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a  b  s  t  r  a  c  t

Parasitism  can  be a driver  of  species  divergence  and  thereby  significantly  alter  species  formation  pro-
cesses.  While  we  still need  to better  understand  how  parasite-mediated  speciation  functions,  it  is  even
less clear  how  this  process  is affected  by  environmental  change.  Both  rapid  and  gradual  changes  of  the
environment  can  modify  host  immune  responses,  parasite  virulence  and  the specificity  of their  interac-
tions.  They  will  thereby  change  host–parasite  evolutionary  trajectories  and  the potential  for  speciation
in  both  hosts  and  parasites.  Here,  we summarise  mechanisms  of host–parasite  interactions  affecting  spe-
ciation  and subsequently  consider  their  susceptibility  to  environmental  changes.  We  mainly  focus  on
the  effects  of  temperature  change  and  nutrient  input  to ecosystems  as they  are  major  environmental
stressors.  There  is  evidence  for both  disruptive  and  accelerating  effects  of those  pressures  on  speciation
nvironmental change
henotypic plasticity

that  seem  to be context-dependent.  A  prerequisite  for parasite-driven  host  speciation  is that  parasites
significantly  alter  the host’s  Darwinian  fitness.  This  can  rapidly  lead  to  divergent  selection  and  genetic
adaptation;  however,  it is likely  preceded  by more  short-term  plastic  and  transgenerational  effects.  Here,
we  also  consider  how  these  first responses  and  their  susceptibility  to environmental  changes  could  lead
to alterations  of  the species  formation  process  and  may  provide  alternative  pathways  to speciation.
© 2016  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction

Current biodiversity studies focus on species extinction rates
nd how they are amplified by human-mediated environmen-
al change (Thomas et al., 2004; Barnosky et al., 2011). Whether
hanging environments affect the processes that give rise to new
pecies is, however, rarely considered (but see Vonlanthen et al.,
012; Smith et al., 2014; Condamine et al., 2013). Host–parasite

nteractions represent one such evolutionary process. They are
ajor parts of ecosystems and as such vary with ecological set-

ings and environmental change (Lafferty and Kuris, 1999; Lazzaro
nd Little, 2009; Wolinska and King, 2009). Ecological settings
an entail, but are not restricted to, the presence and abundance
f intermediate and final hosts for the different parasite species,
ut also further ecological interactions such as predation or com-
etition. Global change affects individuals, e.g. by affecting the
rade-offs for the host involving immunity and defence strategies
r transmission pathways for the parasite (Schmid-Hempel, 2003;
afferty and Kuris, 2005; Kutzer and Armitage, 2016); the inter-
ction between hosts and parasites (Mostowy and Engelstädter,
011; Budria and Candolin, 2014); and the ecological settings when
ost or parasite community composition or population structure
hange (Lafferty and Kuris, 2005; Buser et al., 2012; Scharsack
t al., 2012; IPCC, 2014) (Fig. 1). The consequences of all these
lterations depend on the specific characteristics of the “disease
riangle” (Stevens, 1960; Budria and Candolin, 2014): (i) the host
orner includes the variation of its life history traits, its immu-
ity (innate and/or acquired) and its abundance; (ii) the parasite
orner comprises its transmission rates, its ability to accomplish
ts life cycle and its virulence. Lastly, (iii) the environment cor-
er represents the ecosystem in which the host and the parasite

ive − and the initial source of change we consider in this review
Fig. 1).

Reciprocal feedbacks between ecological settings and evo-
utionary dynamics are the topic of eco-evolutionary research
Schoener, 2011), and such dynamics may  well play an important
ole in shaping host and parasite evolution through time. How-
ver, as these mechanisms are not yet well understood it would
e too speculative to describe how they may  shape speciation at
his point. We  have therefore excluded eco-evolutionary dynamics
rom further discussion in this review.

For a glossary of key terms see Table 1.

