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RESUMO

Comportamentos anti-predatdrios sdo comportamentos presentes em basicamente todas
as espécies de animais do planeta. Um dos comportamentos anti-predatorios mais comuns é a
fuga do predador. Entretanto, abandonar o habitat para escapar do predador ndo envolve apenas
0s riscos de ser predado, mas também os custos que podem ser gerados quando a presa abandona
as atividades que estava realizando. Em espécies territoriais as presas podem sofrer maiores
custos, como a perda de territérios de acasalamento ou até mesmo uma oportunidade
reprodutiva, por isso tendem a ser mais resistentes a fuga que presas que ndo correm tais riscos.
Mas 0s poucos estudos que avaliaram a influéncia desses custos no comportamento de fuga
geralmente se limitam a simplesmente avaliar o efeito da presenca de co-especificos nos
comportamentos anti-predatérios adotados pelas presas. Como em muitas espécies esse
ambiente social pode variar de acordo com a época do ano ou com a disponibilidade de recursos,
avaliar apenas a presenca de co-especificos pode fornecer informagdes limitadas acerca da
influéncia do contexto social na modulacdo do comportamento de fuga. Nesta tese, nds
avaliamos como o contexto social, mais especificamente a influéncia da presenca das fémeas e
da sua receptividade sexual e também a identidade do intruso (vizinho familiar ou intruso nédo
familiar), pode influenciar nas estratégias anti-predatorias adotadas pelos machos. N&s
observamos que apesar dos machos responderem a presenca das fémeas, eles respondem mais
fortemente a fémeas férteis quando comparado a presenca de fémeas ndo férteis.
Adicionalmente, os machos assumem maior risco predatério na presenca de intrusos néo
familiares do que na presenca de individuos familiares localizados em territdrios vizinhos. Esse
resultado indica que o historico prévio de interagdes sociais do macho também é um fator
importante modulando as decis6es de fuga dos machos territoriais. Por fim, usando um modelo
de simulacdo baseado em individuo, n6s observamos a presenca das fémeas parece ser o fator

mais importante na evolugdo dos comportamentos anti-predatérios dos machos.



Palavras-chave: comportamento  anti-predatorio, fémeas sexualmente receptivas,

territorialidade, distancia de inicia¢do de fuga e teoria do escape 6timo.



ABSTRACT

Anti-predatory behaviours are behaviours present in basically every species of animal
on the planet. One of the most common anti-predatory behaviour is predator escape. But one
thing that many people do not know abandoning the habitat to escape the predator does not only
involve the risks of being preyed, but also the costs that can be generated when the prey
abandons the activities it was doing. In territorial species, prey can suffer greater costs, such as
the loss of mating territories or even a reproductive opportunity, so they tend to be more
resistant to flight than prey that are not at risk. But the few studies that have evaluated the
influence of these costs on escape behaviour are generally limited to simply evaluating the
effect of the presence of conspecifics on the anti-predatory behaviours adopted by prey. As in
many species this social environment can vary according to the time of year or the availability
of resources, evaluating only the presence of conspecifics can provide limited information about
the influence of the social context on the modulation of escape behaviour. In this thesis, we
evaluated how the social context, more specifically the influence of the presence of females and
their sexual receptivity and also the identity of the intruder (familiar neighbour or unfamiliar
intruder), can influence the anti-predatory strategies adopted by males. We observed that males
assume greater predatory risk in the presence of fertile females when compared to the presence
of non-fertile females. Additionally, males assume greater predatory risk in the presence of
unfamiliar intruders than in the presence of familiar individuals located in neighbouring
territories. This result indicates that the male's previous history of social interactions is also an
important factor modulating territorial males' escape decisions. Finally, using an individual-
based simulation model, we observed that the presence of females appears to be the most

important factor in the evolution of male anti-predatory behaviour.

Key words: anti-predatory behaviour, sexually receptive females, territoriality, flight

initiation distance and optimal escape theory.
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APRESENTACAO

Acho que todo mundo ja deve ter visto alguma cena de um predador correndo atras de
uma presa, né? Seja no quintal da sua casa ou assistindo ao globo reporter ou até mesmo na
novela pantanal. Agora, vou pedir para vocé relembrar esse evento predatério para eu te fazer
uma pergunta, ok! Vamos 14, quando o predador se aproximou da presa, o que a presa fez?
Acho que sera quase uma unanimidade que a presa fugiu do predador, certo?! Por mais que
possa parecer um pouco obvio que a presa deva fugir do predador imediatamente ap6s
detecta-lo, essa tomada de decisdo nédo é tdo simples assim. Se a presa foge muito réapido ela
pode ter alguns custos. Primeiro, ao fugir do predador a presa pode ter um alto gasto
energético, caso fuja muito rapido ou por longas distancias. Pensando nisso, imagina se a
presa encontra com muitos predadores ao longo do dia? Se toda vez ela investir uma alta
energia na fuga, pode ser que em algum momento o combustivel acabe. Segundo, quando a
presa foge muito cedo do predador e abandona seu habitat isso pode gerar alguns custos para
ela, pois ao se ausentar do seu habitat ela pode acabar deixando de realizar outras atividades
que também sdo importantes para ela. Por exemplo, ela diminui o tempo disponivel para
forrageamento ou para cortejar parceiros sexuais. Bom, dito isso, vocé poderia me perguntar:
guando entdo seria 0 melhor momento para a presa fugir do predador? Existe uma teoria
chamada “teoria do escape 6timo” que prevé justamente que durante um evento predatdrio, as
presas devem balancear os riscos de ser predada e os custos da fuga e entdo, fugir apenas
guando os riscos igualarem ou excederem os custos. Essa teoria foi proposta por dois

pesquisadores americanos chamados Ronald Ydenberg e Lawrence Dill em 1986.

Mais de 35 anos apo6s a publicagdo da “teoria do escape 6timo”, centenas de estudos
parecem corroborar suas predi¢des. A grande maioria dos estudos sobre a teoria do escape

Otimo se utiliza da distancia do inicio da fuga (em inglés flight initiation distance-FID) para
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testar suas predi¢cdes. Uma das predicdes da teoria do escape 6timo é a de que 0s riscos da
presa ser capturada aumentam, proporcionalmente, a medida em que o predador se aproxima.
Por este motivo o FID tem sido utilizado como uma importante medida do risco tolerado
pelas presas. Deste modo, quanto menor o FID, maior sera a aproximacao entre predador e
presa e com isso, maiores 0s riscos predatdrios. Estudos empiricos tém demonstrado que o
risco predatério tolerado pelas presas (medido pelo FID), dependem de multiplos fatores, tais
como o tamanho corporal da presa e do predador, a velocidade do ataque, a presenca e
distancia do refligio. Mas uma coisa que observei durante a leitura desses estudos € que eles
raramente avaliam a influéncia do contexto social na modulagao do FID. O contexto social
esta relacionado com o ambiente social do individuo, por exemplo, se um animal vive em
grupo ou Vvive solitério, se ele defende ou ndo territdrios e se tem muitos parceiros disponiveis
para acasalar. Com isso, 0 contexto social é potencialmente importante porque ao abandonar
uma area para fugir do predador, a presa pode deixar de realizar um determinado nimero de
interacdes sociais com seus co-especificos. Essa perda de interaces sociais pode gerar custos
como perder a chance de copular com uma fémea e perder a chance de comunicar a outros
machos que o territdrio esta sendo ocupado. Vamos nos referir a esses custos ao longo dos

capitulos como custos sociais.

Os poucos estudos que avaliaram a influéncia dos custos sociais no comportamento
de fuga das presas sdo usualmente limitados a avaliar o efeito da presenca de co-especificos
no comportamento anti-predatério. No entanto, em muitas espécies esse contexto social pode
variar de acordo com a época do ano, por exemplo em espécies que se reproduzem apenas em
uma estacdo do ano. Nessas espécies, avaliar apenas a presenca de co-especificos pode
fornecer informacdes limitadas sobre a influéncia do contexto social na modulacéo do
comportamento de fuga. Além disso, considerar s6 a presenca do co-especifico pode trazer

um efeito de confusdo porque muitas vezes ndo € possivel saber se as alteragdes no
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comportamento de fuga sdo causadas porque a presenca do co-especifico indica para a presa
que ela vai pagar um custo muito alto se ela fugir ou porque a presenca de outro individuo
proximo desvia a atencdo da presa e assim, ela demora mais tempo para detectar que tem um
predador se aproximando. Dai surgiu a motivacdo da minha tese. Meu objetivo geral foi
adquirir uma compreensdo mais profunda sobre como o contexto social pode modular o
comportamento anti-predatorio. Para isso, eu dividi a tese em trés capitulos que compreendem
dois estudos empiricos e um modelo de simulacdo. Nos capitulos empiricos, eu estudei a
espécie de lagarto Eurolophosaurus nanuzae (A seguir tem um topico contando mais sobre a
minha histdria com esse lagartinho e porque escolhi ele como modelo de estudo) e investiguei
se a presenca e o periodo reprodutivo das fémeas podem influenciar o comportamento anti-
predatorio dos machos (Capitulo 1), e avaliei se o grau de familiaridade com o co-especifico
poderia influenciar o comportamento anti-predatério adotado pelos machos residentes
(Capitulo 11). J& no Capitulo 111, inicialmente eu tinha como objetivo avaliar como as
alteracdes hormonais devido as interacdes agonisticas entre os machos, poderiam afetar o
comportamento anti-predatério dos machos. Mas no meio do meu doutorado aconteceu uma
pandemia mundial que impossibilitou a minha ida para 0 campo, e consequentemente, a
realizacdo desse capitulo. Entdo, eu e o Paulo, meu orientador, tivemos que pensar em um
novo capitulo. A ideia desse novo capitulo surgiu apos a gente ver os resultados do nosso
Capitulo I (quem néo gosta de spoiler, sugiro ndo continuar lendo essa frase e pular para a
ultima frase desse paragrafo), que mostravam que, apesar de 0s machos postergarem mais a
fuga na presenca de fémeas férteis, eles também o fizeram mesmo quando havia fémeas néo-
férteis em seu territorio. Entdo comecamos a pensar que esse comportamento de postergar a
fuga, mesmo na presenca de fémeas ndo férteis, poderia trazer um beneficio reprodutivo
futuro para os machos, e dai surgiu a ideia do nosso Capitulo I11. Nele, nés fizemos um

modelo de simulacéo baseado em individuos para avaliar como variagdes no sucesso
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reprodutivo atual e futuro associado com uma variagdo sazonal na receptividade sexual das

fémeas pode afetar a evolucgdo das decisbes de fuga dos machos.

1.1 Modelo de estudo

Bom, ja falei um pouco para vocés sobre a motivacdo e o tema da minha tese. Mas vocés tém
ideia do porqué eu escolhi trabalhar com um lagarto? Por que n&o escolhi trabalhar com beija-
flor ou golfinhos? Eu poderia falar com vocés que escolhi o lagartinho da montanha
(Eurolophosaurus nanuzae) por achar esse lagarto lindo (Fig. 1), mas acho que muita gente
ndo iria concordar, né?! Por mais que achar um animal bonito possa ser uma explicacéo, a
gente precisa ter um argumento mais convincente para justificar o uso de um modelo de
estudo. E para conseguir ser convincente, é essencial a gente conhecer um pouco sobre a
historia natural daquele animal, pois s6 assim vamos conseguir explicar por que o animal x é
melhor que o animal y para responder uma pergunta e/ou testar uma hipétese. Sendo assim,
escolhi trabalhar com o lagarto Eurolophosaurus nanuzae, pois desde a minha graduacao faco
parte de um grupo (NeoLibe) que estuda diversos aspectos da histéria natural, do
comportamento e da ecologia dessa e de outras espécies de lagartos. Todos esses anos de
estudo, nos permitiu conhecer muita coisa sobre essa espécie e a manipular esses animais em

campo.
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Dasied Dasson

Fig. 1 Macho adulto de Eurolophosaurus nanuzae (Tropiduridae) em uma lage de

pedra em area de campo rupestre na Serra do Cipd, Minas Gerais, Brasil.

