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Colonization of novel hosts is thought to play an important role in parasite diversification, yet little consensus has been achieved

about the macroevolutionary consequences of changes in host use. Here, we offer a mechanistic basis for the origins of parasite

diversity by simulating lineages evolved in silico. We describe an individual-based model in which (i) parasites undergo sexual

reproduction limited by genetic proximity, (ii) hosts are uniformly distributed along a one-dimensional resource gradient, and (iii)

host use is determined by the interaction between the phenotype of the parasite and a heterogeneous fitness landscape. We

found two main effects of host use on the evolution of a parasite lineage. First, the colonization of a novel host allowed parasites

to explore new areas of the resource space, increasing phenotypic and genotypic variation. Second, hosts produced heterogeneity

in the parasite fitness landscape, which led to reproductive isolation and therefore, speciation. As a validation of the model,

we analyzed empirical data from Nymphalidae butterflies and their host plants. We then assessed the number of hosts used by

parasite lineages and the diversity of resources they encompass. In both simulated and empirical systems, host diversity emerged

as the main predictor of parasite species richness.

KEY WORDS: Host range, individual-based model, parasite diversity, phenotypic amplitude.

Parasitism, broadly defined, is a ubiquitous kind of ecological

interaction that includes organisms in various trophic levels (e.g.,

phytophagous insects, ecto- and endoparasites with direct or indi-

rect life cycles). Such intimate ecological interactions may persist

over long-time spans, coupling the evolutionary history of the

interacting lineages and producing broad patterns of association

between host and parasite taxa, such as conservatism in host use

(Dethier 1954; Ehrlich and Raven 1964; Janz and Nylin 1998;

Brooks and McLennan 1993, 2002). Nonetheless, the level of spe-

cialization of parasites to their hosts varies greatly between and

within lineages. Among butterflies, for example, most species use

plants from a single family as hosts, but there are several species

able to use a repertoire of hosts that includes between two and

36 plant families (Forister et al. 2015). When placing this varia-

tion in a phylogenetic context, most studies have found that host

repertoire is labile across time and space (Nosil 2002; Braga et al.
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2014; Nylin et al. 2014; Calatayud et al. 2016), which shows that

the two apparently contradictory paths of fine-tuning to a host or

exploring the range of potential hosts can be taken without pre-

venting the other (Agosta and Klemens 2008; Araujo et al. 2015;

Nylin et al. 2018).

Variation in host specialization has been shown to impact

several ecological and evolutionary processes, including parasite

diversification (Janz et al. 2006; Dennis et al. 2011; Hardy and

Otto 2014). According to the Oscillation Hypothesis, host range

expansion and contraction over macroevolutionary time is one of

the main drivers of diversification of plant-feeding insects (Janz

and Nylin 2008). Host range expansion, coupled with the expan-

sion of overall niche breadth and geographic range (Slove and

Janz 2011; Dennis et al. 2011), is expected to create opportuni-

ties for divergence by both adaptive and neutral processes (Janz

et al. 2016). These dynamics then produce the observed pattern

of correlation between diversity of host use and species richness

in a clade (Janz et al. 2006; Wang et al. 2017).

While the importance of host range expansions for the evo-

lution of host use have gained support following the proposal

of the Oscillation Hypothesis, its role in diversification remains

controversial (Hardy and Otto 2014; Nylin et al. 2014; Hamm

and Fordyce 2015; Janz et al. 2016; Hardy 2017; Wang et al.

2017). This controversy is perhaps anticipated given the number

of factors that potentially drive speciation in parasite lineages.