.1. The genetic basis of host–parasite interactions

Classic host–parasite theory describes coevolutionary dynamics
ia mirrored changes in allele frequencies in host and parasite pop-
lations. Two  main scenarios are usually considered (Woolhouse
t al., 2002; Gandon et al., 2008): (i) Arms races are characterised
y recurrent selective sweeps of alleles. Theoretically, those alle-

es can be present in the population at a polymorphic locus or
ould arise from de novo mutations. (ii) Cycling allele frequencies
escribe the maintenance of the same genetic variants by constant
egative frequency-dependent selection. Cycling allele frequencies
ave also been dubbed “Red Queen dynamics” (van Valen, 1973).
n both scenarios, host–parasite interactions promote the mainte-
ance of genetic diversity (either between or within populations)
nd create variation on which natural selection can act (Summers
t al., 2003).
 . . .  . . .  . . .  . .  .  . . . .  . . .  . .  . . .  . . . . .  . . . . .  .  . .  .  . . . .  .  . .  . . .  .  .  .  . .  . . . . .  . . . . .  .  .  .  .  . .  .  .  .  .  .  . 392

1.2. Speciation patterns on fitness landscapes for hosts and
parasites

Speciation depends on the reduction of gene flow between pop-
ulations or incipient species (Coyne and Orr, 2004); if we  think of
different host populations (and reciprocally of different parasite
populations) as occupying specific peaks of an adaptive landscape,
the speciation potential is defined by the distinctiveness of these
peaks and by the potential for gene flow among them. If gene
flow is low enough or at least restricted for key genomic regions
due to divergent selection, local adaptation occurs as selection
can promote traits which increase fitness at one particular peak.
Ultimately, local adaptation can lead to speciation as reproduc-
tive isolation builds up via behavioural barriers and/or via genetic
incompatibilities (Coyne and Orr, 2004). Under which conditions
local adaptation leads to speciation remains an open question, but
strong selective forces like host–parasite interactions are likely
to support this outcome (Summers et al., 2003; Eizaguirre et al.,
2009; Karvonen and Seehausen, 2012). Host–parasite interactions
can alter speciation mechanisms only if they affect Darwinian
fitness, i.e. the reproductive output of the speciating partner,
and thereby change overall selection. Fitness effects are cen-
tral to both arms race and Red Queen dynamics; however, arms
races should lead to faster local adaptation and population diver-
gence.

The fourfold effect of environmental change on hosts, parasites,
their interactions and the ecological community affect local adap-
tation mechanisms in different ways. We  consider two  categories
of change: firstly, environmental change can affect the host or
the parasite individually and change their capacity to track adap-
tive peaks in the fitness landscape (or even mediate a switch to
a different adaptive peak). Secondly, it can affect host–parasite
interactions and the ecological settings, resulting in a change of
the adaptive landscape itself. In the present article, we did not
aim to review the entire literature on how global change affects
host–parasite interactions as excellent reviews (e.g., Harvell et al.,
2002; Lips et al., 2008; Tylianakis et al., 2008; Wolinska and
King, 2009) and models (Mostowy and Engelstädter, 2011; Molnár
et al., 2013) exist. Instead, after a general overview, we focus
on host–parasite interactions and coevolution as fuel for speci-
ation and how these dynamics are modified by environmental
changes.

The focus of the present review is mainly on animal hosts,
with the exception of some experimental coevolution studies,
which have almost exclusively been carried out with bacteria
hosts and phage parasites. We concentrate on the direct effects
of temperature (global warming) and nutrient input to ecosystems
(eutrophication). These two abiotic factors are most widely stud-
ied and known to have strong effects on host–parasite interactions
(e.g., Harvell et al., 2002; Johnson et al., 2007).

