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 9 
Abstract 10 

Many of our theories for the generation and maintenance of diversity in nature 11 

depend on the existence of specialist biotic interactions which, in host-pathogen systems, 12 

also shape cross-species disease emergence. As such, niche breadth evolution, 13 

especially in host-parasite systems, remains a central focus in ecology and evolution. The 14 

predominant explanation for the existence of specialization in the literature is that niche 15 

breadth is constrained by trade-offs, such that a generalist is less fit on any particular 16 

environment than a given specialist. This trade-off theory has been used to predict niche 17 

breadth (co)evolution in both population genetics and eco-evolutionary models, with the 18 

different modelling methods providing separate, complementary insights. However, trade-19 

offs may be far from universal, so population genetics theory has also proposed alternate 20 

mechanisms for costly generalism, including mutation accumulation. However, these 21 

mechanisms have yet to be integrated into eco-evolutionary models in order to 22 

understand how the mechanism of costly generalism alters the biological and ecological 23 

circumstances predicted to maintain specialism. In this review, we outline how population 24 

genetics and eco-evolutionary models based on trade-offs have provided insights for 25 

parasite niche breadth evolution and argue that the population genetics-derived mutation 26 

accumulation theory needs to be better integrated into eco-evolutionary theory. (200/200)  27 

 28 
Introduction 29 

Why specialists exist in the face of broad-niched generalists remains a central 30 

question for both ecology and evolution. At a fundamental level, this question underpins 31 



most of our theories for why there is so much genetic, phenotypic, and species diversity 32 

in nature (Futuyma and Moreno, 1988; Sexton et al., 2017). The predominant explanation 33 

in the literature is that this co-existence is maintained by costs to generalism such that 34 

specialists can co-exist with or outcompete generalists in at least some contexts 35 

(MacArthur, 1984). The concept of costly generalism has been shown to be important for 36 

explaining many ecological and evolutionary processes including: abiotic adaptive 37 

radiations (Maclean, 2005; Schluter, 2000), diversity in tropical forests (Connell, 1971; 38 

Janzen, 1970), co-diversification (Ehrlich and Raven, 1964), and macroevolutionary 39 

patterns of diversity (Wilson and Willis, 1975). There has also been considerable interest 40 

in the importance of niche breadth evolution in host-pathogen interactions as these 41 

systems may be important drivers of diversity (Boots et al., 2014; Yoder and Nuismer, 42 

2010) and are relevant for multi-host disease transmission and zoonosis (Woolhouse et 43 

al., 2001).  44 

For these reasons, the study of pathogen niche breadth evolution has flourished 45 

in several different sub-fields including evolutionary genetics, epidemiology, and ecology 46 

(Gandon and Poulin, 2004; Hueffer et al., 2003; Turner and Elena, 2000; Woolhouse et 47 

al., 2001). In this review, we focus on integrating insights for parasite niche breadth 48 

evolution from theoretical and empirical perspectives inspired by both population genetics 49 

and eco-evolutionary theory, focusing particularly on virus evolution. These sub-fields’ 50 

broad perspectives towards infectious disease evolution differ in several key ways and 51 

are not often well integrated, especially across intra- and inter-host scales (Geoghegan 52 

and Holmes, 2018; Mideo et al., 2008). Both population genetics and eco-evolutionary 53 

theory have important insights for why generalists are not ubiquitous, but these 54 

perspectives have not been well combined for a unified understanding of viral niche 55 

breadth evolution (Kawecki, 1994; Levins, 1968; Osnas and Dobson, 2012; Regoes et 56 

al., 2000; Remold, 2012; Whitlock, 1996), though see (Ogbunugafor et al., 2010).  57 

Both bodies of theory have considered how niche breadth evolves when there 58 

are costs to expanded host range due to direct trade-offs or antagonistic pleiotropy 59 