Ultimately, any process that reduces gene flow between popula-

tions generates patterns of genetic differentiation (Slatkin 1993;

Bolnick and Otto 2013). Decades of research into the process of

isolation by distance (Wright 1943) have shown that gene flow

is often geographically restricted. However, geography is not the

only landscape component that affects population connectivity

(Kool et al. 2013). Environmental heterogeneity can also structure

genetic variation, producing the pattern of isolation by environ-

ment (Wang and Summers 2010). This pattern can be generated

by a variety of ecological factors, ranging from a temperature

cline to more complex interactions between continuous and dis-

crete variables representing abiotic and biotic factors (Wang and

Bradburd 2014). Although, the local environment of parasitic or-

ganisms encompasses as many dimensions as that of free-living

organisms (Agosta et al. 2010), genetic differentiation within and

between parasite species is likely mediated by their hosts (Ellis

et al. 2015), increasing the discreteness of the fitness landscape.

Here, we seek to advance our understanding of host-

associated diversification processes by investigating the potential

for isolation by environment in a simple but heterogeneous fitness

landscape. The aim of the present paper is to offer a mechanis-

tic basis for the origins of macroevolutionary patterns of parasite

diversity and host range, by studying lineages evolved in silico

where species-level properties, such as host range, are an out-

come of the system dynamics. Our simulations consist of parasite

individuals evolving in a fixed fitness landscape where reproduc-

tive isolation is allowed. Since geographic space is not explicitly

modeled here, isolation can only happen as a result of ecologically

based divergent selection, that is isolation by environment (Wang

and Bradburd 2014), leading to ecological speciation (Rundle

and Nosil 2005). This is a simplification and can be seen as the

“worst-case scenario” for diversification, as adaptation to a given

host should decrease genetic and phenotypic variation, and there-

fore evolvability. While the Oscillation Hypothesis is agnostic

about modes of speciation, this island-like scenario can give us

insight about the processes in the natural world that allow parasites

to colonize new hosts even when the selective pressure imposed

by hosts is high, and how the host use dynamics affects parasite

diversification.

Methods
MODEL DESCRIPTION

We simulated host use dynamics by modeling individuals of a par-

asite population that evolves under the combined effects of sexual

reproduction, mutation, natural selection, and host probing (i.e.,

attempts to colonize a new host). In our model, characterization

of parasites derives mainly from the agent-based model described

by de Aguiar et al. (2009). The model description follows the

ODD protocol for describing individual-based models (Grimm

et al. 2006, 2010) and consists of seven elements. The first three

elements provide an overview, the fourth element explains general

concepts underlying the model’s design, and the remaining three

elements provide details.

Purpose
In this study, we focus on how the colonization of new hosts

affects the parasite phenotypic distribution, its ability to use novel

resources, and the likelihood of speciation. The novelty in the

study does not come from model elements, but from the use of

these well-known representations of biological systems to address

long-standing questions in host-parasite evolution.

Entities, state variables, and scales
The model comprises three hierarchical levels: individual, species,

and fitness landscape. Individuals are characterized by three state

variables: host, genotype, and species identity. The first variable is

simply the identity of the host being used by the parasite individual

at a given time step, and the genotype is a binary string of length

L. The number of mismatches along two genotypes determines

the genetic distance between two parasite individuals.

A species is a group of individuals connected by reproduc-

tion, which only occurs between individuals with a genetic dis-

tance smaller than the mate recognition threshold, g. Note that the

genetic distance between two individuals from the same species
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can be larger than g, as long as they are connected by individuals

with intermediary genotypes.

The fitness landscape is composed of fitness peaks, which

represent hosts for the parasites. The phenotype of a parasite is

defined by the number of 1s in the genotype (see eq. 1). Hosts

are distributed in the resource space in the beginning of each

simulation from the center to the peripheries with distance P from

each other (i.e., fitness-peak interval). The position of a given

host in the resource space represents the optimum phenotype to

use that given host (the parasite phenotype that yields maximum

survival). Survival decreases with increasing difference between

the host optimum and the parasite phenotype (see eq. 2). As the

fitness landscape is fixed (hosts do not evolve), it can also be

interpreted as the result of the combination of environmental and

host-related factors that allow parasite survival.

Space is not explicitly modeled here and the time scale is a

parasite life cycle, so that each time step in the model is equivalent

to one parasite generation.