2. Environmental change affects disease ecology

2.1. Rising temperatures

Current climate models predict a global average increase of air

temperatures in the range of 1–4 ◦C by 2100 (IPCC, 2014) − a pace
exceeding that of past climatic modifications. Change in temper-
ature is expected to influence species occurrence and distribution
with up to 37% of all extant species “committed to extinction” due
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Fig. 1. Multiple effects of environmental changes on host–parasite interactions. Environmental change can affect parasite and host individuals directly (e.g., through changing
physiological requirements – green arrows). It can alter dynamics in the interaction between the two  species (e.g., by changing specificity of responses − light blue arrow).
Furthermore, it can change the ecological settings in which the interaction takes place, thereby modifying evolutionary trajectories (e.g., through changes in host or parasite
communities − solid yellow arrows). Some, if not all changes in hosts, parasites and their interactions are likely to have repercussions on the surrounding ecosystem (dashed
yellow arrows). As little is known about such host/parasite-related eco-evolutionary processes and their importance, we do not discuss them at length in the present review.

Table 1
Glossary of important terms.

Antagonistic pleiotropic effects Multiple functions of the same gene(s) with opposing fitness effects.
Co-locally adapted gene complexes Groups of genes within the parasite and within the host that are locally adapted, including adaptation to the genes of

their  antagonist.
Divergent selection Divergent selection occurs when two  populations experience different selective pressures, which promote increasing

population differentiation.
Ecological settings All biotic factors outside of the direct host-parasite interaction, i.e. the community ecology of the ecosystem.
Environmental change For the present review, environmental change is defined as changes in abiotic parameters of an ecosystem, such as

temperature or nutrient influx.
Fitness landscape Also called adaptive landscape, a three-dimensional visualisation of the fitness distribution (z axis) across different

trait  combinations (x and y axes), first introduced by Wright (1932).
Genetic assimilation The incorporation of a characteristic, initially occurring due to plasticity, into the genetic makeup of a population such

that it becomes fixed independently of the environmental conditions eliciting the plasticity.
Host–parasite interaction This umbrella term encompasses influences of hosts on parasites, influences of parasites on hosts and mechanisms

that arise from the combination of these mutual influences.
Innate and adaptive immunity The innate immune system includes all immune defence components which are part of the primary response to an

infection, irrespective of prior encounter of the infective agent. The adaptive immune system, alternatively called
acquired immune system, is formally described only in vertebrates and includes all mechanisms which involve
immune memory.

Local adaptation Process whereby selection mediated by local conditions for a population leads to its evolutionary acquisition of traits
that  confer higher fitness under these specific conditions than elsewhere.

 produ
alleng
hen in

t
e
w
2
o
e
t
2

m
K
b
t
e
h
p

Phenotypic plasticity The capacity of one genotype to
Transgenerational immune priming (TGIP) Process whereby an immune ch

such  that it reacts differently w

o climate change (Thomas et al., 2004). Those predictions, how-
ver, do not include species interactions and evolutionary change
hich will significantly alter the fate of species (Dawson et al.,

011; Moritz and Agudo, 2013). It is therefore important to improve
ur understanding of host–parasite interactions and subsequent
volution in response to environmental changes in general and
emperature changes in particular (Harvell et al., 2002; Altizer et al.,
013).

Increases in parasite virulence and transmission rates are the
ost commonly described responses to rising temperatures (e.g.,

utz et al., 2005; Larsen and Mouritsen, 2014). For instance, the
acterial parasite Pasteuria ramosa castrates a much larger propor-

ion of its host Daphnia magna at higher temperatures (Mitchell
t al., 2005). Similarly, the tapeworm Schistocephalus solidus shows
igher growth rates in three-spined sticklebacks at higher tem-
eratures (MacNab and Barber, 2012). This physiological response
ce different phenotypes under different environmental conditions.
e of the parent leads to changes in the immunological makeup of the offspring

 turn presented with the immune challenge.

is accompanied by heat-seeking behaviour in infected sticklebacks
which could have damaging effects on host populations and aquatic
ecosystems (MacNab and Barber, 2012).