(Best et al., 2010; Levins, 1968; Sasaki, 2000). However, population genetics theory has 60 

expanded to explore other mechanisms of costly generalism, such as mutational 61 



accumulation (Whitlock, 1996). As such, there exists a large gap in the literature on how 62 

non-tradeoff mechanisms of costly generalism might function in eco-evolutionary 63 

contexts.  Therefore, we aim to summarize some of the fundamental assumptions of viral 64 

eco-evolutionary and population genetics theory, outline their insights on niche breadth 65 

evolution, and highlight gaps where these perspectives’ different insights should be united 66 

to understand niche breadth dynamics in broader ecological and evolutionary contexts. 67 

Box 1. Glossary of Terms  
Niche Breadth The range of environments an organism is adapted to 
Antagonistic Pleiotropy When one allele has positive effects for one fitness 

component and negative for another 
Spatial Heterogeneity environmental patches differ 
Temporal Heterogeneity an individual environmental patch changes over time 
Coarse grained environment an individual experiences a constant environment, but 

its offspring experience a different constant 
environment 

Fine grained environment an individual organism will experience all values of 
heterogeneity in its lifetime 

Pareto Front The optimal trade-off front where constraints between 
phenotypes emerge 

SIR model A type of compartmental model that tracks susceptible, 
infected, and recovered individuals and the movement 
between such classes 

Evolutionary Stable Strategy 
(ESS) 

When the eco-evolutionary models has a singular 
strategy at ecological equilibrium that is uninvadable  

Branching When the eco-evolutionary model has multiple stable 
strategies, such that the population is predicted to split 
into two or more phenotypes. 

Cycling When the model has a shifting stable strategy such that 
the populations’ phenotypes cycle over time 

Fitness landscape The fitness of possible genotypes which can include 
global and local fitness peaks  

Genetic Drift The impact of stochastic processes on mutational 
frequencies  

Genetic hitchhiking When neutral or deleterious sequence variants 
increase in frequency because an allele linked to them 
is selected for 

Clonal interference When beneficial mutations arise on different genotypes 
such that their populations are in competition with each 
other 

Epistasis When one gene affects the expression of others 
 68 



Why isn’t everything a generalist? 69 

Heterogenous environments are a universal feature of any natural ecosystem and 70 

any number of abiotic or biotic environmental dimensions can be heterogenous. Some of 71 

the earliest theoretical considerations for how environmental heterogeneity affects 72 

evolution comes from Levins (1968). The fundamental question of this early work was: 73 

why isn’t every species an environmentally flexible generalist in the face of ubiquitous 74 

environmental heterogeneity? Essentially, if generalists can use a wider array of 75 

resources, then why don’t they outcompete specialists? The continuing presence of 76 

specialists means that there must be some cost of adapting to different environments 77 

(Levins, 1968). 78 

Levins (1968) used models to examine how costs to generalism could select for 79 

specialists in different conditions of environmental heterogeneity. In these models, Levins 80 

imposed a trade-off between fitness on different environments. Though he was agnostic 81 

to the mechanism of such a trade-off, his model generally considers direct phenotypic 82 

trade-offs caused by antagonistic pleiotropy. The models considered different types of 83 

environmental heterogeneity including spatial or temporal and “coarse” grained or 84 

“fine” grained. The type of heterogeneity, environmental ‘grain’, and shape of the trade-85 

off determine whether an organism is selected to generalize or to specialize on a subset 86 

of the environment. Therefore, with temporal environmental heterogeneity, costs to 87 

generalism can select for single (fine grained) or multiple (coarse grained) specialists 88 

(Levins, 1968).  89 

 90 

Do trade-offs actually exist? 91 

Trade-off theory dominated many explanations for niche breadth evolution, but 92 

this theory began to be questioned as groups started explicitly trying to measure trade-93 

offs in traits underlying adaptation to different environments (reviewed in (Jaenike, 1990; 94 

