ecological than sexual selection, because snakes are 354 

gap-limited predators, and do not use the feed apparatus in any social interaction 355 

[35]. Sexual dimorphism in the context of our study has caused selective pressure on 356 

distinct morphological traits between sexes. This finding is largely supported by 357 

sexual-biased dispersal, an expected phenomenon for polygynous species, for which 358 
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sexes have different abilities and needs to acquire energy stock for reproduction [65, 359 

66]. Female vipers tend to be more sedentary and hunt endothermic prey more often 360 

than males, especially when pregnant. Consuming calorie-rich endothermic prey is 361 

functionally advantageous to produce offspring or simply to provide for the larger 362 

bodies of females [67]. Males on the other hand, are more diet-generalist and cover 363 

larger areas looking for mating [68, 69]. We suggest that longer tails and wider heads 364 

in females are adaptive advantages for acquiring fat reserves for live and reproduce 365 

on the treetops. Males, on the other hand, have evolved lower heads and slender 366 

bodies in the várzea forests as advantageous traits to acquire agility for mating 367 

dispersal across treetops. 368 

We have shown morphological evidence supporting effects of seasonal 369 

flooding on the evolutionary history of a widely distributed species across Amazonia. 370 

This finding is strongly supported by the fact that B. atrox contains genetically distinct 371 

lineages between várzea and terra firme forests [11]. Despite sex-biased differences 372 

in morphological traits under adaptive pressure in flooded forests, our results 373 

converge to the general conclusion that seasonal flooding forces morphological 374 

adaptation specifically selected for arboreality. Morphological variation resulting from 375 

environmental pressure has been mainly demonstrated at interspecific level, and 376 

vicariously isolated populations that are forced to become arboreal tend to diverge in 377 

distinct species [56]. Nonetheless, a remarkable finding of our study is an 378 

intermediary stage of evolutionary divergence at fine spatial scale, whereby 379 

intraspecific morphological variation has been revealed as a response to 380 

environmental heterogeneity. Speciation processes in our study system are not as 381 

clear as in island-isolated populations because higher levels of gene flow between 382 

várzea and terra firme forests are to be expected during the dry season, when wide 383 
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dispersal corridors become available between these habitat types. Future studies 384 

should focus on quantifying the levels and directions of gene flow between flooded 385 

and non-flooded habitats, and also among várzea forests in different drainage basins 386 

across Amazonia. 387 
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