Process overview and scheduling
At each time step, three events happen in the following order:

reproduction, host probing, and selection. Each event is detailed

in the section Submodels. The parasite population in a given host

at a given time step is composed of the offspring of the parasites

from the previous time step that did not attempt to colonize a

new host and survived the selective pressure, in addition to the

parasites that successfully colonized this given host.

Design concepts
Emergence: Host use dynamics and parasite diversification

emerge from the behavior of the individuals, but the individual’s

behavior is determined by, for example, survival and host probing

probabilities.

Collectives: Individuals are grouped by host use. The dis-

tribution of individuals on the available hosts emerges from the

successful colonization of new hosts.

Fitness: The survival probability of an individual depends on

how well adapted the individual is to the host being used. Survival

is maximized when the phenotype of the individual matches the

phenotype favored by the host, and decreases with the distance

from it (eq. 2).

Interaction: Individuals interact indirectly via use of shared

resources, as reproduction is truncated by the carrying capacity,

which determines the maximum number of parasite individuals

each host can support regardless of parasite species identity.

Stochasticity: All events are probabilistic. The model com-

pares the input probabilities for each life-history event with a

randomly generated number from a uniform distribution between

0 and 1. If the number is smaller than the input, the event is carried

out. During reproduction, mate choice is random—regardless of

Table 1. Overview of processes, parameters, and values for the

simulations reported.

Parameter Value

Reproduction
Genome size L = 200
Mate recognition threshold g = {1, 5, 10}
Mutation rate m = {10−5, 10−4, 10−3,

10−2}
Maximum number of

offspring per event
b = {1, 2, 4, 8}

Carrying capacity per host K = {50, 100, 200}
Host probing

Host probing probability h = {0.005, 0.01, 0.05, 0.1,
0.2, 0.3, 0.4, 0.5}

Total number of hosts in the
resource space

Nh = 11

Fitness-peak interval P = {0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, 1}

Selection
Standard deviation for

survival probability
σr = 0.5

Values in bold are the ones used in the main analysis.

species identity and host use. The genetic contribution of each

parent during recombination is randomly chosen and mutation

can happen in any locus. During host probing, each parasite in-

dividual has the same chance to probe a new host, which is also

randomly chosen. During selection, parasite survival probability

varies with the phenotypic match with the host (see eq. 2).

Observation: Parasite phenotype, species identity, and uti-

lized host were recorded for every individual over time.

Initialization
Every simulation starts with three parasite individuals utilizing

one host at the center of the resource space. Genetic and pheno-

typic variation increases over time due to mutation and recom-

bination, as long as the offspring is able to survive the selective

pressure imposed by the host.

Input
The particular data used to parameterize the model will depend

on the particular system to which it is applied. Table 1 lists the

basic set of parameters, which would be required for any system.

Submodels
Reproduction: All individuals have a chance to find a compatible

mate. A random mate is selected for each individual, but reproduc-

tion only occurs if the genetic distance is smaller than the mate

recognition threshold, g. When mate pairing is successful, the

genotype of the offspring is the result of genetic inheritance from

EVOLUTION 2018 3
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both parents, with recombination and mutation. Each reproduc-

tion event has genetic crossover, where the genetic contribution of

each parent is randomly chosen, and mutation occurs with proba-

bility m (following de Aguiar et al. 2009). The number of offspring

generated by each reproduction event is equal to b, as long as the

number of parasites on the focal host (where the original parasite

was) is smaller than the carrying capacity K.

Host probing: After reproduction, the offspring can probe

new hosts with probability h, so that, on average, h percent of the

population tries to colonize a new host during each generation.

Successful host colonization happens when colonizers survive the

selective pressure imposed by the new host. Note that there are

no explicit trade-offs modeled between hosts or costs for species

with a wide host range, that is using a large number of hosts.