O lagarto E. nanuzae é uma espécie que vive em rochas e que ocorre apenas na Cadeia
do Espinhaco em locais com altitudes proximas ou acima de 900 metros. Essa espécie tem um
pequeno porte, que raramente alcanca tamanhos superiores a 6 cm de comprimento rostro-
cloacal (Galdino et al. 2003), o que facilita a captura e a manipulacdo desses animais sem
oferecer riscos aos pesquisadores. Sdo diurnos e forrageadores de “espreita” (senta-e-espera),
na qual esperam a presa se aproximar para captura-la, e consomem preferencialmente
formigas e cupins ao longo do ano. Os machos desses lagartinhos defendem areas de uso
exclusivo e recentemente, foi observado que os machos sdo capazes de reconhecer 0s seus
vizinhos e que eles tendem a ser menos agressivos com 0s vizinhos quando comparado a

individuos desconhecidos (Fendmeno conhecido como “inimigo querido”). A reproducéo
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dessa espécie é bem conhecida, tendo seu inicio no fim da estacdo seca estendendo-se até o
fim da estacdo chuvosa. O pico do periodo reprodutivo das fémeas, quando 100% das fémeas
estdo férteis, ocorre de novembro a janeiro. Durante a corte os machos exibem diversos
comportamentos para tentar atrair as fémeas, mas é muito comum observar machos tentando
forgar copulas com as fémeas. As fémeas geralmente produzem ninhadas com dois ovos,
sendo que algumas podem reproduzir-se mais de uma vez a cada estagdo reprodutiva. Além
disso, esse lagarto apresenta um comportamento anti-predatorio bem comum, quando

percebem a presenca de predadores eles costumam correr e se esconder na vegetagéo.
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Fatal attraction: territorial males of a neotropical lizard increase predation risk when

females are sexually receptive

Abstract: Studies that test the optimal escape theory often show that males base their escape
strategies on the costs and benefits of escaping. Consequently, some studies have shown that
males exhibit riskier anti-predatory strategies when they are near females, probably to avoid
losing reproductive opportunities. However, since in some species females have a limited
reproductive season, this reduction in mating opportunities should be more pronounced during
the female reproductive season. Therefore, males should express reduced anti-predatory
behaviours when females are fertile. In this study, we used the lizard Eurolophosaurus
nanuzae as study subject to evaluate the hypothesis that during the female reproductive
season, males will express riskier anti-predatory behaviours than in the non-reproductive
season. To accomplish this, we recorded the flight initiation distance (FID) and the time spent
in the refuge of males with and without previous exposure to a female, during both the female
reproductive and non-reproductive seasons. We found that after exposure to females, males
decreased their FID. Although this effect occurred in both seasons, it was stronger during the
female reproductive season. Males also spent less time in refuges when females were sexually
receptive. Our results indicated that the presence of females induces males to adopt riskier
escape decisions, and that the assumed risks are even greater when females represent an

immediate chance to mate.

Keywords: anti-predatory strategies, social cost, flight initiation distance, optimal escape

theory.

Introduction
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When a potential prey detects a predator, it should immediately escape because
postponing escape increases its chances of being predated (Blumstein 2010; Williams et al.
2014). However, in many species of prey, individuals avoid escaping promptly as they
perceive a predator (e.g. Holley 1993; Cooper and Sherbrooke 2016), indicating that escaping
as soon as they detect a predator may not always be the best strategy. Therefore, it is probable
that by escaping too early, prey pays other costs that make them avoid such a decision. For
example, when the prey flees from the predator and temporarily abandons its previously
occupied area, the prey may pay social costs if conspecific individuals are able to explore the
temporarily abandoned site or use local resources (Lima and Dill 1990; Lima 1998). Escaping
too early can also impair courting, mating, or mate-guarding behaviours (Cooper 1999a, b;
Martin and Lépez 1999). Therefore, although escaping from predators can increase fitness by
prolonging survival — increasing an individual’s residual reproductive value — it can otherwise

negatively impact current reproductive output.

Optimal escape theory (Ydenberg and Dill 1989) presumes that prey should adjust
their escaping behaviours according to the costs and benefits among a set of behavioural
responses in order to maximize fitness (Cooper and Frederick 2007a). Such cost-benefit
relationships may be particularly important for species in which males defend mating
territories. For example, when a male runs to a shelter or to a distant area to escape from a
predator, it may reduce its mating opportunities by missing previously guarded females or
females that may pass through the territory when the male is absent (Cooper 1999a, b; Martin
and Lopez 1999). In addition, a territory has higher chances of being invaded by rivals when a
resident male is absent after fleeing from a predator (Diaz-Uriarte 1999; Cooper and Wilson
2007). Therefore, males that postpone their fleeing and/or spend less time hiding in shelters
increase their available time for important social relations, thereby reducing the social costs of

the flight. At the same time, individuals that postpone flight allow predators to get closer (i.e.
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the prey exhibit a shorter flight initiation distance or FID - Ydenberg and Dill 1986),
increasing their risk of being preyed upon. Additionally, if the prey spends only a short time
hidden in a shelter after fleeing, it can also increase the risk of being caught because the

predator may ambush it when it leaves the shelter.

Since the costs of leaving a territory or the gains of postponing fleeing can change
dynamically over time and space, animals should not always adopt the same escape strategies
(Cooper and Blumstein 2015). For example, males of the crab species Austruca mjoebergi
spend less time hiding from predators in the presence of females compared with those in
absence of females (Reaney 2007). This probably occurs because when females are present,
males might lose reproductive opportunities if they immediately flee from a predator. In fact,
the few studies that have evaluated whether the presence of a female influences male anti-
predatory behaviours have indicated that males adjust their escaping behaviours in response to
the female presence (Cooper 1999a, b, 2009; Martin and L6opez 1999; Martin et al. 2003).
However, such studies often do not consider two factors. The first is that males may delay
their escaping behaviours because the presence of another individual may distract the male
and increase the time needed to detect a predator (Dukas 2004). The second, and more
important point, is that some studies do not consider other factors that may affect male
reproductive output, such as male or female condition or reproductive status (Cooper 1999a,
b, 2009; Martin and Lépez 1999; but see Martin et al. 2003; Reaney 2007; Kopena et al.
2015). In particular, the female reproductive status may be an important factor affecting male
escaping decisions because, in many species, females reproduce cyclically, being fertile
and/or sexually receptive during a short period of the year (Ziegler et al. 2000; Vitt and
Caldwell 2014). This seasonality in female reproductive status restricts males' reproductive
opportunities to short periods of time. Thus, among species that have these restricted

reproductive seasons, losing a mating opportunity could be very costly for each individual
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(Vitt and Caldwell 2014). In these species, it may be that males preferentially adopt riskier

anti-predatory behaviours in response to female presence during breeding season.

Lizards have been used as models for studies related to anti-predatory behaviours
since 1964 (Rand 1964; Samia et al. 2016). Studies on escaping behaviors in lizards have
shown that, like other taxa, they are sensitive to the costs of flight (Samia et al. 2016). The
small neotropical tropidurid lizard Eurolophosaurus nanuzae (Squamata, Tropiduridae) uses
crypsis as a primary defense strategy to avoid predators (Galdino et al. 2006). However, if the
predator detects the prey and performs a capture attempt, individuals of this species escape by
running into vegetation and hiding there (Galdino et al. 2006). Females have a discrete
reproductive season. They start gonadal maturation from July to September. From November
through January all adult females are reproductive (Galdino et al. 2003; Melo et al. 2019).
Female fecundity varies from one to three eggs, with most females producing a clutch of two
eggs. In addition, females are able to store sperm, and this might promote sperm competition
(Melo et al. 2019). Males of E. nanuzae defend territories where most mating takes place.
These males are known to act aggressively against conspecific males, chasing and fighting
rivals that try to take over their territory (Quintana and Galdino 2017). Given that females of
E. nanuzae have a restricted reproductive period and that males of this species defend mating
territories, one can expect that males modulate their escape behaviours in response to
variations in the potential reproductive outputs. Therefore, we used the lizard E. nanuzae as a
model to evaluate the hypothesis that males will adopt riskier escape behaviours during the
female reproductive season due to increased immediate social costs of fleeing. According to
this hypothesis, we predicted that during the peak reproductive season when all females are
sexually fertile, males will (i) exhibit a smaller FID and (ii) spend less time in refuges after

fleeing from predators than they would during the non-reproductive season.
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Methods

Study site

We conducted a manipulative field study in the Brazilian old, climatically buffered,
infertile landscapes (OCBIL) of the Campos Rupestres (Silveira et al. 2016). This type of
habitat constitutes ‘a montane, grassy-shrubby, fire-prone vegetation mosaic with rocky
outcrops of quartzite, sandstone or ironstone’ from south-eastern Brazil (Conceicdo et al.
2016) occurring mostly above 900 m (a.s.l.). In this type of habitat, lizards can be easily
observed in activity, captured, and handled (Galdino et al. 2006) on the patches of rock
outcrops embedded in a habitat matrix of grass vegetation. Experiments were conducted at

Serra do Cipd locality, Santana do Riacho Municipality, Minas Gerais State, Brazil.

Field experiments

To evaluate the influence of an imminent reproductive opportunity on the escape
behaviours of males, we submitted 30 adult males to two treatments (15 males subjected to
two treatments each during the non-reproductive season of the females and 15 additional
males subjected to the same two treatments during the reproductive season of the females,
resulting in a total of 60 trials), following a within-subject design: (i) a simulation of a
predatory attack after the exhibition and removal of a female (female exposure treatment - see
below for a detailed description of how we handled and presented females to males) and (ii) a
simulation of a predatory attack without the exhibition of a female (negative control
treatment). For these trials, we used only adult (reproductive) individuals with body sizes
above the threshold of sexual maturity (as defined by Galdino et al. 2003). The sequence in
which individuals were submitted to each treatment was random. In addition, no lizard was

exposed to more than one treatment on the same day to avoid the interference of a prior trial
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on a subsequent one. We waited between three and 10 days to perform a second trial on the
same male (this variation in the number of days between trials occurred because we did not
conduct any trial during days with rainy or cloudy conditions). We performed all experiments
only on sunny days without the prevalence of winds during the activity period of the species
(09:00 h and 15:30 h - Filogonio et al. 2010). Only lizards performing normal activities, such
as thermoregulation and foraging were used in trials. We first submitted males to both
treatments during the non-reproductive season of females (May to June in 2019), and then
during the peak of the reproductive season of females (November to December in 2019). We
chose these two seasons to perform our experiments because a prior study with this species in
the same study location showed that no female had vitellogenic follicles between April and
June, while all females are fertile between November and December (Galdino et al. 2003;

Melo et al. 2019).

To be able to apply both treatments to the same individual on different days, we
captured all males after applying the first treatment to mark them. For this, we performed a
permanent marking that consisted in a unique combination of coloured beads, strung by
surgical nylon monofilament at the base of the tail (Galdino et al. 2014). This allowed visual
identification of the lizards at distance, without the necessity to perform new captures,
enabling us to use the same individuals for the second treatment. During the marking, we also
measured individual body size (in the form of snout-vent length -SVL), and weight (using a
spring scales Pesola, with precision of 0.2 g). We recorded these two measures because they

may also affect male escaping decisions and must be controlled for in our analyses.

To perform the treatments, we approached the males with care to avoid disturbing
them. In fact, in all trials (control and female exposure treatments), when we arrived at a

rocky outcrop, no male escaped to a shelter or exhibited behaviours that indicated that they
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were affected by our presence (we always stayed approximately 3 m distant from the males,
including the period when we were performing the trials). Thus, even with the observers
present, the males continued to show normal activities such as resting, feeding or patrolling
behaviours. Nevertheless, we waited 3 min to habituate males before starting the trials
(following Quintana and Galdino 2017). During this period, we continuously observed the
males to ensure that they were not adopting anti-predatory behaviours or interacting with a
female (if we detected one of these two situations, we aborted the trial on that day). For the

control treatment, we simulated a predatory attack after the 3 min habituation period.