Via, 1990)). They found that trade-offs are sometimes identifiable in experimental and 95 

natural systems, but are far from universally observed (Jaenike, 1990; Via, 1990). Indeed, 96 

when host breadth has been measured in viruses, a wide body of empirical literature finds 97 



mixed results for whether viral fitness trades-off across host species and host genotypes 98 

(reviewed in (Bono et al., 2017; Remold, 2012)). 99 

Some of this failure to find trade-offs may be because they are difficult to measure 100 

(Fry, 2003). To test for trade-offs, populations are often measured in simple, high 101 

resource lab environments where fitness costs may be obscured (Boots, 2011). If trade-102 

offs are multi-dimensional, fitness costs must also be tested for in many traits (Boots and 103 

Begon, 1993; Fry, 2003). Even when no cost generalism is observed, this could be a 104 

transient state due to populations not yet being adapted to lab conditions. In this case, 105 

no-cost generalist alleles could advance fitness to the optimal trade-off front (ie. Pareto 106 

front), but evolution would be determined by the trade-off afterwards (Li et al., 2019; 107 

Shoval et al., 2012). Accordingly, Satterwhite and Cooper (2015) show that no-cost 108 

generalism may be temporary with generalists able to adapt to multiple resources as fast 109 

as specialists at the beginning of evolution, but lagging over larger time scales. 110 

Regardless of these difficulties in measuring trade-offs, measurements of the 111 

correlation between viral fitness on different hosts have ranged from negative, to neutral, 112 

to positive (Bono et al., 2017; Remold, 2012). Therefore, trade-offs seem to function in at 113 

least some systems, but the persistent challenge of measuring them likely means that 114 

there are additional mechanisms maintaining specialists (Remold, 2012).  115 

 116 

INTRODUCTION TO MODELLING FRAMEWORKS 117 
The population genetics perspective 118 

Population genetics models of pathogen evolution focus on how the availability of 119 

mutations and the ability of selection to act on them together determine fitness outcomes 120 

(Hartl and Clark, 1997). Fitness in these models is generally considered to be a static 121 

fitness landscape that can be a simple peak or more rugged depending on the genetic 122 

architecture of the system and the number of possible strategies to respond to an 123 

environmental pressure (Burch and Chao, 1999; de Visser and Krug, 2014). Population 124 

genetics models of pathogen evolution tend to follow pathogen replication directly, so that 125 

parasite fitness is maximized at the highest replication rate (Figure 1). Viral evolutionary 126 



models following this framework are especially concerned with the high mutational rates 127 

and population sizes of RNA viruses in particular (Lauring and Andino, 2010). 128 

These models consider mutational fitness effects and the selection pressures on 129 

them that, depending on their strength relative to genetic drift, can lead to the purging, 130 

balancing, or fixation of such new mutations (Crow and Kimura, 2009). They also consider 131 

how variation in time to fixation (or purging) can affect processes like genetic hitchhiking 132 

and clonal interference (Barton, 1995; Lang et al., 2013) and how genotypes can vary 133 

in evolvability to shifting environments (Burch and Chao, 2000; Wagner and Altenberg, 134 

1996). Through these processes, population genetics theory explores the ability of a 135 

genome to reach any predicted fitness ‘peak’ and its ability to preserve any advantageous 136 

phenotype.  137 

 138 
The eco-evolutionary perspective 139 

Eco-evolutionary models incorporate explicit ecological feedbacks into 140 

evolutionary models to consider how invading phenotypes reshape the ecological 141 

equilibrium of a system and therefore potentially change the optimal fitness strategy 142 

(Dieckmann, 1997; Fussmann et al., 2009). For hosts and parasites, many eco-143 

evolutionary models are built around epidemiological SIR type compartmental models 144 

which follow the infection, recovery, birth, and death of host individuals (Dieckmann et al., 145 

2005). This means that these models track transmission between these compartments, 146 

rather than pathogen replication directly (Figure 1) (Kermack et al., 1927).  147 

