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Sexual dimorphism in immunocompetence, with males having lower immune function, is a
prevalent pattern in nature. The main evolutionary explanation for this pattern is that
males preferentially allocate resources away from immune function and towards
reproductive effort to increase their competitiveness for limited females. However, the role
of differential predation risk between the sexes has not been considered, despite predation
risk being a major driver of life history strategies and male sexual traits often having
associated predation costs. It is unclear whether increased predation risk should increase
or decrease investment in immune function, as males have been shown to utilize both
behavioural (e.g. decrease foraging activity) and/or life-history (e.g. decrease investment
in sexual trait) defense strategies to manage predation risk. Here, we modelled optimal
resource acquisition and allocation towards immune function under differential predation
risk with multiple defense strategies. If males have limited defense strategies, increasing
predation risk caused males to trade-off immune function for reproductive effort, leading
to reduced immunocompetence. In contrast, if males can only decrease predation risk
through reduction of reproductive effort (e.g. decrease colouration or calling rates), then
increasing predation risk causes immune function to increase. If males can utilize multiple
defense strategies and sexual selection is low, then males maintain a constant immune
function as predation risk increases. Sexual selection robustly resulted in decreased
immunocompetence. Overall, our results suggest that predation plays an important role in
the evolution of sexual dimorphism in immunocompetence, but predicting its effect
requires understanding the integrated defense strategies available.
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 2 

Abstract 27 

 28 

Sexual dimorphism in immunocompetence, with males having lower immune 29 

function, is a prevalent pattern in nature.  The main evolutionary explanation for this 30 

pattern is that males preferentially allocate resources away from immune function and 31 

towards reproductive effort to increase their competitiveness for limited females.  32 

However, the role of differential predation risk between the sexes has not been 33 

considered, despite predation risk being a major driver of life history strategies and 34 

male sexual traits often having associated predation costs.  It is unclear whether 35 

increased predation risk should increase or decrease investment in immune function, 36 

as males have been shown to utilize both behavioural (e.g. decrease foraging activity) 37 

and/or life-history (e.g. decrease investment in sexual trait) defense strategies to 38 

manage predation risk.  Here, we modelled optimal resource acquisition and 39 

allocation towards immune function under differential predation risk with multiple 40 

defense strategies. If males have limited defense strategies, increasing predation risk 41 

caused males to trade-off immune function for reproductive effort, leading to reduced 42 

immunocompetence.  In contrast, if males can only decrease predation risk through 43 

reduction of reproductive effort (e.g. decrease colouration or calling rates), then 44 

increasing predation risk causes immune function to increase.  If males can utilize 45 

multiple defense strategies and sexual selection is low, then males maintain a constant 46 

immune function as predation risk increases.  Sexual selection robustly resulted in 47 

decreased immunocompetence.  Overall, our results suggest that predation plays an 48 

important role in the evolution of sexual dimorphism in immunocompetence, but 49 

predicting its effect requires understanding the integrated defense strategies available. 50 

 51 

 52 

 53 

  54 
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 3 

Introduction 55 

 56 

Sexual dimorphism in behaviour, physiology and morphology is common in nature. 57 

These differences evolve due to different selective pressures between the sexes, 58 

resulting from the interaction between ecology and sexual selection (Fairbairn et al. 59 

2007; Hedrick & Temeles 1989; Shine 1989).  In a variety of animal taxa (e.g. birds, 60 

mammals, insects), males have been found to have inferior immune function 61 

compared to their female counterparts (Nunn et al. 2009; Rolff 2002; Stoehr & Kokko 62 

2006; Zuk & Stoehr 2010). The consequences of this lower immune function are that 63 

males often have higher disease prevalence rates (Markle & Fish 2014; Moore & 64 

Wilson 2002; Poulin 1996; Zuk & McKean 1996), and suffer more severe symptoms 65 

(Guerra-Silveira & Abad-Franch 2013).  There is a growing body of research into the 66 

physiological mechanisms underlying these differences in mammals, partly driven by 67 

humans being sexual dimorphic in immunocompetence (reviewed in Klein & Roberts 68 