Selection: The genotype determines the phenotype of the

individual, which combines all parasite traits related to host use,

for simplicity. The phenotype of parasite i is proportional to the

sum of all L loci of its genotype:

zi = 1

10

L∑
n=1

Xi,n (1)

where Xi,n ∈ {0,1}, the two possible alleles. The term 1/10 limits

the range of possible phenotypes to 0 � zi � L/10 with discrete

intervals of 0.1. The parasite population can use Nh available hosts

uniformly distributed along a one-dimensional resource gradient.

The number of hosts and the distance between them in this gra-

dient define the resource space for the parasites. Each host is

modeled as a fitness peak in the fitness landscape of the parasites

(Fig. 1), which means that there is a unique phenotype value that

yields maximum survival for each host, as in Araujo et al. (2015).

Nonetheless, this does not mean that hosts are only used by per-

fectly adapted parasites; instead, parasite survival decreases with

the distance of the phenotype from the host optimum, following

a normal distribution centralized on |zij – qj|:

P
(
q j , zi j

) = exp

[
(zi j − q j )2

2σ2
r

]
, (2)

where qj is the optimal phenotype to use host j, zij is the phenotype

of parasite i using host j, and σr is the parameter that controls the

intensity of the selective pressure. Therefore, the fitness of a given

parasite depends on the host it is using (Fig. 1), and the likelihood

of successfully colonizing a new host varies with the distance

between hosts, herein referred to as peak interval. For simplicity,

we assume that selection intensity is the same for all hosts. It

is also important to highlight that although genotypes translate

deterministically into phenotypes, mate recognition is determined

by allele position and phenotype by sum of alleles. This relaxes the

link between reproductive isolation and host adaptation, allowing

different species to use the same host.

Analysis
Analyses were conducted in the R statistical environment v. 3.3.3

(R Core Team 2017). For preliminary analysis, we conducted

pairwise combinations of parameters in sets of ten simulations,

each one iterated for 10,000 generations. Because we were mainly

interested in the role of the fitness landscape on parasite diver-

sification, we varied the fitness-peak interval, P, and one other

parameter at a time. Table 1 lists all parameter values tested.

At the end of each simulation, we recorded the total number of

hosts used by all parasites (host range), the difference between

maximum and minimum parasite phenotypes (phenotypic am-

plitude), and the number of isolated reproductive units (species

richness). This preliminary analysis showed that carrying capac-

ity and host-probing probability did not have a significant effect

on species richness (Table S1), therefore they were removed from

subsequent analyses. Also, parasites went extinct when only one

offspring was produced in each reproduction event (b = 1) or

when mutation rate was set to 0.01, so we removed these param-

eter values from subsequent analyses.

We then performed simulations crossing values of fitness-

peak interval, birth rate, mate recognition threshold, and mutation

rate (values in bold in Table 1), which resulted in 135 parameter

combinations. Each combination was iterated for 1000 genera-

tions and replicated three times. Then we estimated the effect of

each variable on parasite species richness using a Poisson regres-

sion, and on phenotypic amplitude and host range using Gaussian

regressions. The proportion of deviance explained (D2) by each

variable was calculated as the improvement from the model with-

out the focal variable (variables were added by decreasing con-

tribution to deviance explained), using the function Dsquared of

the R package modEvA (Guisan and Zimmermann 2000; Barbosa

et al. 2016). Finally, to estimate the relationships between model

outcomes we used partial correlations between species richness,

phenotypic amplitude, and host range.

VALIDATION WITH EMPIRICAL DATA

The development of a new method to assess the diet breadth of

herbivorous insects (Fordyce et al. 2016) allowed us to compare

the results of our simulations with empirical data from butterfly-

plant interactions. This method uses information on how often

different host plant taxa are utilized by the same butterfly taxon as

a proxy for resource similarity. Using the R package ordiBreadth

(Fordyce 2015) and the host use dataset assembled by Nylin et al.