Generally, these models consider quantitative trait phenotypes (or strategies) and 148 

their trade-offs rather than explicitly including complex genetic or mutational processes 149 

and follow frameworks where the invasion of any new strategy affects the equilibrium 150 

population sizes of each organism in the system (Dieckmann, 1997; Metz et al., 1995; 151 

Otto and Day, 2011). Therefore, these models allow for the exploration of dynamic fitness 152 

peaks that shift with ecological conditions and may lead to evolutionarily and co-153 

evolutionarily stable strategies, branching, or cycling (Dieckmann et al., 1995; Geritz 154 

et al., 1998).  155 

 156 



 157 
Figure 1: Integrating Theory Across Scales of Viral Fitness 158 
[1] (Lauring and Andino, 2010), [2] (Fitzsimmons et al., 2018), [3] (Alizon, 2008), [4] 159 
(Díaz-Muñoz et al., 2017), [5] (Cuevas et al., 2003), [6] (Regoes et al., 2000), [7] 160 
(McCrone and Lauring, 2018), [8] (Handel et al., 2014), [9] (Lion and Metz, 2018), [10] 161 
(Boots et al., 2014), [11] (Bono et al., 2019) 162 
 163 



HOW DOES NICHE BREADTH EVOLVE WHEN TRADE-OFFS DRIVE COSTLY 164 
GENERALISM?  165 

Modern trade-off theory assumes that costs to generalism are due to antagonistic 166 

pleiotropy, where mutations conferring fitness on one environment hinder fitness on 167 

others (Stearns, 1989). In both population genetics and eco-evolutionary approaches, 168 

models based on trade-offs have been extended across different ecological and co-169 

evolutionary conditions to make predictions about the effects of host ecology and genetics 170 

on niche breadth and diversity dynamics. 171 

 172 

Trade-offs in population genetics theory 173 

In population genetics theory, the main model for host range in host-pathogen 174 

systems is the gene-for-gene model, where niche breadth is determined by the collection 175 

of virulence and resistance alleles (Flor, 1956). In this model, infectivity and resistance 176 

ranges directly trade-off with pathogen replication and host reproduction respectively 177 

(Bruns et al., 2014; Thompson and Burdon, 1992). These GfG models predict that 178 

parasites and hosts of different range breadths will either stably co-exist or cycle 179 

depending on the number of loci in the system and their costs (Sasaki, 2000; Thompson 180 

and Burdon, 1992).  181 

However, classic gene-for-gene models imply that the resistance and infectivity 182 

ranges of their hosts and parasites are entirely nested and so only allow fluctuations in 183 

range breadth (Ashby and Boots, 2017). Instead, gene-for-gene interactions may coexist 184 

with matching allele interactions on a spectrum or as part of a two part process to allow 185 

for rare genotype advantage (Agrawal and Lively, 2002, 2003). When multiple identically 186 

ranged hosts and parasites infecting different subsets of the total population can co-exist, 187 

both high frequency cycling between hosts and parasites matching different subsets of 188 

the range and lower frequency cycling in range breadth can occur (Ashby and Boots, 189 

2017). However, extending these gene-for-gene models to include ecology shows that 190 

demographic and ecological factors can strongly affect dynamics of a system (Ashby and 191 

Boots, 2017; Frank, 1991; Song et al., 2015).    192 

 193 



Trade-offs in eco-evolutionary theory 194 

In the eco-evolutionary theory on infectious diseases, trade-offs have been 195 

extensively applied by combining evolutionary trade-off models and epidemiological 196 

(ecological) models (Gandon and Poulin, 2004; Gudelj I. et al., 2004; Osnas and Dobson, 197 

2012; Regoes et al., 2000). These models have shown that specialists will evolve when 198 

the shape of the trade-off between two host types is negative and accelerating (i.e. the 199 

generalist is less than half as fit on either host as the specialist), regardless of whether 200 

this trade-off is on virulence or transmission (Gudelj I. et al., 2004; Regoes et al., 2000). 201 