(2010) and Markle & Fish (2014)). However, the evolutionary mechanisms are poorly 69 

understood (Zuk 2009). 70 

 71 

Because immune function is costly and strongly affects evolutionary fitness 72 

(Lochmiller & Deerenberg 2000; Norris & Evans 2000; Sandland & Minchella 2003), 73 

life history theory has been used to explain sexual dimorphism in 74 

immunocompetence.  It has been proposed that the sexes allocate limiting resources 75 

differently between immune function and reproduction (Bacelar et al. 2011; Restif & 76 

Amos 2010; Rolff 2002; Stoehr & Kokko 2006).  Why the sexes should allocate 77 

resources differently has been subject of some debate.  Several mechanisms have been 78 

proposed: sexual selection (Stoehr & Kokko 2006), disease risk (Restif & Amos 79 

2010), competition for resources (Bacelar et al. 2011) and mortality rates (Bacelar et 80 

al. 2011).   81 

 82 

Surprisingly, the role of predation on the evolution of sexual dimorphism in 83 

immunocompetence has been relatively ignored, despite predation playing a major 84 

role in shaping life history traits (Cressler et al. 2010; Reznick & Endler 1982; Roff 85 

1992), and in sexual selection theory (Andersson 1994; Breden & Stoner 1987).  86 

Predation costs are often assumed to counteract strong female preference and stabilize 87 

sexual trait expression in males (Breden & Stoner 1987).  Males often have more 88 

exaggerated sexual traits that hinder locomotion (e.g. long tails, male weaponry; 89 

(Basolo & Alcaraz 2003; Emlen 2001; Møller 1989)) and increases conspicuousness 90 
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 4 

to predators (e.g. calling, courtship displays; (Magnhagen 1991; Stuart-Fox et al. 91 

2003; Tuttle et al. 1982; Zuk & Kolluru 1998)).  Furthermore, predation risk has been 92 

shown to affect both immune function (Joop & Rolff 2004; Rigby & Jokela 2000; 93 

Stoks et al. 2006; Zhang et al. 2003) and sexual trait expression (Fowler-Finn & 94 

Hebets 2011; Kotiaho et al. 1998; Magnhagen 1991; Ruell et al. 2013; Taylor et al. 95 

2005).  Consequently, differential predation risk between the sexes likely has 96 

evolutionary consequences on how sexes trade-off immune function and reproductive 97 

effort. 98 

 99 

However, how predation risk may affect this trade-off is not readily obvious as the 100 

nature of the predation likely depends on the ecological characteristics of the sexual 101 

trait.  In particular, the temporal phenotypic plasticity of the sexual trait will likely 102 

affect the defense strategies used to manage predation risk.  For instance, 103 

morphological traits (e.g. long tails, bright colouration) are often temporally static and 104 

may not only increase predation risk during mating activities, but also during non-105 

mating activities, like foraging.  In this case, in order to manage predation risk males 106 

must decrease both trait expression and activity.  For example, guppies have reduced 107 

colouration and activity levels when cohabiting with fish predators (Licht 1989; 108 

Millar et al. 2006; Ruell et al. 2013).  In contrast, behavioural sexual traits (e.g. 109 

vocalizations, courtship displays, mate searching) are only expressed during mating 110 

activities and hence are temporally plastic (similar distinction in sexual traits is used 111 

in Jennions et al. (2001)).  In this case, reducing trait expression is the main defense 112 

strategy for mitigating predation risk.  For example, Tungara frogs reduce calling 113 

when bats are present (Tuttle et al. 1982).  Reduction of trait expression may free up 114 

additional resources for immune function.  Therefore, depending on the sexual trait 115 

expressed, males may be able to decrease predation risk by allocating less to the 116 

sexual trait and/or decreasing foraging activity.  Consequently, the defense strategies 117 

used may affect whether immune function should increase or decrease. 118 

 119 

Here, we investigate this predation hypothesis using a life history model to identity 120 

what conditions may favour the evolution of decreased immunocompetence in males.  121 