For the female exposure treatment, after the 3 min habituation period, we placed a
female 50 cm apart from the males, a distance permitting the visual detection of females by
males (see Martin et al. 2003; Quintana and Galdino 2017). We collected females in rock
outcrops that were apart from those where we were conducting the experiments, ensuring that
the females were not neighbours to the experimental males. During the experiments, we used
two females per day, one in the morning and one in the afternoon. We also used each female
for a maximum of two trials per day to avoid over stressing them. To place the female near
the male, we tethered the female around the chest on a 1 m nylon filament loop attached to a
2.5 m pole (similar to a fishing rod). No tension was applied to the nylon filament, permitting
lizards to freely behave (following the same procedure of Quintana and Galdino 2017). We
kept females presented to males for a maximum period of 3 min. We chose this presentation
period because it was enough for males to detect the female and exhibit typical courtship
behaviours (see results for a detailed description of these behaviours). However, if a male
tried to bite the female or to make a forced copulation before reaching 3 min, we removed the
female to avoid it being injured or forcefully fertilized. After the female exposure period, we
carefully removed the female from the territory by pulling the pole with the nylon filament

that was attached to the female. We opted to remove the female in this way to avoid stressing
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the male (in fact, no male tried to escape or to hide when we were removing the female).
After removing the female, we waited for 50 s to simulate predatory attacks. We chose to wait
a short period to start the simulation of the predatory attack to prevent the focal male from
interacting with other individuals that might appear. In addition, we opted to remove the
female before simulating the predatory attack because male flight behaviour can be affected
by the attention disruption caused by the presence of other individuals (Chan et al. 2010).
Therefore, by removing the females before beginning the simulation of the predatory attack,
we minimized the possibility that males would postpone their responses because another
individual was distracting them. On the other hand, it could be that males do not adjust their
escaping behaviours when females are absent because they do not have a reliable cue that they
may lose a potential mate if they flee. For this reason, we did a pilot study to ensure that
males adjusted their anti-predatory behaviours even after we removed the females. In this test,
we simulated predatory attacks on five males after the exhibition and removal of a female and
on five other males who had experienced no previous contact with a female (following the
same procedure as described in the previous paragraph). At the end of the pilot test, we
observed that males modulated the anti-predatory behaviour even after the females’ removal

(our results also showed this pattern).

As a predator model, we used a taxidermied roadside hawk, Rupornis magnirostris
(Accipitriformes: Accipitridae). Roadside hawks are known to prey upon lizards, and they
also appear in the rocky fields of Serra do Cip6 (Sick 1997, Willis and Oniki 2002) in
sympatry with E. nanuzae. We opted to use a natural predator model because the use of this
type of model elicits more cautious escape responses from the prey (Ventura et al. 2017). The
use of different taxidermied individuals would be preferable to avoid that similar lizard
responses could be attributed to the same individual hawk used in our simulations (Milinski

1997). However, we used the same model due to logistic constraints in obtaining more than
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one individual with the specified requirements to be used in our experiments (such as
adopting a flight posture). In addition, to minimize possible biases in our results, we adopted
some specific procedures. First, we certified that the model had no evident morphological
difference from a typical roadside hawk. Second, we repeated the control and treatment trials
using the same lizard. Therefore, variations in the male responses between the control and
treatment trials cannot be attributed to the model predator used. Third, by using the same
individual hawk, we have the advantage that the changes observed in male responses between
reproductive seasons (see results) were not related to any change in the individual hawk used

in the predation simulations.

To simulate each predator attack event, the hawk model was prepared in a typical
flight posture of the species and attached to the end of a pole (c.a. 3.0 m). The pole had a
distance sensor attached above the hawk and connected to an electronic system that showed
distance information on a display located at the base of the pole (Fig. S1- supplementary
material). The distance sensor was functioning since the beginning of the simulation attack.
When we detected that the prey started to flee, we triggered the electronic system that
recorded the distance estimated by the distance sensor. We used this distance as the FID
exhibited by the lizard (we also performed pilot tests in which we stopped the hawk
movement at known distances from the ground to assure that the distance sensor was correctly
measuring the distance between the hawk and the point in which the lizard was located). In all
predatory simulations, the person responsible for the simulation oriented the axis of the
hawk's body forming an angle of approximately 60° in relation to the longest lizard’s body
axis. This person initiated the attack at a height of approximately 3 m from the initial lizard’s
position and then moved the hawk to execute a “V’ trajectory with a vertex (angle = c.a. 60°)
that corresponded to the point c.a. 50 cm above the lizard’s position. We always focused the

sensor on the central body region of males. However, any variation in the sensor position on
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males would hardly affect our results because males of E. nanuzae stayed with their body in
contact with the rock surface during all predatory attack simulations. Therefore, if the sensor
was not focused exactly on the male, it would reach the rock surface around the male, which
would provide a variation of less than 1 cm in our FID estimations. Such variation would not
affect our conclusions since it represents only 1% of the observed FID variation between
treatments. To ensure uniformity of risk levels experienced by lizards across experiments, the
same person performed the attacks, always wearing the same clothes, following Ventura et al.

(2017).

Whenever a male ran to a refuge (n = 13 for the control treatment during the
reproductive season, n = 12 for the control treatment during the non-reproductive season, n =
10 for the female exposure treatment during the reproductive season, n = 6 for the female
exposure treatment during the non-reproductive season), we recorded the time spent hidden
up to a limit of 3 min (we opted to wait up to 3 min because, during our pilot experiments
mentioned above, we observed that most lizards emerged from the refuge before this period.
This also occurred in our results). We considered that animals chose a refuge when they did
not remain exposed on rocks after fleeing. As our study involved observing focal animals in

the field, it was not possible to record data blind.

Statistical analysis

To evaluate the effect of treatments on male FID, we made a generalized mixed model
(GLMM) with a gamma error distribution. In this model, we considered the treatments
(female exposure and control treatments) and reproductive season to be fixed predictor
variables and the FID to be the response variable. In addition, we included the interaction
between the treatment and the reproductive season as a fixed predictor variable. Since body

weight (which was highly correlated with SVL) and ambient temperature can influence the
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locomotive performance of lizards, we inserted these variables in our model as covariates
(Samia et al. 2016). We also inserted the male identities, date, and hour of observation as
random predictor variables. We used ‘male identity’ as a random factor because each male
received two treatments (with and without the female presence); and date and hour due to
environmental variations across different days. We initiated the model with all covariates and
random predictor variables inserted, but when the variables were unimportant for the model
(i.e., a covariate was non-significant, or a random variable explained no variance in the
model), we removed them. To calculate p values, we used maximum likelihood ratio tests
(Zuur et al. 2009), comparing a null model without the fixed explanatory variables with a
model with the same variables inserted (full model). When we found a significant effect in the
comparison between the full and the null models, we made new comparisons between the full
model and a reduced model without the interaction term between the fixed predictor variables

(Table 1).

During the experiments, we had animals that did not hide after the simulation of the
predatory attack and other males that did not return to their territories after the observation
period ended. Therefore, to evaluate whether the time spent in the refuge changed according
to treatment and reproductive season, we used the Cox proportional hazard regression model.
This regression was suitable for our data because it estimated the proportion of hidden males
that remained in the refuge at each unit of time. The proportional hazards assumption was
checked using statistical tests and graphical diagnostics based on the scaled Schoenfeld
residuals. In this model, we used the proportion of males that remained in the refuge each
time (i.e., the survival object) as the response variable (we considered only the males that ran
to a refuge after the simulation of the predatory attack). We used as predictor variables the
treatment, the reproductive season, and the interaction between the two. We used the

temperature and weight of the animals as covariates and also controlled for male identity. To
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calculate p values, we also used maximum likelihood ratio tests (Zuur et al. 2009), comparing
a full model with the fixed explanatory variables and their interaction term with the null
model. Again, when we found a significant effect in this comparison, we made a new
comparison between the full model and a reduced model without the interaction. We
performed all statistical procedures using the R environment (R Core Team 2019). For
GLMM analysis, we used the package Ime4 (Bates et al. 2015). For Cox proportional hazard
regression, we used the package survminer (Kassambara et al. 2017) and survival (Therneau
2021). To assess the proportional risk assumptions, we used the cox.zph function in the
survival package. We used the frailty function to add male identity as a random effect term.
We evaluated all model predictions (for both the GLMM and the Cox proportional hazard
regression) by visual inspections of the residual plots (residuals vs fitted values - Zuur et al.

2009).

Results

Males E. nanuzae responded to female presence by exhibiting rapid up-and-down
movements of their hind limbs; up-and-down head movements (head bob); flexion and
extension of the front legs raising the head and body region (push-up) and also by
approaching the female. In relation to attempts to bite females, during the female non-
reproductive season, 47% of males (n = 7 of 15) tried to bite the females, whereas, during the
female reproductive season, all males exhibited this behaviour (n = 15). Females never
initiated any behaviour after being presented to males. But they usually responded to male
exhibitions with head bobs, dorsally raising their backs (producing an arch effect), exhibition
of tail-waiving movements, and/or push-ups. Some females tried to flee when the male

approached. But none exhibited any unusual behaviour during the experiments and no



37

apparent behavioural change between the reproductive and no-reproductive seasons. After
female removal, three males during the reproductive season and one male during the non-
reproductive season continued to perform the same displays exhibited at the female presence
until we initiated the predator attack simulation, showing that animals might remain

stimulated even after female removal.

Neither temperature (b= - 0.0007 £ 0.04 (slope +standard error), ¥>=0.0004, df =1, p
=0.98, n=60) nor body weight covariates (b=0.04 = 0.03, ¥>=1.091, df =1, p =0.29, n=60)
explained the variance in the model testing the effects of treatments on FID. Thus, our final
full model only contained the fixed predictor variables (treatments and reproductive season)
and the identity of the focal male (2= 0.012), date (52= 0.008) and hour (c2= 0.009) as
random variables. The interaction term between previous exposure to females and the
reproductive season of females affected the FID exhibited by males (Table 1). In the female
exposure treatment, the FID was lower in the reproductive season compared to that of the
non-reproductive season, while in the control treatment there was no difference in FID across
reproductive seasons (Fig. 1). Although in both seasons, the FID exhibited by males in the
female exposure treatment was lower than that of the control treatment, the FID difference
between female exposure and control treatments was larger during the female reproductive

season (Fig. 1).