2014, host-plant orders were distributed in a multidimensional

ordination space (analogous to the resource space in the model)

based on their interactions with nymphalid butterfly genera. The

data set from Nylin et al. (2014) included reliable records, for

which phylogenetic information is available, of 566 interactions

between 295 Nymphalidae genera from 43 tribes and 43 plant
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Figure 1. Hypothetical fitness landscape with three hosts (peaks) and the resulting 1-dimensional resource space, where white patches

represent phenotypes with positive fitness for each host. The solid vertical line is a projection of a given phenotype to show that the

fitness of a parasite on a given host depends on where the line crosses the fitness curve (dots), and that this varies between hosts (note

that this individual has a positive fitness in two hosts).

orders. Once the ordination is done, each butterfly taxon can

be placed at the multivariate centroid of its host plants and the

ordinated diet breadth (ODB) is calculated based on the distances

between each host and the butterfly centroid (Fordyce et al. 2016).

Therefore, the ODB of a butterfly taxon increases with the number

of plants it uses as hosts (taxonomic host range) and the distance

between these hosts in the ordination space (which is analogous to

the fitness-peak interval in the model). Since the direct assessment

of phenotypic amplitude is much harder in natural systems, a

measure of host diversity (such as ODB) is a good proxy for

parasite host-use abilities.

We calculated ODB for the repertoire of host plant orders

utilized by each of the 43 butterfly tribes represented in the

dataset. We also calculated Faith’s phylogenetic diversity of plant

orders used by each tribe (phylogenetic host range), based on the

phylogenetic relationships among plant orders proposed by the

Angiosperm Phylogeny Website (Stevens 2011). Finally, species

richness of butterfly tribes was retrieved from Savela (2014).

We assessed the relationships between ODB, taxonomic

host range, phylogenetic host range, and species richness us-

ing phylogenetic path analysis (Hardenberg and Gonzalez Voyer

2013), which controls for nonindependence due to shared ances-

try among butterfly tribes. For that, we used the phylogenetic

tree for the tribes within Nymphalidae assembled by Nylin et al.

2014. However, strong correlation between ODB and taxonomic

host range in our dataset prevented us from disentangling their

effects on species richness. To resolve that, we calculated the av-

erage distance between hosts and the multivariate centroid, that is

ODB/taxonomic host range, for each butterfly tribe with nonzero

ODB. This measure can be interpreted as how much the niche

expands when one plant order is added to the host repertoire

of a butterfly tribe, and is herein referred to as adjusted ODB

(following Fordyce et al. 2016). Using the R package phylopath

version 1.0.0 (van der Bijl 2018), we fitted path models with differ-

ent causal structures between the four variables. Model selection

was performed using the C statistic Information Criterion, CICc

(Cardon et al. 2011; Shipley 2013) and bootstrap confidence in-

tervals were computed for each path coefficient.

Results
HOST USE AND SPECIATION DYNAMICS

Despite the small initial population size, host range expansion,

and speciation happened under a broad range of parameters

(Fig. S1). As the population grew, mutation, and recombination

produced genetic and phenotypic variation, as seen in the first

260 generations of the example simulation shown in Figures 2A

and 3A. Up to that point in time (which varies between simula-

tions) all parasites belonged to the same species, but reproductive

isolation happened in the following generations, when the mini-

mum genetic distance between the two reproductive units became

larger than the threshold, g. Both descendant species continued to

accumulate new phenotypes until reproductive isolation occurred

again in either lineage, producing new species. Figure 2 shows the

overall dynamics during the first 1000 generations of the example

simulation, and Figure 3 shows changes in phenotype frequency

around the first speciation event of the same example. All panels

in Figures 2 and 3 show the phenotypic distribution of parasites

through time, but Figures 2B and 3B also show which host is used

by each parasite individual.