To this end, we explored the effect of predation risk when males can mitigate 122 

predation risk using behavioural (e.g. reduced foraging effort) and/or life history 123 

strategies (e.g. decreased trait expression).  Furthermore, we modelled these situations 124 

under varying levels of sexual selection, the main mechanism assumed to underlie 125 

sexual dimorphism in immunocompetence (Stoehr & Kokko 2006). 126 

127 
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 5 

  128 

Model Description 129 

 130 

Model overview 131 

We developed a life history model to explore the effect of predation risk on optimal 132 

immune function (Fig. 1).  The model explores these strategies over the lifetime of an 133 

iteroparous animal.  During each time period, an animal decides how much to forage 134 

(u ; 0 ≤ u ≤ 1) and the proportion of reserves to allocate to immune function (a; 0 ≤ a 135 

≤ 1) and to reproduction (1-a).  Mortality is caused by either disease or predation.  136 

Disease mortality is managed by investment in immune function.  The model’s 137 

environment is characterised by resource richness (emax). 138 

 139 

Immune function 140 

After acquiring resources, an animal decides how much of those resources to allocate, 141 

a, to immune function.  Disease susceptibility is managed solely through immune 142 

defense.  Allocation of resources toward immune function, z(a, u) = a u emax, lowers 143 

disease risks as described by: 144 

 145 

𝐷(𝑧) = 𝑑0 𝑒−𝐿𝑧   (modified from Houston et al. (2007)) (1) 146 

   147 

We assume a decelerating relationship between amount of resources invested and the 148 

probability of infection (Fig. S1).  The shape of the relationship is controlled by 149 

parameter L with higher levels of L resulting in more efficient immune function.   150 

 151 

Reproduction 152 

The remaining resources, r = (1-a) u emax , are all used for reproduction.  We broke 153 

the mating process into two steps: the probability of attracting the mate and the payoff 154 

of a successful mating.  We assumed that the payoff was constant (i.e. no sperm 155 

competition).  However, the mating probability depended on the level of sexual 156 

selection, b.  With no sexual selection (b = 1), probability of successful mating 157 

increases linearly with resource investment.  When b > 1, each additional resource 158 

investment into attracting a mate results is associated with an accelerating probability 159 

of attracting a mate (Fig. S2): 160 

 𝑂(𝑟) = Pr(mating) x Payoff =  (
rb

emax
𝑏 )𝑒max  (2) 161 

 162 
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 6 

Predation risk 163 

Predation risk stemmed from two sources.  The first source is background predation 164 

risk (pb), which is the overall riskiness of the environment.  This could be interpreted 165 

as predator density.  Second, there was additional predation risk associated with trait 166 

expression (pr).  This type of predation can be viewed as the added predation risk 167 

male incur, such as having long tails that may hinder escape or loud calling rates that 168 

attract predators (Magnhagen 1991).  Using this framework, we modelled five 169 

scenarios (see Table 1 for summary). 170 

 171 

In the first scenario (No defense), predation risk cannot be modified. This scenario 172 

would be if males may have higher predation risk unrelated to a sexual trait. For 173 

simplicity, we assumed that there is no pr and total predation is just the background 174 

predation risk: 175 

 176 

   𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑏 (3) 177 

 178 

Next, we modelled a scenario (Acquisition) in which an animal can manage predation 179 

risk by decreasing foraging activity, routinely used defense strategy (Lima & Dill 180 

1990).  Therefore, total predation is as follows (Fig. S3): 181 

 182 

   𝑃𝑡𝑜𝑡𝑎𝑙(𝑢) = 𝑝𝑏 𝑢2 (4)  183 

 184 

Next, we modelled a scenario (Allocation) in which an animal can manage predation 185 

risk by decreasing the allocation of resources towards that sexual trait.  This scenario 186 

reflects the case in which the sexual trait is temporally static.  Therefore, total 187 

predation is as follows: 188 

 189 

   𝑃𝑡𝑜𝑡𝑎𝑙(𝑎) = 𝑝𝑟(1 − 𝑎)2 (5)  190 

 191 

The final scenarios assume that males can manage predation risk by decreasing 192 

foraging intensity and/or changing allocation to the sexual trait.  The fourth scenario 193 