Table 1 Final GLMM models with their respective response variables, explanatory fixed
variables, and random variables. Test results refer to comparisons between the (i) full and null
models and (ii) the model without the interaction term between the fixed predictor variables
and the full model. Our goal was to test whether the exhibition and removal of a female or no

exhibition of a female, female reproductive season, and interaction term between these two
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factors affected the flight initiation distance (FID) exhibited by males of the lizard species

Eurolophosaurus nanuzae

Explanatory

Response Explanatory Comparisons

2
variable fixed variables ran'dom between models x(df) P
variable
Full model
X 60 92.613 <0.001
Treatment + Null model
Reproductive Full model
season + Male identity,
FID . X
Treatment: date and hour  N1odel without
Reproductive the interaction
season between 60 2244 1) <0001

treatment and
reproductive
season

Regarding the model testing how the time spent in the refuge by males changed in
response to the treatments and reproductive season, both covariates, temperature (y>=7.11, df
=2.70, p= 0.054) and weight (y>=0.66, df =1.42, p= 0.56, n=41), did not explain variance in
the model. Thus, our final full model only contained the fixed predictor variables and the
identity of the focal male as a random variable. The comparison between the model
containing all predictor variables and their interaction (full model) and the null model
indicated that the time spent in the refuge changed according to the predictor variables
(x>=26.02, df =7.51, p <0.001, n=41; Fig. 2). The subsequent comparison between the full
model and the model without the interaction term indicated that the time spent in the refuge
by the males after escaping changed according to the interaction between female reproductive
season and treatment (y>=15.86, df =5.41, p <0.01, n=41). However, this occurred in a slightly
different way than when compared with the FID responses. Males of the female exposure

treatment during the reproductive season spent less time in the refuge compared with the other
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treatments (Fig. 2), followed by males of the control treatment during the reproductive season
(Fig. 2). The males of the female exposure treatment during the reproductive season were the
only treatment from which all the lizards emerged from the refuge before the end of the
observation period (3 min - Fig. 2). During the female non-reproductive season, there was an
inversion between the responses observed for female exposure and control treatments: males

of the control treatment remained less time in the refuge than males in the treatment (Fig. 2).
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Fig. 1 Effect of exhibition and removal of a female (female exposure treatment) or no exhibition
of a female (control treatment) and female reproductive season in flight initiation distance (FID)
of males of the lizard species Eurolophosaurus nanuzae. Error bars represent the standard

deviation
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exhibition and removal of a female (female exposure treatment) or no exhibition of a female

(control treatment) and female reproductive seasons

Discussion

Our results indicated that males of E. nanuzae adjusted their FID and the time spent in

the refuge depending on the combination between the reproductive season of the female and

whether they had contact with females in their territories before the attacks. In relation to FID,

males that had the previous contact with the females accepted greater predation risks after a
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predatory attack when compared to the trials in which they were not previously exposed to a
female. The risk accepted by males exposed to females increased during the female
reproductive season, indicating that males under current mating opportunities employ riskier
flight tactics. To our knowledge, this is the first study demonstrating that, in addition to
female presence, the social cost of losing a current reproductive opportunity, through the
presence of a reproductive female affects males’ FID. In relation to time spent in the refuge,
our results showed that males in both the female exposure and control treatments were more
likely to leave the refuge soon after fleeing from predators during the reproductive season of
females, with the males exposed to the females leaving even faster. Together, these results
indicated that males adjust their anti-predatory strategies when they have reliable cues that
they will lose an opportunity to mate if they flee from a predator. It is still unclear how the
physiological process that leads to behavioural variation in males works. Males may change
their flight behaviours because they are able to recognize female cues that indicate that they
are reproductive (allowing males to differentially adjust their behaviours in response to the
sexual status of each female they encounter) or may predictably adopt riskier anti-predatory
behaviours irrespective of female sexual status during the months in which most females are
fertile. Although females did not show any apparent behavioural change during the
reproductive season, it is still possible that males recognize the female reproductive status by
other pathways, such as chemical ones (e.g. Cooper and Perez-Mellado 2002; Head et al
2005). However, in any case (a predictable change in male escaping decisions during the year
or a fine adjustment according to female cues), it seems that the adoption of riskier anti-
predatory behaviour during periods with higher chances of fertilization are favored by

selection in this species.

Our predictions that males exposed to females should exhibit lower FID and spend

less time in the refuges during the reproductive season in comparison to the non-reproductive
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season were confirmed. For the FID, although the major differences occurred between the
female exposure/control treatments, the reproductive season intensified the response exhibited
by males that were exposed to females. Therefore, our results indicated that males exhibit
riskier anti-predatory behaviours in periods when the chance to mate with fertile females is
higher. Such riskier behaviours occur both in relation to their resistance to abandon their
territories and their proneness to resume territorial defense. An important consequence of the
behavioural adjustments we observed is that the chance of males to be killed should increase
during the reproductive season (Smith and Blumstein 2008; Jablonszky et al. 2018). In
addition to reducing FID and the time spent hiding, all males in the reproductive season of
females exhibited courtship displays and tried to bite the females. In some species the
displays performed by males during courtship can also attract the attention of predators (Lima
and Dill 1990; Magnhagen 1991). Therefore, the prevalence of reproductive displays in males
of E. nanuzae during the reproductive season may represent an additional predatory cost paid

by males facing females.

When we compared the variation of the FID between the female exposure and control
treatments and between the reproductive and non-reproductive seasons, the variation in FID
was much greater between the treatments than between the seasons. This result indicated that,
for males of E. nanuzae, previous contact with the female was more important in modulating
the FID compared with the reproductive season of the females. Additionally, in both seasons
males exhibited different behaviours to females. Our suggestion is that males may be trying to
attract females into their territory, even when females are not fertile. In some species, males
that make more displays are those that attract a greater number of females and consequently
have greater reproductive success (Kotiaho et al. 1996; Alonso et al. 2010). Perhaps males
respond to female presence during the non-reproductive season to keep females near the

territory until they become fertile in the reproductive season. In addition, by taking longer to
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escape the predator, males can spend more time courting females, increasing their chances of
remaining in the territory. There is also the possibility that males copulate with females
during the non-reproductive season because females may store sperm (Melo et al. 2019).
However, very few females have stored sperm at the beginning of the reproductive season
(Melo et al. 2019). Therefore, this decreases the chances that males are copulating with
females in the non-reproductive season for sperm to be used in the reproductive season (Melo
et al. 2019). However, regardless of the reasons that may explain why males adopt riskier
anti-predatory behaviours when females are nearby in the non-reproductive season, both
explanations suggest that males are investing in strategies that could maximize future fitness

increments.

Another intriguing result was that, during the non-reproductive season, the males
submitted to the control treatment spent less time in the refuge when compared to the female
exposure treatment. Males in the female exposure treatment also reduced their FIDs when
compared to the control treatment. Perhaps when exposed to females, males increased the
time spent in the refuge to compensate for the greater risk expressed when they were deciding
when to start fleeing. Predators may take some time to leave a place after trying to capture a
prey. Since males in the female exposure treatment allowed a greater approximation of the
predator, a longer time in the refuge could increase the chances that the predator leaves the
territory and, therefore, decrease the chance that they would encounter the predator again
when leaving the refuge (Cooper and Frederick 2007b). On the other hand, this compensation
does not seem to happen in the reproductive season, as the males in the female exposure
treatment had both smaller FID and spent less time hiding in the refuges when compared to
the control treatment. As previously discussed, during the female reproductive season, males

seem to invest in their current reproductive opportunities, so they maximize these
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opportunities while increasing the risk of being predated when a predator approaches or when

encountering a predator that may still be in the area when the male leaves a shelter.

Our results showed that the seasonality in female reproductive status affects the anti-
predatory decisions made by territorial males. However, although males expressed higher
predatory risk when females are fertile, female reproductive status and female presence had
different effects on the fleeing and hiding responses. While the FID was more strongly
modulated by female exposure, the time that the males spent in the refuge were more strongly
affected by the female reproductive season. Therefore, the evaluation of the influence of
female presence and reproductive status on different male responses could provide a better
understanding of the strategies adopted by males in response to the trade-off between the
chances of being predated and the current or future social costs of fleeing. Seasonality in
female reproductive status is common in many species (e.g. King and Duvall 1990; Scott and
Mayden 2008; Pinot et al. 2014). Therefore, the effects we detected here may be pervasive in

animals.
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Supplementary material

Fig.S1: Pole used during the simulation of a predatory attack on the lizard Eurolophosaurus
nanuzae at Serra do Cipé locality, Minas Gerais State, Brazil. A) Taxidermized predator
model (hawk Rupornis magnirostris) attached in typical flight posture at the end of the pole
and above the hawk we connected distance sensor to measure the flight initiation distance
(FID); B) Display showing the FID estimated by the distance sensor and C) Full view of the

pole with the predator model and the electronic system used during the field experiments.
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Capitulo 11

O artigo referente a este capitulo esta sob revisdo na Revista Animal

Behaviour.
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I love to hate my neighbour: how the recognition of dear enemies affects male anti-

predatory behaviours in a lizard species

Abstract

In species in which individuals defend territories for long periods, it is common that rivals in
neighbouring territories learn to recognise each other or the territory boundaries and reduce
their mutual aggressiveness to decrease the costs of territorial defence (“dear enemy”
phenomenon). Although the dear enemy phenomenon is generally evaluated in terms of
aggressive behaviours between rivals, the ability to recognise neighbours (“dear enemy
recognition”) may affect other behaviours. In particular, anti-predatory behaviours may be
mediated by the status of rivals (familiar neighbours or unfamiliar intruders) because
individuals may be more resistant to escape from predators if the nearby rivals are unfamiliar
intruders than familiar neighbours that have not historically infringed on their territory. In this
scenario, the ability to recognise familiar neighbours would affect an individual’s escape
decisions. Here, we evaluated the hypothesis that resident males of the lizard
Eurolophosaurus nanuzae would adopt lower-risk anti-predatory behaviours after
encountering a familiar neighbour as compared to an unfamiliar intruder. For this, we
measured the flight initiation distance (FID) and time spent in the refuge of lizards under three
conditions: without recent contact with other males, previous exposure to a familiar neighbour
or to an unfamiliar intruder. We observed lower FIDs for males who had encountered an
unfamiliar intruder compared to a familiar neighbour and greatest FIDs when the same lizards
did not have any recent contact with other individuals (familiar neighbours or unfamiliar
intruders). As expected, lizards without contact with rivals spent more time hidden in
comparison to the other treatments, but the time spent hidden was similar when the lizard was

exposed to a familiar neighbour or an unfamiliar intruder. These results indicate the existence
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of an important cognitive mechanism that allows individuals to recognise a rival along with

its interaction history and modulate their initial escape strategy accordingly.

Keywords: escape behaviour, social cost, flight initiation distance, territoriality and intruders.

Introduction

Species in which individuals aggressively defend a fixed area against conspecifics,
ensuring exclusive use of space, are common in many animal groups, including insects
(Benelli 2014), arachnids (Porto and Peixoto 2013), fishes (Spence and Smith 2005),
amphibians (Valenzuela-Sanchez et al. 2014), squamates (Bandara 2012), birds (Tobias et al.
2016) and mammals (Lacey and Wieczorek 2001). Territorial defence can ensure the major
use of resources by the territory owner, directly increasing their fitness (Maher and Lott
2000). However, holding a territory comes at a cost, including increased energy expenditure
(Marler et al. 1995), predation risk (Jakobsson, Brick and Kullberg 1995) and injuries from
fighting (Candaten et al. 2020). Consequently, behavioural traits that reduce the cost of
maintaining a territory without increasing the chance of losing it are expected to be favoured

by selection (Arnott and Elwood 2008; Pinto et al. 2019).

An important strategy to reduce the costs of territorial maintenance involves the
constant defence of the same area over extended periods (i.e. being faithful to a territory -
Koronkiewicz et al. 2006). Maintaining stable territories decreases the costs of searching for
new areas and fighting against residents in other territories (Hinsch and Komdeur 2010). This
strategy reduces fighting costs, as expelling a resident from its territory generally expends
greater energy than defending a territory against an intruder (Hinsch and Komdeur 2010).

However, territorial fidelity can lead to the formation of stable neighbourhoods between
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adjacent rivals, with neighbours often incurring unnecessary costs from fighting at their
territorial borders, even if neither wants to steal the territory from the other. This scenario
favours the evolution of the ‘dear enemy’ phenomenon, in which territory owners often
respond with reduced aggression to neighbouring individuals (Fisher 1954). The dear enemy
phenomenon may occur both because individuals respect territory boundaries or because they
are able to recongnize their neighbours. In this second case, the resident individual may
reduce aggressiveness when recognising a neighbour because it represents less of a threat than
unfamiliar individuals that may be seeking to acquire territory (e.g. Husak and Fox 2003;
Kohn et al. 2013). This "dear enemy recognition" ability allows residents in the associated
territories to adjust their behaviour to avoid unnecessary costs with familiar neighbours while

maintaining aggression towards unfamiliar intruders (Temeles 1994).