They have also used mixing matrices to show that higher between host type (versus within 202 

host type) transmission selects more for generalists, even when generalism is costly 203 

(Gandon and Poulin, 2004; Osnas and Dobson, 2012). Taken together, these theoretical 204 

studies convincingly show that the evolution of parasite niche breadth in heterogeneous 205 

host environments can be determined by a combination of the shape of the trade-off and 206 

the contact structure between the between host types. 207 

It is also clear that hosts commonly evolve pathogen resistance and different 208 

ecological dynamics between host and pathogen populations are likely to create varying 209 

selection pressures for resistance evolution and, therefore, co-evolutionary feedbacks 210 

(Boots et al., 2009). Best et al. (2010) shows that a co-evolutionary range model, where 211 

both resistance and infectivity have costs, will generate and maintain stable diversity with 212 

co-existing hosts and parasites across the generalism-specialism range. Essentially, this 213 

occurs because resistance-infectivity range matching is a stable strategy for the 214 

parasites, but an unstable one for the hosts. This leads to hosts branching into higher 215 

resistance (lower infection) and lower resistance (higher reproduction) strains, which the 216 

parasite subsequently partition. Furthermore, Boots et al. (2014) shows how changing the 217 

trade-off shape in this model can lead the system to maintain dimorphic strains, multiply 218 

branch and maintain stable diversity, or cycle between range breadths. A key driver of 219 

the maintenance of stable diversity with co-existing hosts and parasites across the 220 

generalism-specialism range is the existence of incompatibilities between host parasite 221 

pairs.  222 

 223 



HOW DOES NICHE BREADTH EVOLVE WHEN NON-TRADE-OFF MECHANISMS 224 
DRIVE COSTLY GENERALISM? 225 

Since it has been difficult to measure trade-offs between hosts and environments, 226 

parts of modern population genetics theory have focused on proposing costs to 227 

generalism beyond strict genetic antagonistic pleiotropy. First, Fry (1996) showed that 228 

specialism could be maintained if alleles that are strongly beneficial in one environment 229 

are neutral or weakly beneficial in others and the host could choose its environment. 230 

Effectively, if there is a benefit to specialization there does not need to be a cost to 231 

generalism.  232 

More generally, population genetics theory has explained the existence of 233 

specialists and generalists through mutational and selection processes. Kawecki (1994) 234 

and Whitlock (1996) argue that generalists could have lower fitness because organisms 235 

in coarse grained environments experience selective pressure from only one 236 

environment a generation. Because of this, generalists have less selective pressure to fix 237 

beneficial mutations or purge deleterious mutations that are specific to any one 238 

environment. Under this theory, a generalist could technically be just as fit as a specialist 239 

on each environment, but its fitness quickly decays since it cannot continuously be 240 

selected for fitness on all environments.  241 

However, one important caveat is that this specialist advantage in fixation 242 

probability can be offset if generalists have population sizes that increase linearly in 243 

relation to their niche breadth since the availability of new mutations is modulated by 244 

population size (Whitlock, 1996). While the fixation of beneficial alleles is then equal in 245 

small specialist and large generalist populations, the speed of fixing these beneficial 246 

alleles is much slower in large generalist populations. Therefore, these generalists may 247 

be less able to track changing environments and may suffer from costs associated with 248 

genetic hitchhiking and clonal interference (Kawecki, 1998; Whitlock, 1996). This 249 

process can be sped up by limited dispersal and the ability for organisms to choose their 250 

environment (Kawecki 1995). 251 

Mutation accumulation theories explain how generalism can be costly even without 252 

genetic trade-offs. However, no-cost generalism has been shown in many experiments 253 



so additional theory is needed to explain why specialism occurs in the face of seemingly 254 

no-cost generalism. Recently, there has been increasing discussion about how viral 255 

niche breadth affects future evolvability because of the differing genetic constraints on 256 

specialists and generalists (Bono et al., 2019). Remold (2012) proposes that epistatic 257 

pleiotropy may impede the evolvability of viruses. Theory and experimental work suggests 258 

that, because there are more genetic options for producing specialists than creating no-259 

cost generalists, specialist populations will maintain higher genetic diversity with less 260 

genetic constraints to evolve to new selection pressures (Bono et al., 2019; Ferris et al., 261 

2007; Mouchka et al., 2019). 262 

Box 2. Empirical tests of the relative importance of trade-off and mutation 

accumulation theories  

A few experiments have directly considered whether mutation accumulation or 

trade-off mechanisms for costly generalism are more important in their systems. 