(Behavioural) assumes that the sexual trait is a behavioural trait that is only expressed 194 

during a proportion of the time (wr).   195 

 196 

   𝑃𝑡𝑜𝑡𝑎𝑙(𝑢, 𝑎) = (1 − 𝑤𝑟)𝑝𝑏𝑢2 +  𝑤𝑟𝑝𝑟[(1 − 𝑎)𝑢]2   (6) 197 

 198 
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 7 

The fifth scenario (Morphological) assumes the sexual trait is a morphological trait 199 

and expressed consistently. 200 

 201 

   𝑃𝑡𝑜𝑡𝑎𝑙(𝑢, 𝑎) = (1 − 𝑤𝑟)(𝑝𝑏 + 𝑝𝑟[(1 − 𝑎)𝑢]2)𝑢2 +  𝑤𝑟𝑝𝑟[(1 − 𝑎)𝑢]2   (7) 202 

   203 

 204 

Fitness function 205 

 206 

We found the optimal acquisition (u*) and allocation (a*) strategies under the varying 207 

scenarios using dynamic programming that maximizes lifetime reproductive success.  208 

V(t) is the reproductive value for an animal that follows the optimal time dependent 209 

strategy from t onwards: 210 

 211 

𝑉(𝑡 + 1) = 𝑚𝑎𝑥⏟
𝑢,𝑎

 𝐻(𝑢, 𝑎; 𝑡)                               (8) 212 

 213 

where 𝐻(𝑢, 𝑎; 𝑡) is the reproductive value of the animal foraging at intensity u and 214 

allocates a resources for immune function.   215 

 216 

At each time point, an animal survives until the next day with probability 217 

 𝑆(𝑢, 𝑎) = (1 − 𝑃𝑡𝑜𝑡𝑎𝑙(𝑢, 𝑎))(1 − 𝐷(𝑧(𝑢, 𝑎))) (9) 218 

 219 

Therefore, 𝐻(𝑢, 𝑎; 𝑡)  is the combination of future reproductive success (aka, residual 220 

reproductive effort) plus current reproductive effort (Houston & McNamara 1999): 221 

  222 

𝐻(𝑢, 𝑎; 𝑡) = 𝑆(𝑢, 𝑎)[𝑉(𝑡 + 1) + 𝑂(𝑟(𝑢, 𝑎))]    (10)
 

223 

 224 

The upper limit on lifespan, T, was chosen such that patterns on day 1 remain stable 225 

with additional increases in T.  The reproductive value of an animal at time T is zero 226 

[𝑉(𝑇) = 0]. We numerically solved the dynamic equations 8 and 10 by finding the 227 

optimal values at T-1,T-2,…,1. We assume that population size and environment are 228 

constant between generations (Houston & McNamara 1999).  229 
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 8 

Results 230 

 231 

Scenario 1: No defense 232 

Increasing pb causes optimal allocation to immune function (a*) to decrease, resulting 233 

in decreased immune function (Fig. 2).  Since animals cannot mitigate this predation 234 

risk, background predation discounts future reproductive and causes animals to invest 235 

more in current reproduction ‘live hard, die young’.  Increasing sexual selection had a 236 

straightforward effect, decreasing allocation towards immune function independent of 237 

predation risk.  As a consequence, disease mortality rates increases with predation risk 238 

(Fig. 3). 239 

 240 

Scenario 2: Acquisition 241 

When an animal can adjust foraging activity to manage predation risk, increasing pb 242 

results in immune function consistently decreasing, but optimal reproductive effort 243 

(r*) may either increase or decrease (Fig. 2).  Under low predation risk, the optimal 244 

strategy is to trade-off immune function for extra reproductive effort, but once 245 

predation risk increases too much, the optimal strategy is to manage predation risk by 246 

decreasing foraging activity.  Again, mortality from disease increases with predation 247 

risk (Fig. 3).  Increasing sexual selection delays the onset of reduced foraging activity. 248 