Although parasites were initially perfectly adapted to the

original host (z1 = q1 = 10), they colonized the two closest

EVOLUTION 2018 5
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A

B

C

Figure 2. Parasite phenotypic distribution through time in the example simulation, where peak interval = 0.75 and probing

probability = 0.2. Each dot represents a parasite individual (overlapping points can occur) and species are identified by color. In A,

all parasites are shown together while in B, each panel shows the parasites using each given host. Numbers at the right end of the panels

show the optimum phenotype to use each host. Variation in host range per species through time is shown in C. Because colonizations

and local extinctions happen frequently, a loess curve was added for each species to highlight the overall direction of change.
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Figure 3. Parasite phenotype frequency through time in the example simulation. Each panel shows the frequency for a given time

interval (which are shown at the right end of the panels). In A, individuals are colored by species to show phenotypic expansion until

reproductive isolation occurs. In B, individuals are colored by host to show host use dynamics and its effect on speciation.

hosts within the first 50 generations in the example shown in

Figures 2B and 3B. New hosts had two main effects in this sys-

tem. First, phenotypic variation increased when a new host was

added to the repertoire because, with time, part of the population

adapted to the new host, extending the phenotypic distribution

across both fitness peaks (e.g., generations 60–250 in the exam-

ple). Second, the inclusion of a second fitness peak in the fitness

landscape of the parasite allowed divergent selection, which could

lead to speciation. Once gene flow between parasites on different

hosts was interrupted, each species evolved toward the optimum

phenotype for each host (or hosts, as in the case of species 3 in

Figs. 2B and 3B). It is important to note that although each species

specialized on its main host(s), they continued to colonize other

hosts, including ancestral ones (e.g., blue and yellow dots in the

central panel of Fig. 2B). The continuous ability to explore the

resource space by using alternative hosts (hosts that yield a lower

fitness than the main host), coupled with adaptation to a subset of

the host range due to lack of gene-flow produced oscillations in

host range through time (Fig. 2C).

DRIVERS OF PARASITE SPECIES RICHNESS

All four parameters tested had some effect on simulation out-

comes, with parasite species richness and phenotypic amplitude

mostly affected by mutation rate, and host range mostly affected

Figure 4. Relationships between model parameters and model

outcomes. Arrows represent the effect of parameters on outcomes

and associated numbers show the deviance explained (D2) by each

parameter. Gray arrows show positive effects and the red arrow

shows a negative effect. Relationships with D2 < 0.15 were omit-

ted. Lines connecting model outcomes indicate partial correlations

between the three variables.

by fitness-peak interval (Table 2, Fig. 4). Across all parameter

combinations, phenotypic amplitude was positively correlated

with species richness, even when controlling for the effect of

host range (Spearman partial r = 0.61, n = 405, P < 0.001).

On the other hand, host range has no effect on species rich-

ness when controlling for phenotypic amplitude (Spearman partial
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Table 2. Effect of parameters on simulation outcomes.

β β se z-score P Res. dev. Res. df D2

Model 1—Species richness
intercept 3.825 0.172 22.196 <0.001 1191.05 404
mutation rate (log) 0.325 0.017 18.585 <0.001 796.81 403 0.33
birth rate 0.112 0.011 9.850 <0.001 699.97 402 0.12
peak interval –0.883 0.104 –8.498 <0.001 626.28 401 0.11
mate recognition threshold 0.004 0.008 0.449 0.654 626.08 400 –

Model 2—Phenotypic amplitude
intercept 4.080 0.337 12.117 <0.001 985.74 404
mutation rate (log) 0.390 0.030 12.907 <0.001 767.76 403 0.22
birth rate 0.202 0.023 8.876 <0.001 664.68 402 0.13
mate recognition threshold 0.136 0.015 8.785 <0.001 563.71 401 0.15
peak interval –1.116 0.201 –5.554 <0.001 523.35 400 0.07

Model 3—Host range
intercept 12.535 0.517 24.246 <0.001 5689.5 404
peak interval –10.907 0.309 –35.353 <0.001 1834.9 403 0.68
birth rate 0.351 0.035 10.02 <0.001 1525.2 402 0.17
mate recognition threshold 0.176 0.024 7.429 <0.001 1355 401 0.11
mutation rate (log) 0.291 0.046 6.272 <0.001 1233.7 400 0.09

Residual deviance and residual degrees of freedom are given for each model and for each predictor variable. The slope (β), β standard error, z-score, P-value,

and D2 are also given for each variable.

r = –0.05, n = 405, P = 0.28). Finally, host range and phenotypic

amplitude are correlated regardless of species richness (Spearman

partial r = 0.60, n = 405, P < 0.001).