Cooper and Lenski (2000) test this question the long-term evolution experiment (LTEE) 

after bacteria populations were selected on novel resource for 20,000 generations. 

They show that the evolution of novel resource use was correlated with a high loss of 

function on other environments soon after the gain of novel function, as would be 

predicted by antagonistic pleiotropy. They also consider the experiment’s high 

mutation rate lineages to show that these lines did not have larger fitness losses on 

alternate environments, as would have been predicted by mutation accumulation 

theories (Cooper and Lenski, 2000). However, after 50,000 generations of evolution, 

Leiby and Marx (2014) re-assayed these LTEE lines using a different growth assay 

across a broader range of nutrients. They found that high mutation rate lineages 

suffered higher fitness decreases on alternate environments only after 50,000 

generations, suggesting that the differences between the lineages were not yet 

apparent at the earlier time point and that mutation accumulation drives resource 

specialization in the LTEE. 

In a separate experiment, Remold et al. 2008 showed that the relative 

importance of antagonistic pleiotropy and mutation accumulation may depend on the 



specific environments that the population is adapting to, as well as the population’s 

evolutionary history. They used previously evolved virus lines from Turner and Elena 

2000 where viral populations were evolved on only MDCK or only HeLa host cells or 

alternated between the two cell types. Remold et al. showed that the trade-off between 

host types seen in single host evolved lines was best explained by antagonistic 
pleiotropy when they evolved on one of the cell lines and by mutational accumulation 

when they evolved on the other cell line. Additionally, Turner and Elena (2000) and 

Remold et al. (2008) showed that viruses evolved on alternating host lines were able 

to increase their fitness on both host types, indicating that alternating host treatments 

were able to select for ‘costless’ mutations conferring advantages on both host types.  

In a meta-analysis, Bono et al. 2017 concluded that the evolution of strategies 

with trade-offs rather than costless generalism can be partially predicted by the 

selective environment of experimental evolution. Trade-offs are most often found when 

populations have been evolved in homogenous environments (versus heterogenous), 

in spatially heterogenous environments (versus temporally heterogenous), or in 

longer experiments (versus ones that have been evolved for fewer generations). These 

factors all suggest that trade-offs exist, but that they are most consistently evolved 

when populations adapt to selective environments that allow them to experience one 

environment. Meanwhile, populations experiencing selective environments where they 

are forced to replicate on both environments often find mechanisms of adaptation that 

do not include trade-offs. The trend of trade-offs being found more often in longer 

experiments suggest that mutational accumulation might be a common driver of costs 

to generalism, that short-term evolution may be dominated by mutations below Pareto 
fronts, or that selection from standing variation is likely to select for less pleiotropic 

alleles than selection from novel mutation (Ferris et al., 2007). 

 263 

Ecological Implications of Multiple Mechanisms of Costly Generalism 264 

While trade-off and mutation accumulation theories for the evolution of 265 

specialization have often been presented as in conflict with each other, they both start 266 

with the observable phenomenon that specialists exist and that generalists are often less 267 



adapted to any one environment. Fundamentally, trade-off models start with the 268 

observation that there is a cost to generalism and explain how ecological processes may 269 

select for different niche breadths, while mutation accumulation models propose 270 

additional explanations for mediocre generalism. In a 2005 review, Maclean briefly 271 

considers trade-off and mutation accumulation models and suggests that there may not 272 