 249 

Scenario 3: Allocation 250 

If predation risk is associated with reproductive effort, then an animal can adjust 251 

reproductive effort to manage predation risk.  Under no sexual selection, increasing pr 252 

causes decrease allocation to reproductive effort and the extra resources can then be 253 

used for immune function (Fig. 2).  Not surprisingly, mortality from disease decreases 254 

with increased predation risk (Fig. 3).  Once sexual selection increases, the 255 

relationship between pr and allocation to immune function changes from positive to 256 

negative, resulting in an optimal strategy similar to No defense scenario. 257 

 258 

Scenario 4: Behavioural 259 

Males often have multiple defense mechanisms available.  The previous scenarios 260 

only included up to one defense mechanism.  For this scenario, we assumed 261 

reproductive effort only increases predation risk during a short proportion of the time 262 

(wr = 0.1; Table S1).    As predation risk is constant during foraging (i.e unaffected by 263 

sexual trait), the optimal strategy is to maintain a fairly constant level of reproduction 264 

and immune function (Fig. 2).  Sexual selection only had a small effect on the 265 
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 9 

relationship between pr and immune function. Under no sexual selection, immune 266 

function increases with predation risk pr, as reproductive effort slightly decreases and 267 

the extra resources are used for immune function. As sexual selection increased, the 268 

relationship changed to negative.  As in the other scenarios, sexual selection overall 269 

strongly decreased investment in immune function (Fig. 2).  As mortality from 270 

predation risk is only a small proportion of the risk, predation risk only slightly 271 

increased with pr (Fig. 3). 272 

 273 

Scenario 5: Morphological 274 

Many sexual traits are morphological and can increase predation risk during both 275 

mating and foraging.  In this scenario, as pr increases, the optimal strategy is to 276 

maintain a constant level of immune function, but decrease reproductive effort.  This 277 

is achieved by increasing allocation to immune function and decreasing acquisition 278 

levels (Fig. 2).  Interestingly, mortality rates from disease were similar to Behavioural 279 

scenario (Fig. 3).  Mortality from predation is much higher and follow similar 280 

mortality patterns as the Acquisition scenario (Fig. 3).   Sexual selection had little 281 

effect on pr pattern with immune function, but sexual selection did affect pattern 282 

between pr and reproductive effort.  This was due to sexual selection inhibiting when 283 

it is optimal to begin to trade-off foraging effort for decreased predation risk. 284 

 285 

Effects of disease rate and immune function efficiency 286 

Overall, background disease rate had little effect on overall patterns between 287 

predation risk and immune function.  Higher disease environments and/or decreasing 288 

immune function efficiency increased the optimal immune function, but did not 289 

interact strongly with predation risk (see Fig. S4-S6).    290 

 291 

  292 
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 10 

Discussion 293 

 294 

Suppressed immunocompetence in males is a prevalent pattern in nature (Nunn et al. 295 

2009; Rolff 2002; Zuk 2009), suggesting that a common evolutionary mechanism(s) 296 

may be responsible. Previous research has shown that increased predation risk can 297 

reduce immune function (Rigby & Jokela 2000; Stoks et al. 2006; Zhang et al. 2003) 298 

and that predation risk can be a significant cost of sexual traits in males (Magnhagen 299 

1991; Stuart-Fox et al. 2003; Taylor et al. 2005; Woods et al. 2007).  Therefore, we 300 

proposed a novel hypothesis that higher predation rates on males may lead to the 301 

evolution of suppressed immunocompetence.  Our results suggest that the evolution of 302 

suppressed immunocompetence depends on the nature of the predation risk.  If 303 

additional predation risk is associated with being male and hence cannot be mitigated 304 

using life history trade-offs (No defense and Acquisition scenarios), then males should 305 

evolve suppressed immune function.  However, if predation risk is associated with a 306 

sexual trait in which expression is affected by resource allocation (Allocation, 307 

Behavioural and Morphological scenarios), then our model predicts that higher 308 

predation risk will either increase or have no effect on immune function levels.   309 

 310 

Differential predation independent of sexual traits 311 

 312 

Our simplest model (No defense) assumed that predation risk was independent of 313 

sexual trait expression. With increasing predation risk, the model predicted that sexual 314 

traits should increase and immune function decrease. The results from the No defense 315 

scenario can be viewed as an example of ‘live fast, die young’ strategy in life history 316 