Because the dear enemy recognition ability requires that individuals recognise each
other during fights, it may be that this ability also affects other individual behaviours. In
particular, the ability to recognise familiar neighbours may affect individuals' anti-predatory
strategies. In territorial species, anti-predatory strategies often involve escaping to a shelter or
to another area (Cooper and Sherbrooke 2016). Therefore, decisions related to the distance
that the prey allows a predator to approximate before starting fleeing (known as flight
initiation distance - FID) and how much time the prey should spend hidden are important
determinants of the predation risk (Ydenberg and Dill 1986). At the same time, such decisions
may affect the costs of abandoning the territory paid by the prey. Fleeing too early (i.e.
showing a larger FID) increases the chances of territorial invasion or loss of mates to rivals, as
well as the costs of expelling the invader from the territory (Samia et al. 2016). Alternatively,
delaying escape (i.e. showing a smaller FID) increases the chances of being predated (Cooper

and Sherbrooke 2016). Therefore, individuals of territorial species that counterbalance the
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risks and costs of fleeing from predators may be favoured by selection (Optimal Escape

Theory - Ydenberg and Dill 1986; Cooper and Frederick 2007).

A consequence of the balance between the risks and costs of fleeing is that when there
is another rival close to the territory, residents tend to become more resistant to fleeing and
return more quickly to the territory after fleeing because they have a cue that there is a
competitor male nearby (Diaz-Uriarte 1999; Cooper 2009). However, if that rival is a familiar
neighbour, it may be possible that residents increase their willingness to escape from a
predator. This is expected because neighbours with territories rarely try to occupy another
territory and consequently represent a lower threat to the resident male (e.g. Booksmythe et al.
2010). Unfamiliar intruders, on the other hand, may represent individuals searching for
territories. In this situation, if a resident male temporarily abandons his territory when an
unfamiliar individual is nearby, it may risk the intruder establishing his own territory in the
unoccupied site. When intruders stay more time in an undefended territory, they may increase
their willingness to defend the place (e.g. Leuk 1995; O'Connor et al. 2015). Therefore, an
early escape by the resident male could elicit a greater fighting investment to expel an
unfamiliar intruder upon returning. This investment may represent important costs since
fighting is costly in terms of energy expenditure and risk of injury (Neat et al. 1998; Rovero et
al. 2000). Nevertheless, it is unknown whether the status of the conspecific (familiar
neighbours or unfamiliar intruders) influences the anti-predatory behaviours of residents.
Given that territorial systems with stable neighbourhoods are common in many prey species,
assessing whether the status of rivals influences the anti-predatory behaviours of residents
may be important in showing the extent to which the evolution of escape strategies can be
conditioned by the social context in which individuals are embedded. This would also
demonstrate the existence of an important cognitive mechanism mediating the expression and

evolution of anti-predatory strategies.
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A species in which males form stable territories and was reported to show the dear
enemy recognition ability (Quintana and Galdino 2017) is the lizard Eurolophosaurus
nanuzae. Males of this species are known to act aggressively against conspecific males,
chasing and fighting with intruders (Galdino et al. 2006). Both males and females of E.
nanuzae occupy rocky outcrops, with multiple males defending distinct territories within the
same outcrop patch. Resident males defending adjacent territories may remain on the same
outcrop throughout the year (SPV unpublished data) and this may explain why they show the
dear enemy recognition (Quintana and Galdino 2017). Males spend most of the day exposed
in their territories but flee to nearby vegetation or cracks in the rocks when they detect an
approaching predator (Galdino et al. 2006). Males of E. nanuzae are known to alter their
resistance to escape from predators according to the social costs of leaving the territory, such
as the risk of losing potential mates (Ventura et al. 2021). Because males are able to adjust
their escaping strategies according to the social costs and because males are able to recognise
rivals in neighbouring territories, it may be that males also change their escaping strategies
when nearby rivals are familiar neighbours or unfamiliar individuals that may represent
potential intruders. For this reason, in this study, we evaluated whether the dear enemy
recognition influences the anti-predatory strategies of E. nanuzae males. We hypothesised that
resident males would adopt lower-risk anti-predatory strategies in the presence of a familiar
neighbour than an unfamiliar intruder. Specifically, we expected that after being exposed to
familiar neighbouring territorial males, focal resident males would: (i) exhibit a greater flight
initiation distance (FID) and (ii) spend more time in a refuge after fleeing from a predator as

compared to responses after being exposed to unfamiliar intruders.

Methods
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Study site

We performed this study from October to November 2019 in a rocky field habitat
1100 m above sea level in Serra do Cip6, Santana do Riacho, Minas Gerais, Brazil (19°17'S,
43°35'W). The habitat, ‘Campos Rupestres’, consisted of a mosaic of herbaceous and shrubby
vegetation on quartzite or ironstone (Conceicéo et al. 2016). Lizards occupied the rocky
patches within the grassy vegetation. E. nanuzae individuals were easily observed, captured,

and handled in this open habitat (Galdino et al. 2006).

Identification of males’ territorial neighbourhoods

To select individuals for use in experiments, we identified territorial males of E.
nanuzae in the field and determined their neighbourhood relationships by mapping the areas
typically occupied by each lizard (Quintana and Galdino 2017). Distinguishing familiar
neighbours and unfamiliar individuals was essential to simulating encounters with a potential
intruder in the focal male territory (see encounter experiments in the Experimental protocol

section).

To find males that had neighbouring territories, we captured and marked 42 males. We
captured each male by lasso and measured each of them for its body size (snout-vent length),
weight (using a spring scale; precision = 0.2 g) and tail condition (intact/autotomised). After
this, we assigned an identity to individuals by painting a unique combination of coloured dots
on the lizard's back using a non-toxic ink (Ferner 2007). After this, for 20 consecutive days,
we recorded the locations of each marked male during their active period (9:00 h and 15:30 h)
(Filogonio et al. 2010). We considered as resident males, males re-sighted near the same
location in which they were first captured (approximately 12 m radius) for a minimum of five

days (Quintana and Galdino 2017). As males typically maintain a home range of 170.01 +
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198.86 m? in a single outcrop (Portela 2017), the ~12 m radius from the capture point used for
identifying resident male areas is biologically relevant. We considered two resident males to
be familiar neighbours when they used adjacent areas in the same outcrop. To determine
which males were used as a familiar neighbour to be experimentally introduced in another
territory or a focal resident male that was exposed to the introduced rival, we chose
individuals that allowed us to increase our sample size. For example, in a group of three males
with adjacent territories, we chose the individual sharing territorial boundaries with the other
two males to be used as the familiar neighbour and the remaining two as focal resident males.
After defining neighbourhood relationships, 14 resident males were selected as focal

residents.

To determine the individuals used as unfamiliar intruders for the focal resident males,
we captured males at a minimum distance of 1 km from the rocky outcrop in which the focal
resident male was present. This minimum distance for capturing unfamiliar intruders has been
established by previous research on the dear enemy recognition in this species that identified
that individuals located 1 km apart have no history of prior contact (Quintana and Galdino
2017). We size-matched intruders (both familiar neighbours and unfamiliar intruders) to be
within £ 5% of the focal resident male body size (Quintana and Galdino 2017). We used 10

unfamiliar intruders during the experiments.

Experimental protocol

To assess whether the anti-predatory behaviour of focal resident males is affected by
intruder status, we performed staged territorial encounters in which each focal resident male
was subjected to three experimental trials: territorial intrusion by a familiar neighbouring

male, intrusion by an unfamiliar male and negative control (no intruder exposure).
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We randomly determined the order in which the focal resident males would be used
each day. After this, we also randomly determined which treatment would be applied (control,
intrusion by an unfamiliar rival or intrusion by a familiar neighbour), by simultaneously
sampling the three options for each male. We performed all experiments on sunny days during
the species’ active period. For each focal resident male, we waited for a minimum of 24 h
between trials to avoid long-term effects on lizard responses and overstressing the animal.
Each intruder (familiar neighbour or unfamiliar intruder) was used in a maximum of two

trials/day.

To start each trial, we first located focal resident males. After locating the focal
resident male, we captured the intruding individual (except in the case of the negative control)
and transported him to be exposed to the focal resident male in an aerated plastic container.
Intruders were kept in plastic boxes for a maximum of 2 h to minimise stress and were
released at their site of capture following the experiments. The experiment was initiated 3 min
after arriving at the outcrop, as this time interval has been demonstrated to allow this species
to habituate to the human presence (Quintana and Galdino 2017). During this period, we
continuously monitored the focal resident males, at a distance of approximately 3 m, to ensure
that our presence was not disrupting their behaviour. While we waited for the habituation
period, the researcher responsible for making the intrusion, tethered the intruder around the
chest on a 1 m nylon filament loop attached to a 2.5 m pole. The pole was similar to a fishing
rod, with a 2 cm diameter at the base, and for this reason, lizards were unable to detect the tip
of the pole even when we were capturing them. No tension was applied to the nylon filament,
allowing lizards to move freely (Quintana and Galdino 2017; Ventura et al., 2021). We placed
the intruder approximately 50 cm from the focal resident male (Quintana and Galdino 2017,
Ventura et al. 2021) and recorded the behaviour of the focal resident male for 5 min before

removing the intruder. This intrusion simulated the invasion of territory defended by the focal



61

resident males by both the unfamiliar intruder and familiar neighbour. During the intrusion
experiment, the researcher responsible for holding the pole remained motionless. However, to
avoid injuring the individuals introduced in the territories, the researcher removed the intruder
before the 5 min period if he was bitten by the focal resident male. This generated two
different contexts of focal resident males: one involving a 5 min interaction with the intruder
and another with an interaction time shorter than 5 min. However, despite this difference in
the time of exposure to intruders, it did not influence the FID exhibited by focal males
(Supplementary Material 1). We simulated the predatory attack 50 s after removing the
intruder (see below). In the negative control treatment, we simulated the predatory attack after
the 3 min habituation period to evaluate the focal resident male’s behaviour without recent

encounters with rival males.

To simulate predatory attacks, we used a taxidermied roadside hawk Rupornis
magnirostris (Aves: Accipitridae) as a model of a natural predator of E. nanuzae. This model
has been shown to efficiently induce anti-predatory behaviours in this lizard species (Ventura
et al. 2021). The hawk was prepared in its typical flight posture and attached to the end of a 3
m long pole fitted with a distance sensor to measure the linear distance between the hawk and
lizards (Ventura et al. 2021). The researcher responsible for simulating the predatory attack
(SPV) recorded FID measurements at the onset of the lizards’ flight. To initiate attack
simulations, we placed the hawk at a height of approximately 3 m and 2 m laterally distant
from the lizard and moved it at a constant speed in a ‘V’ trajectory with a vertex (angle = c.a.
60°) c.a. 50 cm above the lizard’s position (Ventura et al. 2017 ). It is important to note that,
all experiments were done in open areas, to prevent the predator model from colliding with
the vegetation or causing any bias in the FID measurement. In addition, due to the movement
of the focal resident male during the simulation of a predatory attack, the sensor may

sometimes have measured the distance of the hawk to the ground. However, this would
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increase our FID measurement by < 2 cm (due to the small size of the males). Such difference
in the FID estimation is negligible compared to the FID variation observed between
treatments (see results). Therefore, although we always focused on maintaining the distance
sensor aimed at the focal resident male, an eventual error in this task would not compromise

our results.

For trials in which the focal male ran to a refuge, we recorded the time (up to 3 min)
that it spent hidden (negative control: n = 10, familiar neighbour: n = 9 and unfamiliar
intruder: n = 10). We considered that animals chose a refuge when they did not remain in an
exposed rock after fleeing. Each focal resident male participated in each treatment for a total
of 42 trials, 14 per treatment. Due to logistic constraints in the field, we did not use blind
experiments. However, we reduced potential bias by standardizing the speed and the

trajectory of the predatory attack during our simulations.