actually be a conflict between these theories if we consider that trade-offs may occur not 273 

only as a result of negative genetic correlations, but also evolve as an indirect 274 

consequence of specialization due to mutational accumulation. This begs the question of 275 

whether such a trade-off created by selection pressures would itself shape further ecology 276 

and evolution in a way that qualitatively differs from trade-offs due to antagonistic 277 

pleiotropy. Theory needs to be developed to determine whether models based upon 278 

these two mechanisms (trade-offs and mutation accumulation) differ in ways that would 279 

affect how different population structures select for niche breadth evolution, how co-280 

evolution shapes these traits, and how niche breadths selected by these two 281 

mechanisms may impact population level dynamics and diversification processes. Thus, 282 

these models’ separate insights could be combined to generate integrated theory of niche 283 

breadth evolution. 284 

Comparing these classes of models is obviously complicated by the different 285 

underlying assumptions of modelling methods. A combined theoretical framework would 286 

have to allow a trade-off that is shaped by population genetics models of mutation and 287 

selection to feed into an eco-evolutionary model similar to those based on trade-offs to 288 

predict selection for niche breadth. In this combined model, any trade-off curves may 289 

emerge through the balance between mutational and purging pressures rather than 290 

underlying assumptions of antagonistic pleiotropy. Such models would need to rely 291 

heavily on simulation but should be tractable and allow clear insights as population 292 

genetic and eco-evolutionary theoretical frameworks have already been developed. More 293 

generally, similar approaches should be developed to better integrate population genetics 294 

and eco-evolutionary theory insights across evolutionary biology (Box 3). 295 

 296 



Box 3. Current Challenges in Integrating Eco-evolutionary and Population 

Genetics Models Across Scales 
Recently, much attention has been turned to integrating theory across scales of 

biological organization (Lion and Metz, 2018). Both eco-evolutionary and population 

genetics frameworks for pathogen evolution have major limitations. Most simply, eco-

evolutionary perspectives are poorly equipped to consider the selective ability to reach 

fitness peaks, while population genetics perspectives are poorly equipped to explore 

ecological feedbacks and dynamic fitness peaks.  

Eco-evolutionary models have not yet well explained how selective strategies 

maintained by population level ecological feedbacks are actually maintained in the 

face of high mutation rates and short-term evolution (Alizon et al., 2011; Levin and 

Bull, 1994). In these models, the trade-offs that shape evolutionary strategies 

sometimes occur across very different temporal scales, perhaps leading to differing 

mutation and selection pressures on the different traits in the trade-off.  

On the other hand, many theoretical and experimental treatments of population 

genetic processes in viruses consider within-host processes or selection through cell 

culture (Geoghegan and Holmes, 2018). Recent work, however, has shown increasing 

consideration about how adaptation in these contexts is selected between individuals 

through the extremely tight, drift promoting bottlenecks of many transmission events 

(Geoghegan et al., 2016; McCrone et al., 2018; McCrone and Lauring, 2018; Morris et 

al., 2020). Therefore, it is unclear how many of the processes deemed important in 

population genetics models function through transmission events and affect population 

level evolution and lineage level selection.  

Therefore, better integrating these two fields may help us better understand how 

population genetics strategies function at the level of between host transmission and 

lineage-level selection and how eco-evolutionary feedbacks are selected through 

shorter term mutational and selection processes. 

 297 

Conclusion 298 



Niche breadth evolution in parasites is an important problem that a large body of 299 

empirical work and theory has attempted to explain. Both population genetics and eco-300 

evolutionary theory have important insights on the topic, but these have not yet been well 301 

integrated to produce a unifying theory of how both genetic and ecological processes 302 

might interact with pathogen biology to shape niche breadth evolution. We argue that 303 

further theoretical work is needed to unify these perspectives to predict how niche 304 

breadth evolves and how various ecological conditions may bias selection towards 305 

generalism or specialism. 306 
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