(Promislow & Harvey 1990).  For instance, higher mortality risk is associated with 317 

larger litter size in female mammals and increasing reproductive investment to 318 

younger ages (Promislow & Harvey 1990).  Similarly, female aphids increase 319 

fecundity when exposed to increased mortality risk (Barribeau et al. 2010).  Not much 320 

else is known about how males alter reproductive investment with increased predation 321 

risk that is not associated with a sexual trait.  A recent study with amphipods provides 322 

support that increased background predation risk may increase sexual trait expression.  323 

Exposing amphipods to predation cues increased expression of a morphological 324 

sexual trait (gnathopods: enlarged claw to grab females during copulation) in males, 325 

but no change in female gnathopod expression (Cothran et al. 2012).  Furthermore, 326 

these high-predation males had enhanced sexual competitiveness compared to low-327 

predation males. 328 
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 11 

 329 

Whether males and females differ systematically in background predation risk is, 330 

however, unclear.  Sex differences in background predation rate could emerge from 331 

differences in the ecology of males and females.  For instance, in several mammals, 332 

females utilize grouping behaviour, which is assumed to decrease predation risk (e.g. 333 

elephants (Dublin 1983), elk (Childress & Lung 2003), gazelles (Fitzgibbon 1990)). It 334 

is thought that for this reason cheetahs preferentially chase male gazelles, since males 335 

are typical on the periphery of social groups (Fitzgibbon 1990)).  In a similar vein, 336 

males are often the dispersing sex, reducing their genetic relatedness in groups and 337 

hence the potential for altruistic defense behaviours that could reduce predation risk.  338 

These sex differences could lead to predators having different sex-specific predation 339 

rates. 340 

 341 

 342 

We next expanded the No defense scenario to include behavioural defenses.  Animals 343 

often utilize behavioural defenses to manage predation risk, such as adjusting foraging 344 

behaviour (Acquisition scenario).  There are numerous examples of animal decreasing 345 

foraging activity in response to increased predator risk (reviewed in Lima & Dill 346 

(1990) and Lima (1998)).  The Acquisition scenario models this case and found a 347 

decrease in immune function across all conditions. The Acquisition scenario differed 348 

from the No defense that eventually reproductive investment should decrease with 349 

increasing predation risk, depending on the strength of sexual selection.   350 

 351 

The literature mostly supports the above model results that increased background 352 

predation risk should decrease immune function.  The reduction in immune function 353 

with increasing predation risk has been shown in several species, though studies are 354 

mainly limited to phenotypic plasticity (e.g. (Mikolajewski et al. 2008; Navarro et al. 355 

2004; Seiter 2011; Stoks et al. 2006; Zhang et al. 2003)).  For instance, exposure to 356 

fish predator cues reduced phenoloxidase in larval damselflies (Stoks et al. 2006).  It 357 

should be note, though less common, increased predation risk has been also shown to 358 

have no effect (Slos et al. 2009) or increase immune function (Joop & Rolff 2004).  359 

Little research has been done at the evolutionary scale (e.g. natural selection under 360 

different predation regimes).   361 

 362 

Differential predation associated with sexual traits 363 

 364 
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In contrast to sex difference in background predation rates, much evidence supports 365 

differential predation risk associated with male sexual traits (Andersson 1994; 366 

Magnhagen 1991), as well as males modifying trait expression in response to 367 

predation rates (Lima 2009; Taylor et al. 2005; Tuttle et al. 1982).  The Allocation 368 

scenario shows that, unlike acquisition, increased predation risk on a sexual trait could 369 

lead to the reverse pattern in which males have higher immune function, due to more 370 

resources allocated to immune function. However, the more realistic scenario includes 371 

both behavioural and morphological defenses (Behavioural and Morphological).   372 

 373 

The Behavioural scenario assumes that additional predation risk is only associated 374 

during a proportion of the time.  We modelled this scenario in which only 10% of the 375 

time an animal is engaging in expressing the sexual trait.  Because of the fairly short 376 

duration, our model predicts additional predation risk should have the optimal 377 

investment in immune function and sex trait expression.  Interesting, if the trait is 378 

morphological and expressed during the entire breeding period, additional predation 379 

risk associated with the trait decreased trait expression, but did not affect immune 380 

function.  This mainly occurred through a combination of changes in acquisition and 381 

allocation strategies. 382 

 383 

The evolution of guppy colouration patterns under predation risk is a well-studied 384 

example and an instructive comparison to our Morphological model results. When 385 

predatory fish are absent, male guppies evolve more elaborate colouration relative to 386 

males inhabiting streams with predatory fish (Endler 1980; Millar et al. 2006).  This is 387 

likely due to fish predators preferentially attacking more colourful males (Godin & 388 