So far it has not been directly tested how evolutionary tra-
jectories of host resistance change under elevated temperatures.
However, it has been observed that perch (Perca fluviatilis) living
in an experimental lake have evolved towards increased resis-
tance to the trematode Diplostomum baeri over several years of
warming due to the effluents of a nuclear power plant (Mateos-
Gonzalez et al., 2015). Even though performed in natura and hence
associated with several confounding factors, this study shows
that adaptation to increased water temperature may  also lead to

increased resistance. Several mechanisms can contribute to such
rapid changes: (i) Increased variation in host life history traits upon
parasite exposure at a higher temperature may  reveal genetic vari-
ation in the population and make it available for selection (Schade
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t al., 2014). (ii) Temperature increases can reinforce selection on
mmune genes, thereby accelerating host adaptation (Wegner et al.,
008; Björklund et al., 2015). (iii) Hosts further experience changes

n immune parameters (e.g., immune cell counts, immune gene
xpression) as a response to temperature variation (Lazzaro and
ittle, 2009; Wolinska and King, 2009; Dittmar et al., 2014). As
f yet, it is unclear what these changes translate into, as most
bserved changes are redistributions of investment in different
mmune parameters rather than clear reductions or increases in
mmune response. Even when a clear directional effect is visible,
uch as a reduction in immune cell counts, this does not neces-
arily lead to changes in host–parasite interactions (Landis et al.,
012). Furthermore, host resistance can be improved through plas-
ic effects such as (iv) maternal effects, when mothers stressed by
armer environments produce more resistant offspring (Garbutt

t al., 2014). And finally, (v) host behaviours such as foraging strate-
ies or habitat choice can shift under climate change (e.g. in fish,
raham and Harrod, 2009), interacting with simultaneous effects
f climate change on parasites (Lohmus and Björklund, 2015).

In addition to direct effects on hosts and/or parasites, global
arming can also affect their interactions (Scharsack et al., 2016).

his will be particularly prominent if change in parasite virulence
nd change in host resistance are asynchronous or mismatched. We
redict such effects for systems where both parasite and host fit-
ess are affected. A case in point is the bacterial parasite Pasteuria
amosa which increases spore production at high temperatures in a
enotype-dependent manner and its invertebrate Daphnia magna
ost whose genotypes show variable responses to temperature in

nfection susceptibility and Darwinian fitness (Mitchell et al., 2005;
ale et al., 2008).

Thus, it is clear that integrated studies of temperature stress
ffects on host genotypes and parasite genotypes (G × G × E) are
eeded to understand the net effects of temperature changes
n host–parasite interactions and predict their evolutionary out-
omes. The development of models that integrate environmental
ffects on physiological factors into epidemiology will allow the
road use of future experimental data for more predictive power
Morley and Lewis, 2014; Dobson et al., 2015).

In general, temperature increases tend to reinforce parasite
irulence and selection for host resistance (Scharsack et al.,
016), thereby likely accelerating host–parasite coevolution, either
hrough (recurrent) allele sweeps or Red Queen dynamics. On the
daptive landscape, accelerated rates of coevolution would lead
o more pronounced adaptive peaks and thereby to reduced gene
ow between them. It is important to note, though, that directional
election imposed by global warming is also predicted to be accom-
anied by extreme climatic events and temperature fluctuations
IPCC, 2014). Extreme events may  further support recurrent selec-
ive sweeps. Possible resulting antagonistic pleiotropic effects of
ffected genes are likely to be revealed after the climatic event. Fur-
hermore, fluctuating conditions can favour phenotypic plasticity
s discussed in Section 6 of the present review.

.2. Eutrophication

Anthropogenic eutrophication is a major threat to aquatic
cosystems (Elser et al., 2009; Smith and Schindler, 2009). Eutroph-
cation from urbanisation or agriculture can force a switch between
lternative stable states (Scheffer et al., 2001), modify trophic cas-
ades (Kratina et al., 2012) and reduce biodiversity by, for instance,
nhancing speciation reversal (Vonlanthen et al., 2012).