VALIDATION WITH EMPIRICAL DATA

The ordination of diet breadth produced a high-dimensional re-

source space, where the first three principal coordinates explain

respectively, 12.3, 8.3, and 6.5% of the variation (Fig. S2). Species

richness varied greatly across nymphalid tribes (4–1676 species),

as did taxonomic host range (1–22 plant orders).

We tested eight different path models for the relationships

between taxonomic host range, phylogenetic host range, adjusted

ODB, and log-transformed species richness (Fig. S3). Of these,

one model was selected based on �CICc <2 criterion (Fig. S4,

Table S2). In this model (Fig. 5), taxonomic host range had a

direct effect on phylogenetic host range (standardized path coef-

ficient = 0.95 ± 0.056 SE) and on ODBadj (0.80 ± 0.109 SE),

but species richness was only influenced by ODBadj (0.58 ±
0.148 SE). Species richness was higher in tribes that use more

diverse resources, which was often associated with a larger host

range (both taxonomic and phylogenetic). On the other hand,

tribes that use hosts that were very close in the resource space

are not as species rich (Fig. S5). Importantly, models with the

inverse direction of causality (i.e., species richness determines

taxonomic host range or ODB) received the least support from the

data.

Figure 5. Summary of phylogenetic path analysis for butterfly-

plant interactions showing that the effect of taxonomic host range

on parasite species diversity is mediated by resource heterogene-

ity in Nymphalidae tribes. Arrow thickness is scaled approximately

with the standardized path coefficients, which are shown for each

path.

Discussion
Our model shows that host colonization allows parasites to explore

new areas of the resource space, with increasing phenotypic and

genotypic variation (Figs. 2 and 3). The incorporation of a novel

host starts by ecological fitting: some parasite individuals have

positive fitness on the novel host even when they are better adapted

to the original host (Nylin et al. 2018). Because the novel host

represents a new region in the fitness landscape, it allows the

accumulation of more parasite variants, increasing variation in the

population (c.f. Agosta and Klemens 2008). Greater phenotypic

amplitude (which translates to greater host diversity) increases the

probability of successful host colonization (Araujo et al. 2015),
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closing a positive feedback loop between host range expansion

and increasing phenotypic amplitude. Speciation breaks this loop.

In a system where individuals undergo sexual reproduction

limited by genetic proximity, speciation depends on clustering of

similar genetic variants (de Aguiar et al. 2009). In our model, such

genetic clusters are formed because the fitness landscape is het-

erogeneous, despite the simplicity of the resource space and the

associated fitness landscape modeled here. In nature, hosts dif-

fer in various traits—for example nutrients, defense mechanisms,

mutualists, geographic distribution—producing more heterogene-

ity in the resource space and potentially in the fitness landscape

of parasites (Nyman 2010), which would further increase oppor-

tunity for speciation. As predicted by (Nyman 2010), speciation

was maximized when hosts were at an intermediate distance in

resource space (Fig. S1), balancing the probabilities of coloniza-

tion and divergent selection. Colonization happens quickly when

hosts are very similar but divergent selection is stronger when

hosts are distant.

Phenotypic amplitude emerged as the main driver of parasite

species richness in the model. There is no upper limit for phe-

notypic/genotypic variation within a species in the model; that

is, genetic clusters that differ more than the threshold for mate

recognition still belong to the same species as long as individuals

with intermediate genotypes connect them. However, the greater

the variation within a species, the higher the likelihood of frag-

mentation. The distance between hosts along the resource space

affects both the host range and the similarity between hosts used

by parasites: host range is narrow when hosts are too different,

but if parasites eventually colonize distant hosts, phenotypic am-

plitude quickly increases. Therefore, host diversity is maximized

when a parasite uses a wide range of distant hosts. It is impor-

tant to remember, however, that we assume that all hosts coexist,

therefore, we cannot assess the role of geographic co-occurrence

of hosts and parasites. Similarly, coevolution cannot be addressed

because hosts do not evolve in our model.