McDonough 2003).  Furthermore, fish predators alter foraging activity in guppies and 389 

hence likely reduced overall resource intake (Fraser et al. 2004).  Thus, male guppies 390 

utilize both life history and behavioural defense strategies for this morphological trait.  391 

Physiological measures of immune function have not been measured, though levels of 392 

parasitism do not differ consistently across predation environments (Gotanda et al. 393 

2013; Perez-Jvostov et al. 2012), matching our model predictions. 394 

 395 

 396 

Comparison with other theoretical models 397 

 398 

Several other theoretical models have explored the evolution of sex differences in 399 

immune systems, with each exploring a different potential mechanism.  The first 400 
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model was based on Bateman’s principle: that is, reproductive success is often more 401 

variable for males than females. This is because male reproductive success is limited 402 

by female availability, while females are limited by physiological constraints (Rolff 403 

2002; Stoehr & Kokko 2006).  As a result, sacrificing immune function for additional 404 

investment in reproduction (e.g. higher sperm amounts, faster call rate) may allow 405 

males to outcompete other males and obtain a disproportionally higher amount of 406 

matings.  Using a game theory approach, Stoehr & Kokko (2006) found that males 407 

should allocate less to immune function.  Instead of using the game theory approach, 408 

we modelled sexual selection by assuming that the relationship between reproductive 409 

success and reproductive investment for males is an accelerating curve.  We obtained 410 

similar results as Stoehr & Kokko (2006), with stronger sexual selection (higher b) 411 

causing lower immune function. We also found a predation-by-sexual selection 412 

interaction, in which the strength of sexual selection affects whether reproduction-413 

related predation risk has a positive, neutral, or negative effect on immune function. 414 

 415 

Sex differences in disease and mortality risks have also been modelled.  Using a host-416 

pathogen population dynamics approach, Restif & Amos (2010) found that increasing 417 

disease risk in males can lead to increased or decreased recovery rates from 418 

infections.  Our model only found that increasing background disease prevalence 419 

increased disease risk.  This difference likely stems from our model ignoring 420 

ecological feedbacks and linking the trade-off between immune and reproductive 421 

investment to death rates, whereas, Restif & Amos (2010) linked trade-off between 422 

recovery rate and reproductive investment to reductions in reproductive potential, not 423 

death.   424 

 425 

In a third model, Bacelar et al. (2011) showed that increasing mortality risk in males 426 

consistently led to decreased immune function, using a similar modelling approach as 427 

Restif & Amos (2010).  In this model, mortality is modelled as generic background 428 

mortality and hence cannot be mitigated by adjusting acquisition or allocation 429 

mechanisms (Bacelar et al. 2011).  Therefore, it is not surprisingly that their model 430 

found that increasing mortality rates in just males resulted in the evolution of 431 

decreased immune function (similar to our background predation scenario).  However, 432 

we showed that understanding when and if mortality risk can be mitigated by 433 

acquisition and/or allocation patterns can greatly change predictions. 434 

 435 

Conclusion 436 
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 437 

In this study, we proposed the novel hypothesis that predation risk plays a role in the 438 

evolution of sexual dimorphic immunocompetence.  Empirical data supports that 439 

predation risk can affect immune function and male sexual traits are often increase 440 

predation risk. The key insight from our model is that suppressed immunocompetence 441 

in males should only evolve when predation risk can not be managed through life 442 

history strategies (i.e. allocation mechanisms).  If males can re-allocate resources 443 

away from sexual trait expression to immune function, males should either maintain 444 

or increase immune function with increasing predation risk. Our models highlighted 445 

the importance of classifying the type of sexual trait (behavioural vs. morphological) 446 

in understanding the role of predation risk.  Encouragingly, where our model overlaps 447 

with other models on the evolution of sexual dimorphism, we find similar 448 

conclusions, suggesting a general robustness of the conclusions drawn (Bacelar et al. 449 