Under eutrophic conditions, there is an overall tendency for

ncreased parasite virulence and densities, especially for general-
st parasites (Johnson et al., 2010). These effects are often driven
y increased densities of intermediate hosts, effectively changing
arasite life history (McKenzie and Townsend, 2007).
ogy 119 (2016) 384–394 387

On the host side, variation in nutrient levels can force physio-
logical modification as defence mechanisms are traded off against
homeostasis and metabolism. This could either impair or promote
local adaptation of the host: on the one hand, increased nutrient
load may  be associated with relaxed parasite-mediated selection
on the host if susceptible individuals can compensate costs of
immunity and survive long enough to reproduce. Furthermore,
eutrophication can affect host behaviour, including interference
with mate choice due to breakdown of cues, whether visual or olfac-
tory (Budria and Candolin, 2015). One the other hand, insufficient
nutrient supply can impair the specificity of host defences if invest-
ments into defence mechanisms are reduced (Brunner et al., 2014).
Therefore, it seems that species are mostly adapted to an inter-
mediate level of nutrients and those conditions are optimal for the
evolution of local adaptation to parasites. Overall, any environmen-
tal change that will allow the host to reduce trade-offs involving
immunity will be associated with relaxed selection as greater resis-
tance is achieved without evolution. The predictable consequence
of such relaxed selection is the breakdown of local adaptation by
increased gene flow. Mathematical models show that the net effect
of eutrophication on a host–parasite system will depend largely
on the ability of the host to utilise the additional nutrients for its
immune defence (Becker and Hall, 2014; Becker et al., 2015).

An increase in nutrient availability can also affect the specificity
or type of host–parasite interactions (e.g., bumblebees/Crithida:
Sadd, 2011; bacteria/phages: Lopez Pascua et al., 2014) and increase
heterogeneity of infection outcomes between individuals and loca-
tions (Johnson et al., 2010; Becker et al., 2015). Productivity of
natural systems often varies throughout the year and the sea-
sons, which alters the effective strength of selection (Smith and
Schindler, 2009). Fluctuating productivity can constrain coevolu-
tion when fluctuation frequency is faster than selective sweeps
as shown in experimental coevolution of bacteria and phages
(Harrison et al., 2013). This suggests that seasonal variation or
recurring spikes of nutrients may  disrupt the potential for local
adaptation inherent to host–parasite interactions.

3. Influences of host–parasite interactions on parasite
speciation

Mechanisms of parasite speciation still remain poorly under-
stood as most studies concentrate on the ecological effects and
macroevolutionary patterns while focusing relatively less on
microevolutionary mechanisms (Huyse et al., 2005; Poulin and
Morand, 2000). This is surprising given that parasites are likely the
most abundant life form on Earth and major ecosystem compo-
nents (Windsor, 1998; Kuris et al., 2008). They are even thought to
represent the lifestyle most likely to involve population subdivi-
sion and subsequent speciation (Price, 1980). There are two major
hypotheses for parasite speciation: speciation by cospeciation with
their host and speciation by host switching (e.g., Littlewood et al.,
1997; Huyse et al., 2005).

3.1. Parasite speciation by cospeciation

As parasites depend on the survival of hosts and their evo-
lution, they are considered likely to cospeciate with their host
(Fahrenholz’s rule; Eichler, 1948). Cospeciation is even assumed to
be the default evolutionary outcome of parasitism (Johnson et al.,
2003). Cospeciation rates seem to be linked to the degree of spe-
cialisation (Thompson, 1994): a strong association between host

and parasite combined with the inability of the parasite to sur-
vive on different hosts due to specialisation will prevent gene flow
among parasite populations. Clear examples for recurrent cospe-
ciation, reflected in matching parasite and host phylogenies, come
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rom systems with a very strict host–parasite association. Exam-
les include pocket gophers (Geomyidae) and their chewing lice
arasites (Trichodectidae) or marine teleost fishes and copepod
arasites of the genus Chondracanthus (Hafner and Page, 1995;
aterson and Poulin, 1999).