In nature, host-parasite systems are more complex than mod-

eled here: parasite and host individuals have flexible phenotypes

(West-Eberhard 2003; Nylin and Janz 2009; Mason 2015), hosts

are geographically distributed (Calatayud et al. 2016), the dis-

tance between hosts in the resource space is not uniform (Nyman

2010), and the resource space is multidimensional (Harrison et al.

2016; Fordyce et al. 2016). Still, we recovered compatible rela-

tionships between host range, host diversity, and species richness

for modeled parasites and nymphalid butterflies. As for simulated

parasite clades, Nymphalidae tribes that use more host plant or-

ders are more species-rich when the wide host range translates

into high host diversity (Fig. S5).

Our ability to find the mechanisms by which host use affects

diversification of parasite lineages depends on our knowledge

about how Latin binomials translate into resources for parasites

(Janzen 1973; Brooks and McLennan 2002; Harrison et al. 2016).

Although there is much yet to learn, we view the results of the

present article as an important step forward in the development of a

theoretical framework for the study of host-parasite associations,

such as the patterns described and predicted by the Oscillation

Hypothesis (Janz and Nylin 2008). On theoretical and empirical

grounds, this study highlights the importance of the differentiation

between host range and host diversity, with the latter having the

main direct effect on diversification.

As suggested by the Oscillation Hypothesis, clades with

wider aggregated host ranges are in general more species-rich,

but here we show that this interaction is likely to be mediated by

host diversity. Host range expansions lead to diversification, as

long as they increase heterogeneity in the resource space, and con-

sequently, in the fitness landscape. Moreover, our results might

be a bridge between contrasting processes of diversification of

phytophagous insects, and maybe parasites in general. Among

nymphalid butterflies, host diversity is mainly driven by the use

of unrelated host plants, hence the indirect positive interaction be-

tween host range and species richness. However, in some groups,

host diversity might be high even if hosts are closely related,

as long as the host plant clade is diverse regarding at least one

resource axis, such as habitat, growth form, geographic distribu-

tion, or phenology. The grass-feeding Satyrini is one such exam-

ple (Fig. S5). Colonization of a phylogenetically restricted plant

group (Poaceae) that is instead very diverse in terms of for ex-

ample habitat types, has resulted in an impressive diversification

(Peña and Wahlberg 2008; Peña et al. 2011). One important aspect

to investigate in future studies, we believe, is how different kinds

of resource diversity relate to taxonomic and phylogenetic host

range and how that affects diversification.

To conclude, we have shown that a model where host range

is an outcome of the system dynamics can offer a mechanistic

basis for oscillations in host range over evolutionary time, as well

as for the origins of (broad-sense) parasite diversity. We see this as

an important step forward in our understanding of host-associated

diversification processes.
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Figure S1. Outcome of simulations after 1,000 generations.
Figure S2. Scree plot of PCoA on associations between nymphalid genera and plant orders showing the eigenvalues for each axis of the ordination
performed by ordiBreadth.
Figure S3. Directed acyclic graphs of the tested hypothetical cause-effect models of the relationships among taxonomic host range (THR), phylogenetic
host range (PHR), species richness (SP), and adjusted ordinated diet breadth (ODBadj).
Figure S4. Model selection. Weights and p-value for each path model tested.
Figure S5. Linear relationship between resource heterogeneity (ODBadj) and log-transformed species richness for Nymphalidae tribes, with 95%
confidence interval shown as shaded area.
Table S1. Summary of preliminary analysis (Poisson regressions) on the effect of model parameters on species richness.
Table S2. Number of conditional independencies tested (k), p values of the C statistic, number of parameters estimated in each model (q), C statistic
information criterion with correction for small sample sizes (CICc), �CICc, likelihoods (li), and CICc weights (ωi) for the eight path models depicted in
Figure S3.
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