2011; Houston et al. 2007; Stoehr & Kokko 2006).  Overall, predation risk may play a 450 

complex and intriguing role in the evolution sexual dimorphism in 451 

immunocompetence.   452 

 453 
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 618 

Tables 619 

Table 1. Summary of modelling scenarios.   620 

For each model scenario, a short description, the predation equation used, and the effect of predation risk on immune function.  ‘+’/’-‘ indicates 621 

that immune function increase/decreases with increasing predation risk.  622 

b=1.5 is low sexual selection scenario. b=5 is high sexual selection scenario. 623 

Model Id Description  Predation Equation 
Model Results 

b =1.5 b = 5 

1) No defense Males cannot mitigate 

background predation 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑏 - - 

2) Acquisition Males can mitigate predation 

risk by reducing foraging 

activity (no sexual trait 

predation risk) 

𝑃𝑡𝑜𝑡𝑎𝑙(𝑢) = 𝑝𝑏 ∗ 𝑢2 - - 

3) Allocation Males can mitigate predation 

risk only by reducing sexual 

trait expression 

𝑃𝑡𝑜𝑡𝑎𝑙(𝑎) = 𝑝𝑏 ∗ (1 − 𝑎)2 + - 

4) Behavioural Males can use both defense 

strategies for a behavioural 

sexual trait 

𝑃𝑡𝑜𝑡𝑎𝑙(𝑢, 𝑎) = (1 − 𝑤𝑟)𝑝𝑏𝑢2 + 𝑤𝑟𝑝𝑟

∗ [(1 − 𝑎) ∗ 𝑢]2 

+ - 
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5) Morphological Males can use both defense 

strategies for a 

morphological sexual trait 

𝑃𝑡𝑜𝑡𝑎𝑙(𝑢, 𝑎) = (1 − 𝑤𝑟)(𝑝
𝑏

+  𝑝
𝑟

∗ [(1 − 𝑎)

∗ 𝑢]2 ∗ 𝑢2   + 𝑤𝑟𝑝𝑟 ∗ [(1 − 𝑎) ∗ 𝑢]2 

+ - 

 624 

 625 
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 626 

Figure Legends 627 

 628 

Figure 1. Diagram of resource acquisition and allocation model.   629 

Resource movement is indicated by black arrows.  Dotted grey arrows indicate 630 

ecological parameters that can affect acquisition and allocation decisions.  Solid grey 631 

arrows indicate variables that directly affect either survival or reproductive output.  632 

Letters (e.g. a, u, d0) indicate variable name in the model equations. 633 

 634 

   635 

Figure 2. Optimal responses as background predation risk increases for all 636 

scenarios.   637 

Top row shows optimal reproductive effort, followed by immune, allocation and 638 

acquisition.  Different columns are each scenarios (Table 1). Line types reflect 639 

different levels of sexual selection (b). 640 

 641 

 642 

Figure 3. Mortality patterns for all five scenarios.   643 

Top and bottom rows show mortality rates for predation and disease, respectively. 644 

Different columns are each scenarios (Table 1).  Line types reflect different levels of 645 

sexual selection (b). 646 

 647 

 648 

 649 
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Figure 1. Diagram of resource acquisition and allocation model.

Resource movement is indicated by black arrows. Dotted grey arrows indicate ecological

parameters that can affect acquisition and allocation decisions. Solid grey arrows indicate

variables that directly affect either survival or reproductive output. Letters (e.g. a, u, d0)

indicate variable name in the model equations.
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Figure 2. Optimal responses as background predation risk increases for all scenarios.

Top row shows optimal reproductive effort, followed by immune, allocation and acquisition.

Different columns are each scenarios (Table 1). Line types reflect different levels of sexual

selection (b).
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Figure 3. Mortality patterns for all five scenarios.

Top and bottom rows show mortality rates for predation and disease, respectively. Different

columns are each scenarios (Table 1). Line types reflect different levels of sexual selection

(b).
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