Statistical analyses

We used a general linear mixed model (LMM) to evaluate the effects of the treatments
on FID. We considered the treatments (familiar neighbour, unfamiliar intruder, and negative
control) as fixed predictor variables and FID as the response variable. Body weight and
environmental temperature were used as covariates as they can influence the locomotory
performance of lizards (Samia et al. 2016). We also considered identities of individuals (focal
resident males), date of the observation, order of treatments applied to each individual and
number of each treatment (first, second or third) as random predictor variables. We used the
focal resident male identity as a random factor because the same male was used in three
treatments; date due to environmental variations across the different days and order and the
number of treatments to ensure that the results were not due to repeated exposure to predatory

risk or the lizards having already been stimulated by the predator. We excluded the identities
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of intruders from the model because we had a little repetition of intruders in the experiments
(only two intruders, each repeated twice) and because the FID of focal resident males with the
same intruders did not differ from the overall FID. To perform the test, we first built a general
model with all covariates and the fixed and random predictor variables included, then we
performed a likelihood ratio test that compared this model with a null model without the fixed
explanatory variables. In case of significant results, we made a subsequent comparison
between the general model and a new model without the treatment variable. In case of a
significant effect of the treatment variable, we also employed planned comparisons between
treatments with familiar neighbours and unfamiliar intruders to determine whether the FID
exhibited in the familiar neighbour treatment was less than that in the unfamiliar intruder

treatment.

We also evaluated whether the treatments affected the time lizards spent hiding in the
refuges using the Cox proportional hazard regression model (Harrell 2015). This regression
was suitable for our data because it estimates the proportion of males that left the refuge at
each unit of time. The proportional hazards assumption was checked using statistical tests and
graphical diagnostics based on scaled Schoenfeld residuals (Hess 1995). In this model, we
used the proportion of males that remained in the refuge each time (i.e. the survival object) as
the response variable and the treatment as the predictor variable. We used the temperature and
weight of the animals as covariates and also controlled for focal resident male identity. To
calculate p values, we used likelihood ratio tests comparing the models with all predictor
variables included with a null model without predictor variables. We performed all statistical
procedures using the R environment (Team 2019). For LMM analysis, we used the package
Ime4 (Bates et al. 2014). For the Cox proportional hazard regression, we used the packages
survminer (Kassambara et al. 2017) and survivel (Therneau and Lumley 2014). To assess the

proportional risk assumptions and estimate the hazard ratio, we used the cox.zph function in
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the survival package and ggforest, respectively. We used the frailty function to add male
identity as a random effect term in Cox proportional hazard regression. We evaluated all
model assumptions (for both the LMM and the Cox proportional hazard regression) by visual
inspections of the residual plots (residuals vs fitted values - Zuur et al. 2009). For the planned

comparisons we used the multcomp package (Hothorn et al. 2016).

Results

Focal resident males of E. nanuzae typically responded to encounters with familiar
neighbours with rapid up-and-down movements of their hind limbs (leg flip), raising the head
and body region by flexion and extension of the front legs (push-up) and consecutive
sideways movements of the tail (tail flick). Most males (71%) approached their familiar
neighbours, with 57% attempting to bite them and 14% moving away after approaching
without abandoning the territory (see Table S2). Some males responded to unfamiliar
intruders by arching their backs along with leg flips, push-ups and tail flicks. All males
approached the unfamiliar intruders, and 78% tried to bite them. No male moved away from

the unfamiliar intruders (see Table S2).

The FID values exhibited by males showed an outlier individual with extremely high
values for all treatments. Although we opted to present the results with this individual
included, its exclusion did not change the conclusions (see Figure S3 and Table S4 for the
results without the outlier data included). The comparison between the model containing all
explanatory variables with a null model indicated that there is an effect on the FID (> =
46.62, df =4, n =42, p <0.001). When we created a new model without the treatment and

compared it with the general model, we observed that the FID exhibited by focal resident
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males changed as a result of the treatments (y> = 46.14, df =2, n =42, p < 0.001; Fig. 1). FID
was greatest for the control treatment, intermediate when the intruder was a familiar
neighbour and smallest with unfamiliar intruders (planned comparison for familiar neighbour

against unfamiliar intruders: t = 18.97, p < 0.001; Fig. 1).

The model testing the proportion of males that remained hidden indicated that the
proportion of individuals leaving the shelter did not differ between treatments (> = 7.34, df =
4,n =29, p=0.10; Fig. 2). However, there was an outlier individual in the treatment in which
males were exposed to familiar neighbours. While eight individuals in this treatment showed
hiding times that varied between 5 and 45 s, one individual did not leave the refuge during the
3 min period of observation (and therefore, was considered to stay hidden for 180 s). After
removing the hiding time of this individual from the analysis, we found that the proportion of
individuals remaining in the shelter during the observation time did not differ between the
familiar neighbour or unfamiliar intruder treatments but decreased more abruptly in these two

treatments when compared to the control (3> =13.7, df =4, n =28, p = 0.008, Fig. 2).
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Fig. 1 Effect of exhibition and removal of an intruder (familiar neighbour or unfamiliar
intruder) or no exhibition of another male (control group) on the flight initiation distance of
focal resident males of the lizard Eurolophosaurus nanuzae located in their territories.
Control: no encounter with another male. Bars represent standard deviation. Mean and
standard deviations: control =132.77 + 27.40; familiar neighbour =98.55 + 13.30 and

unfamiliar intruder =79.41 + 23.98.
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Fig. 2 Probability of Eurolophosaurus nanuzae males remaining in refuge over time after
fleeing from a simulated predatory attack without the outlier data. The lines depict males

submitted to exhibition and removal of an unfamiliar intruder or a familiar neighbour.
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Control: no encounter with another male. Mean and standard deviation of time spent in
refuge: control =88 * 68.18; familiar neighbour =39.66 + 54.76 and unfamiliar intruder =27.4
+23.27. (A) data considering all samples males and (B) data after the removal of an outlier in

the familiar neighbour treatment.

Discussion

Here we used a field experimental approach to show that, a neglected factor under the
optimal escape theory, the dear enemy recognition, may play an important role in male
escaping decisions. It is important to note that the focal resident males showed distinct
responses to unfamiliar intruders and familiar neighbours after our simulation of an invasion
of the territory by them. If the focal resident males use territory boundaries as cues to exhibit
the dear enemy response, they would react to both the unfamiliar intruder and familiar
neighbour in a similar way in our experiments. The distinct responses, in this case, indicate
that males, in fact, are able to recognise other individuals and respond accordingly. Therefore,
the fact that focal resident males postponed the escape from the predators after facing an
unfamiliar intruder in relation to a familiar neighbour indicates that these males recognize the
rival’s status and its previous interaction history with it when deciding how to deal with an
imminent predatory attack. To the best of our knowledge, this is the first study demonstrating
an effect of the dear enemy recognition on a component of male escape behaviours,
specifically FID. As this response requires recognition of a familiar neighbour, this work
indicates the existence of an important cognitive mechanism for the evolution of escape

strategies.
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The observed resistance to initiate the escape from the potential predator following an
encounter with an unfamiliar intruder compared to a familiar neighbour is consistent with
optimal escape theory (Ydenberg and Dill 1986; Cooper and Frederick 2007). This indicates
that, in fact, unfamiliar intruders may impose higher costs to focal resident males that
temporarily abandon the territory. However, it is important to note that although focal
resident males showed a greater FID after encountering a familiar neighbour as compared to
an unfamiliar intruder, the FID after encountering a familiar neighbour was lower as
compared to the control treatment. This indicates that, contrary to our initial expectations, the
familiar neighbour may still pose a threat to the focal resident male, albeit to a lesser extent
than an unfamiliar intruder (Temeles 1994). This intermediate response may reflect the risk of
familiar neighbours stealing females or expanding their borders rather than usurping the

territory (Hinsch and Komdeur 2010).

In contrast to the FID responses, the time spent hidden after fleeing a predator did not
follow our expectations that males should exhibit different responses to the familiar neighbour
and unfamiliar intruders. However, since we had one outlier male in the familiar neighbour
treatment, our result must be interpreted with caution. If our results without the outlier
individual are representative of the population pattern, the main indication would be that prior
contact with rivals reduces the time that males spend hidden after a predator attack, but this
time is unaffected by the history of prior interactions between the focal resident male and the
intruder male. Therefore, focal resident males were more prone to return to their territories
whenever they had a cue that a potential rival is nearby. Theoretical models on predator
behaviour indicate that predators would not wait long in a given area if their prey was
successful in their escape (Hugie 2003). Notably, prey rarely re-encounters predators after
leaving the refuge (Johansson and Englund 1995; Hugie 2004; but see Katz et al. 2010). Thus,

it may be that the time the focal resident males spent in the refuge following either familiar or
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unfamiliar rival encounters represent the minimum time needed to avoid encountering the
predator after leaving the refuge. This may indicate that while the cost-benefit relationship
associated with the decision to start fleeing may be affected by the status of nearby rival
males, this is not the case for the decision involving a returning to the territory. It would be
interesting to investigate the physiological mechanisms associated with the individual
recognition process and the associated escaping responses to be able to understand the
differential responses regarding the time to start fleeing and the time spent hiding. Although
there is no study specifically for lizards, there are indications in fishes and birds that the
amount of androgen hormones released differs when a focal individual encounters an
unfamiliar or a familiar conspecific (Aires et al. 2015; Moser-Purdy et al. 2017). Such
hormones may increase individual aggressiveness (Oliveira and Oliveira 2014) or induce an
"emergency life history stage™ that may impact their flight responses (Wingfield et al. 1998).
However, it remains to be investigated if and how such differences affect both the decision to

start fleeing and to return to the territory after escaping from a predator.

Most studies related to escape strategies have focused on understanding how such
anti-predatory behaviours are influenced by predators, habitat or prey characteristics
(Stankowich and Blumstein 2005; Stankowich 2008; Samia et al. 2019), whereas the role of
social interactions has received attention more recently (Samia et al. 2016). The few
investigations about the effect of social interactions on escape decisions have focused on
understanding how the presence of a conspecific can modulate an individual decision (Reaney
2007; Cooper 2009). As non-optimal decisions may come at extremely high costs (e.g. losing
mating opportunities with an early escape or suffering predation with a late escape), subtle
behavioural adjustments should be highly favoured (Ydenberg and Dill 1986; Cooper and
Frederick 2007). Therefore, along with an individual’s presence, its status, interaction history

with the focal resident male and many other social variations may have profound implications
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on male escape decisions. The ability to recognize rival males and the interaction history with
them also indicate that the evolution of a cognitive mechanism able to retain information
about the dynamics of agonistic interactions with rival males was favoured. The dynamics of
male-male interactions, including behaviours related to the dear enemy phenomenon,
observed in E. nanuzae are common to many territorial species (Hardy and Briffa 2013).
Therefore, the effect of a rival’s status on escape decisions could be pervasive in many
species, representing an important factor in the evolution of territorial animals' escape
behaviours. Understanding how this cognitive process and its associated physiological
pathways occur is essential for improving our descriptions of the underlying mechanisms

modulating the evolution of anti-predatory behaviours.
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Figure S1 Effect of time of exposition of known and unfamiliar intruders (less or equal to 5
minutes) on the flight initiation distance exhibited by focal resident males of the lizard

Eurolophosaurus nanuzae. Bars represent standard deviation (N=39).



Table S2 Behaviours exhibited by the lizard Eurolophosaurus nanuzae during the exposure

of a familiar neighbour and an unfamiliar intruder.

Behaviours Percentage
Familiar neighbour Unfamiliar intruder

Approached their 71% 100%
intruder
Arched their backs 0% 7%
Attempted to bite 57% 78%
Leg flip 29 29
Moved away from the 14% 0%
intruders
Push-up 86% 71%
Tail flick 21 % 43%
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Figure S3 Effect of exhibition and removal of an intruder (familiar neighbour or unfamiliar

intruder) or no exhibition of another male (control group) on the flight initiation distance of

79
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focal resident males of the lizard Eurolophosaurus nanuzae located in their territories without

an outlier. Control: no encounter with another male. Bars represent standard deviation

(N=39). Mean and standard deviations: control =125.25 + 18.74; familiar neighbour =93.04 +

9.19 and unfamiliar intruder =74.18 + 14.44.

Table S4 Final LMM models without the outlier data with their respective responses,

explanatory fixed, covariates and explanatory random variables. First, we built a general

model with all covariates and the fixed and random predictor variables included. Then

performed a log-likelihood ratio test by comparing this model with a null model without the

fixed explanatory variables. Second, we made a new comparison between the general model

and a new model without the treatment variable.

Explanatory

Explanatory

Response . } Comparisons ,
variable f|_xed Covariates ran_dom between models N (df) P
variables variable
Full model
Body weight N IIx » 39 51.18@4 <0.001
Male identity, ull mode
date, number
FID Treatment and order of Full r)1(10de|
treatment, Model without 39 5047@ <0.001
Temperature treatment
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Evolving under varying conditions: how female presence and reproductive period may

affect the evolution of male escaping decisions

Abstract: In many species, males often suffer predatory attacks while trying to copulate with
females. The decision to escape from the predator may depend on the costs and benefits
obtained with the escape. In fact, males postpone the decision to escape when a female is
present in the territory. However, it is not known how temporal differences in the availability
of females and in the chance of retaining them can affect the evolution of escape behaviour. In
this work, we used an individual-based simulation model to investigate how variations in
current and future reproductive success associated with seasonal variation in female sexual
receptivity can affect the evolution of escape decisions of males. We observed that the
modulation of the male escape decision is favored if there is little chance of female retention
for males postpone escape (in contrast to scenarios in which the chances of retaining females
are high). But once the chance of retention is low, variations in female abundance between the
reproductive and non-reproductive periods appear to have a secondary effect on the evolution
of escaping decisions. When the chance of retaining females by postponing escape was high,
males that never escape from the predator are favored, and this was independent of seasonal
variations in female abundance. Thus, we suggest that the evolution of male escaping
decisions is strongly affected by the chances of retaining females by postponing escaping

when females are nearby, even when females are sexually unreceptive.

Keywords: anti-predatory strategies, escape behaviour, flight initiation distance, reproductive

value and theoretical models

Introduction
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Prey decisions about when and how to escape during a predatory attack involve
several factors beyond simply detecting the predator (Cooper and Sherbrooke 2016, Samia et
al. 2016). On the one hand, prey that escape too early, despite increasing the chance of
survival, may pay other costs such as losing of reproductive opportunities or having less
available for foraging and territorial defense (Cooper 1999; Martin and Lopez 1999; Cooper
and Pérez-Mellado 2004; Pérez-Cembranos 2013). On the other hand, postponing escape
increases the risk of being killed (Blumstein 2010; Williams et al. 2014). Therefore, when
they detect a potential predator, prey adjust their decision a series of cues that indicate how

the costs of escaping compare with the risk of predation (Hemmi 2005; Moller et al. 2011).

For species in which males defend mating territories, adjusting in the decision to
escape can be especially. On the one hand, actively defending a mating site can make those
animals more exposed to predators (Komdeur and Kats 1999; Cooper and Vitt 2002; Abbey-
Lee et al. 2016). On the other hand, if the male flees too soon upon detecting a potential
predator and/or is absent too long from the territory, he may lose a reproductive opportunity if
a female passes by the territory when he is absent (Martin and Lopez 1999; Martin et al.
2003). Thus, escaping too early when a female is present can be very costly for males of
territorial species. In fact, some studies have shown that, in agreement with the optimal escape
theory (Ydenberg and Dill 1986) males take longer to escape an approaching predator or
spend less time hiding after fleeing when a female is present, possibly to avoid losing a
reproductive opportunity (Cooper 1999, 2009; Martin and Lopez 1999; Martin et al. 2003,
Reaney 2007). However, tolerating higher predation risks when females are presents may be
non-adaptive if the females present in the territory are not sexually receptive. Only two study,
to our knowledge, evaluated the effect of female reproductive state on male escaping
decisions. The first found no difference in male risk-taking behavior between the reproductive

and non-reproductive periods but showed that males assume greater risk in the presence of
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females (Gruber et al 2019). The second, showed that males respond to both female presence

and female reproductive period when deciding when to flee from a predator. However, males
tolerate higher predation risks in the presence of females even when the female are not fertile
(Ventura et al. 2021). These results is unexpected under the optimal escape theory because
taking a higher predatory risk when an unfertile increases the chances of being preyed without

increasing the immediate chance of breeding.

The fact that males tolerate higher predation risks in the presence of females, even
during periods of the year in which the females are infertile, might be due to males trying to
keep females in the territory for future mating opportunities (Weiss 2002; Hayes et al. 2004).
Additionally, the number of females available may vary between seasons (Altmann 1990;
Cappozzo et al. 2008). But trying to keep the females in the non-reproductive season should
have a small effect on male future reproduction, unless the courted females remain with males
until they become fertile. Thus, males may postpone their escape whenever there are females
nearby if this increases the male reproductive output during the reproductive season. Thus, the
evolution of male escape decisions may depend on how much male current investment in
females affects his future reproductive success. But to our knowledge, studies evaluating the
evolution of this type of adjustment are lacking. Perhaps this occurs because the empirical
evaluation of the evolutionary patterns of escape behaviour is impractical for many species
due to their long generation time, which makes an experimental approach challenging. An
alternative approach involves the use of simulation models that allow assessing the extent to
which relative differences in current and future reproductive benefit can predict variation in

male escape decisions.

Most theoretical models that attempt to assess the evolution of escape decisions assess

the impact of decisions on either current reproductive success or future reproductive success,
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but not both (Clark 1994; Jablonszky 2018). However, there are numerous species in which
female fertility may vary throughout the year (Ziegler et al. 2000; Vitt and Caldwell 2014).
This temporal variation in female fertility can also influence the current and future

reproductive success of males because only during the female reproductive period do males

have a real chance of reproducing.

In this work, we used an individual-based simulation model to investigate how
variations in current and future reproductive opportunities associated with seasonal variation
in female fertility can affect the evolution of escape decisions of males. We hypothesized
when male investment in females have a low impact on future reproductive success, the
evolution of male escaping decisions will be strongly affected by temporal variations in
female fertility. In contrast when male investment in females has a high impact on future
reproductive success, temporal variation in female fertility will have a minor effect on the

evolution of male escaping decisions.

Methods

General description and model purpose.

To evaluate the relative importance of the presence of the female and her reproductive
period in the evolution of escape behaviour of males, we built an individual-based
evolutionary model. We used the distance between the predator and prey when the prey
begins to escape (Flight Initiation Distance - FID) as a measure of the risk tolerance of males.
We opted to use the FID because it allows estimating the predatory risk tolerated by the prey
based on the distance the prey allows the predator to approach and also the capacity of prey

animals to avoid predators (Samia et al. 2016). The key feature of the model is to allow males
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to reduce their FID if a female is nearby). We simulated two seasons during the year: a non-
reproductive period followed by reproductive period of females. In each season, males had
some chance of surviving a predatory attack and to retain a visiting female in the territory
until she becomes fertile. The survival chance was positively related to the FID exhibited by
the male, while the chance of retaining a female that visited the territory was inversely related
to the FID. At the end of the reproductive season, the surviving males that retained females in
their territory reproduced and the offspring inherited a FID value similar to the father. To
obtain scenarios that represented variations in the importance of male investment in females
during the non-reproductive and reproductive seasons and in female availability during the
year, we varied the correlation between the FID and the chances of retaining a female in the

territory and the number of females available to males in each season.

Model description

We structured the model as follows: first we created 100 males, with each individual
having its own FID value. The FID values were randomly drawn from a normal distribution
with a mean of 70 cm and a standard deviation of 20 cm. After this, we created a group of
females and distributed them randomly among males. The number of females distributed
varied between scenarios. For males that had any females in their territory, we subtracted a
value from their FID. This new value represented the actual FID that each male will exhibit
when attacked by a predator. The value used to subtract from the FID for each male was
randomly drawn from a normal distribution with mean of 10 cm and standard deviation of 3
cm. After determining the actual FID of each male, we stablished a survival probability
associated with the actual FID. This probability followed a binomial distribution and was
inversely related to the FID (r=-0.1). After that, we simulated a predatory attack on all males

in the population and determined which ones survived based on the survival probability. We
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chose to simulate a predatory attack on all males in the population to assess which males
survived this attack. Additionally, we determined which males kept females in their territories
based on a probability of retaining females that was inversely associated with FID. At the end
of the non-reproductive period, we excluded from the model all males that did not survive the
predatory attack and redistributed the females that were eventually in the territory of a dead
male among the surviving males. We also redistributed the females that were not retained in

the territories of the males who survived the predatory attack.

We simulated the reproductive period of the females after the non-reproductive one.
For the reproductive period, we repeated the same steps we described earlier but added a new
group of females in the territories of the males. The number of females added in each season
varied across scenarios (Table 1). This simulation started with the females present in the non-
reproductive period and the males that survived the predatory attack. During the reproductive
period, we maintained the base FIDs of males with the same value as the one used in the non-
reproductive period. However, we increased the reduction in FID because we expected that

males should invest more in females due to immediate chances of reproduction.

After simulating the reproductive season, we created a new generation of males by
simulating the reproduction of the females that the males kept in their territories. Each female
generated four males. The FID of each newly generated individual was randomly drawn from
a normal distribution with mean value equal to the FID of the father and standard deviation of
2 cm. When the breeding females collectively generated more than 100 individuals, we
randomly selected 100 of them to compose the next generation of males.Therfore, males that
had more offspring because they retained more females were better represented in the next
generation. After this, we replicated the entire model considering the offspring as a new set of

adult males and determining a new set of females arriving at the beginning of each season.
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We ran these simulations over 1000 generations, and, in each replicate, we measured the
average actual FID exhibited by males in the population in the presence and absence of
females. When we were in doubt about the observed FID pattern over time, we extend the
simulation to 2000 generations. Using this model structure, we created 16 scenarios that had
different combinations of the proportion of available females in each season (high or low) and
the probability of males retaining the female (Table 1). To assess the logical consistency of
the model, we also created scenarios that should generate predictable results. In the first
scenario, we assumed FID had no impact on the chances of retaining a female in the territory
but still affect the survival probability. In the second scenario, we assumed FID had no effect
on the survival probability but affect the female retention. If our model shows logical
consistency, we expected FID to gradually increase across generations in the first scenario

and to approach zero in the second scenario.

Table 1 Scenarios created by changing the proportion of females in habitat and the chance to
retain the female in both reproductive and non-reproductive periods of females. H(high),
L(low), NR (Non-reproductive period of females) and R (Reproductive period of females).
The values related to the proportion of females in the environment were 0.45 when the
proportion was low and 0.80 when it was high and the probability of males retaining females

in the territory was 0.4 when was low and 0.8 when was high.
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PROPORTION OF
FEMALES IN HABITAT / HnrRHR LNRLR HnRLR LnrHR
CHANCE TO KEEP THE
FEMALE
HnrHR HnrRHr/HNRHR - LarLrR/HNRHR - HnrRLrR/HnRHR - LnrHR/HNRHR
LnrLR HnrRHR/LNRLR - LNRLR/ LnrRLR - HNRLR/LNRLR - LnrHR/ LNRLR
HNrRLR HnrRHrR/HNRLR — LarLR /HNRLR  HnrLR /HNRLR  LnrRHR/ HNRLR
LnrHR HnrRHR/LnrRHR - LnrLR /LNRHR - HnrLR /LNRHR  LnrHR/ LarHR
Results

Regarding the scenarios we created to evaluate the logical consistency of our model,

we observed that in the first scenario males FID increased over time, while in the second

scenario the average FID reached zero (Fig. 1). Regarding the 16 scenarios, we observed two

evolutionary patterns. In one of them, the FID decreases over the generations until reaching

zero (11 out of the 16 scenarios) and in the other, the FID presented a small increase or

decrease, followed by a dynamic equilibrium of small oscillations around a constant mean

FID value across generations (5 out of 16 scenarios - Table 2).
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Fig. 1 Scenarios created to evaluate the logical consistency of our model. In the A scenario,
we determined the correlation between the FID and the chances of retaining a female in the
territory to be zero. In the B scenario, we determined an absence of correlation between the

FID and the survival probability.

When males that postponed escaping had high chances of retaining females in both
periods or only in the reproductive period, selection favored males that never escaped from
the predator, regardless of the proportion of females available (Table 2; Figs. 2 and 3). On the
other hand, if the chance of retaining the feale after postponing escaping is low, males that
modulated their FID when females were present were selected (Fig. 4). The only exception
occurred in the scenario with a high proportion of females in the non-reproductive period and
low proportion in the reproductive period (Fig 3c). The other scenarios that also favored the
evolution of a FID greater than zero occurred when the chance of retaining the female by

postponing escaping was high in the non-reproductive period and low in the reproductive
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period combined with a low proportion of females in the environment in both periods or with

a low proportion of females only in the non-reproductive period (Fig. 5). The average FID

exhibited by males was similar among the scenarios with a non-zero FID.

Table 2 Scenarios created by changing the proportion of females in habitat and the chance to

retain the female in both reproductive and non-reproductive periods of females.

PROPORTION OF
FEMALES IN HABITAT / HnrRHR LNRLR HNRLR LNrRHR
CHANCE TO KEEP THE
FEMALE
HnrHR FID zero FID zero FID zero FID zero
LnrLR FID greater ~ FID greater FID zero FID greater
than zero than zero than zero
HNRrRLR FID zero FID greater FID zero FID greater
than zero than zero
LNnrRHR FID zero FID zero FID zero FID zero
No female Female
—. 3004 —. 300 A
52””' 5200—
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EEUD' Ezuu—
£ 100 £ 100
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Generation Generation
300 3001 C
52””' Ezuu—
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D
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Fig. 2 Evolution of FID throughout 1000 generations in a scenario that: a) the total number of
females represents 80% of the males that survived and a negative correlation of 0.8 between
the chance of retaining females in the territory during the reproductive e non-reproductive
periods; b) the total number of females represents 40% of the males that survived and a
negative correlation of 0.8 between the chance of retaining females in the territory during the
reproductive e non-reproductive periods; c) the total number of females represents 80%
during non-reproductive and 45% in reproductive periods of the males that survived and a
negative correlation of 0.8 between the chance of retaining females in the territory during the
reproductive e non-reproductive period and d) the total number of females represents 45%
during non-reproductive and 80% in reproductive periods of the males that survived and a
negative correlation of 0.8 between the chance of retaining females in the territory during the

reproductive e non-reproductive period.
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Fig. 3 Evolution of FID throughout 1000 generations in a scenario with: a) the total number
of females representing 80% of the males that survived and a negative correlation of 0.4
between the chance of retaining females in the territory during the non-reproductive periods
and 0.8 in reproductive period; b) the total number of females representing 45% of the males
that survived and a negative correlation of 0.4 between the chance of retaining females in the
territory during the non-reproductive periods and 0.8 in reproductive period; c) the total
number of females representing 80% during non-reproductive and 45% in reproductive
periods of the males that survived and a negative correlation of 0.4 between the chance of
retaining females in the territory during the non-reproductive periods and 0.8 in reproductive
period and d) the total number of females representing 45% during non-reproductive and 80%
in reproductive periods of the males that survived and a negative correlation of 0.4 between
the chance of retaining females in the territory during the non-reproductive periods and 0.8 in

reproductive period.

No female Female A
—. 300 —.300
g 200 g 200
A e i i SN
* * e P et
0- : . 0l : e : :
0 250 500 750 1000 0 250 500 750 annn
Generation Generation B
. 300 . 300
g 200 g 200
e e Y e e o GG
[T 0 [T o
0 250 500 750 1000 0 250 500 750 1000
Generation Generation
C
—. 300 —.300
5 200 5 200
0 100 0 100
= M o M
01— - - y " 01— . . y '
0 250 500 750 1000 0 250 500 750 o
Generation Generation D
. 300 . 300
g 200 g 200
0 100 w Q 100 M
- o
0 250 500 750 1000 0 250 500 750 1000

Generation Generation



94

Fig. 4 Evolution of FID throughout 1000 generations in a scenario with: a) the total number
of females representing 80% of the males that survived and a negative correlation of 0.4
between the chance of retaining females in the territory during the reproductive e non-
reproductive periods; b) the total number of females representing 45% of the males that
survived and a negative correlation of 0.4 between the chance of retaining females in the
territory during the reproductive e non-reproductive periods; c) the total number of females
representing 80% during non-reproductive and 45% in reproductive periods of the males that
survived and a negative correlation of 0.4 between the chance of retaining females in the
territory during the reproductive e non-reproductive period and d) the total number of females
representing 45% during non-reproductive and 80% in reproductive periods of the males that
survived and a negative correlation of 0.4 between the chance of retaining females in the

territory during the reproductive e non-reproductive period.
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Fig. 5 Evolution of FID throughout 1000 generations in a scenario with: a) the total number
of females representing 80% of the males that survived and a negative correlation of 0.8
between the chance of retaining females in the territory during the non-reproductive periods
and 0.4 in reproductive period; b) the total number of females representing 45% of the males
that survived and a negative correlation of 0.8 between the chance of retaining females in the
territory during the non-reproductive periods and 0.4 in reproductive period; c) the total
number of females representing 80% during non-reproductive and 45% in reproductive
periods of the males that survived and a negative correlation of 0.8 between the chance of
retaining females in the territory during the non-reproductive periods and 0.4 in reproductive
period and d) the total number of females representing 45% during non-reproductive and 80%
in reproductive periods of the males that survived and a negative correlation of 0.8 between
the chance of retaining females in the territory during the non-reproductive periods and 0.4 in

reproductive period.

Discussion

In this study we built an individual-based model to investigate possible evolutionary
routes of the escaping decision rules of males in scenarios that provided different
combinations of the chances of retaining females when postponing escaping and the
proportion of females available in the reproductive and non-reproductive seasons. An
interesting result is that for most scenarios, the FID exhibited by males in the presence of
females was predicted to go to zero. Our model indicates that FID modulation in response to
the presence of females seems to be favored under very specific conditions that occur when
males have a low chance of retaining the female in the territory in both periods or in the

reproductive period. Thus, our model shows that an initial condition for the modulation of the
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FID is the low chance of retention of the females. However, it is important to highlight that
when the correlation between FID and chance of retaining females was zero, the FID
increased over generations. Thus, although low, it is necessary that males have same chance

of retaining females for the FID modulation becomes evolutionarily stable.

Specifically for the scenario in which the chance of retaining females is high in the
non-reproductive period and low in the reproductive period, the evolution of an FID greater
than zero is favored if it is combined with a low proportion of females in both periods or a
low proportion of females in the non-reproductive period. Although these scenarios represent
the smallest proportion of the possible scenarios in our model, they are common in nature. In
numerous species that the operational sex ratio is biased towards males. (Gonzalez-Soriano
and Cordoba-Aguilar 2003; Reading and Backwell 2007; Suzuki et al. 2010; York and Baird
2015), indicating that proportion of females available to mate is low throughout year. In
addition, species in which the number of females is lower in the non-reproductive period than
in the reproductive period are also reported (Hissmann 1990; Kingma et al. 2008). The
scenario where females are scarce in the non-reproductive period is interesting, especially in
species in which males court or copulate with females when they are not reproductive. Our
result indicated that such behaviours is favored if males have a smaller chance to retain the
females in to became fertile. Thus, males may be making a high current investment, that may
generate the future return. However, studies evaluating the influence of female fertility on
male escaping decisions, or even, on male aggressiveness are very rare (see Moller et al.
2010). To our knowledge, there two study that investigated the influence of female fertility in
male escaping decisions (Gruber et al. 2019; Ventura et al. 2021), but only one showed that in
fact, males showed a greater FID variation in response to female presence than female

reproductive period (Ventugra et al. 2021).
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Regarding the scenarios that favored the evolution of a zero-FID, it is important to
note that they consisted of a high proportion of females during both season or only in the
reproductive season. Such scenarios led to a zero-FID pattern even with a low chance of
retaining females in both periods. The high proportion of females in such scenarios is
probably inducing a major proportion of males to reduce their FID during predatory attacks.
This leaded to the death of a greater portion of males in the non-reproductive season.
Consequently, the sex ratio during the reproductive season becomes closer to equality or
biased for females, as females that were available or that were with a male who died in the
non-reproductive season are redistributed to males present in the reproductive season. With
this sex ratio close to equality or biased for females, males can monopolize many females by
postpone the escape. Therefore, these males have created a strong selective pressure that
favored FID reduction. Since the predation pressure is low in our model, the gain with the
increasing the number of females and consequently, the reproduction, compensates for the

greater risk of predation by postponing escape.

Our results also show an overall pattern of FID equal to zero when males have high
chances of keeping females in territories in both periods or only in the reproductive period.
This indicates that when the chances of retaining females are high, males should stop escaping
from predators, regardless of proportion of females in the environment. However, there are no
studies that have evaluated how the chance of female retention influences the anti-predatory
strategy. Furthermore, we believe that these high-chance female retention scenarios are often
rare in the nature. First because females are usually a limited resource for males and second
because keeping females can be energetically costly since courting behaviours preclude other
activities important to survival, such as foraging (Willis and Dill 2007) and predator
avoidance (Cothran 2004). Although it is widely accepted that animals alter their behaviours

due to the presence of predators (Candolin 1997; ter Hofstede 2008), there are species that
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maintain their courtship or spawning behaviour even with the presence of the predator (e.g.
Hazlett and Rittschof 2000; Magnhagen 1990). Despite having evidence that males do not flee
when they have opportunities to mate, this is more associated with a low chance of getting a

new mating.

In general, FID modulation seems to be favored if there is little, but nonzero chance of
female retention in the territory, since the proportion of females in the environment tends to
be lower. But once the chance of retention is low, seasonal variations in female abundance
appear to have a secondary effect on the evolution of FID. Thus, our study makes it possible
to predict that in species in which males exhibit alterations in FID, this alteration is more
intense in response to the presence of the female and not to her fertility. It would be
interesting if more studies were carried out, especially in species that have a marked breeding
season in the year or that have a high availability of females to assess whether in fact males

assume high predatory risk, without modulating the FID.

Data Availability Statement

Data available from the OSF

https://osf.io/n8s6k/?view_only=3cc571c1b33447a0aal28f8ddcd22326 (Ventura et al. 2022)
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CONCLUSOES

A presente tese contribuiu para uma maior compreensao das decisdes de fuga feitas
pelas presas. Na parte empirica, nds conseguimos preencher duas lacunas na literatura sobre
como variag@es sutis nos custos sociais podem influenciar as decisfes de fuga das presas.
Nossos resultados mostraram que 0s animais tém uma resposta anti-predatoria bem refinada, a
ponto de os machos modularem seu comportamento de acordo com a presenca de fémeas
sexualmente receptivas e também de acordo com o grau de familiaridade de potenciais
intrusos. 1sso mostra que as presas modulam as estratégias de fuga de acordo com o contexto
social que estdo inseridas. O modelo de simulag¢do que fizemos no capitulo 111 foi
complementar aos resultados que obtivemos sobre como a presenga e a receptividade sexual
das fémeas influenciam o comportamento anti-predatorio dos machos. Nosso modelo mostra
que a presenca da fémea parece ser o fator mais importante na evolugéo das taticas anti-

predatorias dos machos, pelo menos em espécies em que existe uma baixa proporcéo de
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fémeas em relacdo aos machos na populacéo. Além disso, observamos que, as decisdes dos
machos podem estar interligadas, com machos escolhendo uma tética que muitas vezes nao
garante um sucesso reprodutivo atual muito alto, mas que no futuro pode proporcionar um

aumento, mesmo que pequeno, No seu sucesso reprodutivo.