.2. Parasite speciation by host switching

Speciation by host switching is akin to the colonisation of a new
abitat (in this case a new host species) and is likely promoted
y environmental changes (Hoberg and Brooks, 2008). Monoge-
ean parasites are probably the best example for speciation with

 high rate of host switching (Bakke et al., 2002). Molecular data
how that sister species of the Gyrodactylus genus often live on
ery distantly related fish hosts, a pattern typical for speciation by
ost switching (Cable et al., 1999). Similarly, morphology-based
hylogenies found discrepancies between host and parasite phy-

ogenies, pointing towards host switching as the origin of some
ajor gyrodactylid lineages (Malmberg, 1998). Speciation of gyro-

actylids is often referred to as “adaptive radiation” with host
witches as key innovations, broadening the niche spectrum and
ncreasing evolutionary potential (Zietara and Lumme, 2002). Sim-
lar to cospeciation, tight association between hosts and parasites
s a decisive factor for speciation upon host switching (Zietara and
umme, 2002).

.3. Within-host speciation and hybridisation

In addition to the classic routes of co-speciation and host
witching, parasite speciation may  be explained by further mecha-
isms like within-host speciation (De Meeûs et al., 1998; Poulin
nd Morand, 2000). One example is the recently uncovered
adiation of the monogenean genus Cichlidogyrus. Those ecto-
arasites show strong specificity for their cichlid hosts and have

ittle opportunity for ecological transfer due to their hosts’ low
ispersal rates (Grégoir et al., 2015). Furthermore, the topology-
ased phylogeny and the monophyly of associated hosts suggest
n important role for within-host speciation (Vanhove et al.,
015).

The presence of several parasite species on a host may  also pro-
ote hybridisation amongst parasite species (Johnson et al., 2003;

ing et al., 2015). In a study on Schistocephalus solidus,  a cestode
arasite of the three-spined stickleback (Gasterosteus aculeatus),
nd Schistocephalus pongitii, a related parasite of the nine-spined
tickleback (Pungitius pungitius), Henrich et al. (2013) showed that
ybrid worms can infect both fish types while pure lines are host-
pecific. Different long-term evolutionary scenarios could arise
rom this: hybridisation could provide a mechanism to expand
ost range when host abundance declines and thereby promote
arasite speciation if subsequent gene flow is reduced. If hybridi-
ation does not increase the parasite’s host range beyond the two
nitial hosts, however, the two parasite species could even merge
nto one and the evolutionary outcome would be reverse specia-
ion.

So the question is, when should parasite speciation be expected?
s the best overall predictor, increased host specialisation will
arrow the adaptive peaks for each parasite population and there-

ore promote local adaptation and decrease gene flow, favouring
he emergence of co-locally adapted gene complexes and species
Summers et al., 2003; Greischar and Koskella, 2007). Specialising

arasites should therefore be more likely to speciate than gener-
list parasites (Johnson et al., 2003), and shifts of parasites along
he generalist–specialist continuum may  be the key to changes in
peciation potential.
ogy 119 (2016) 384–394

4. Influences of host–parasite interactions on host
speciation

Parasites were recognised as a major evolutionary force more
than 60 years ago and research efforts to understand their con-
tribution to host evolution have increased ever since (Haldane,
1949; Schmid-Hempel, 2011). Nowadays, they are seen as “agents
promoting diversity” (Summers et al., 2003), supporting the main-
tenance of genetic variation via mechanisms such as coevolutionary
arms races, cycling allele frequencies and by selecting for the main-
tenance of sexual reproduction (Hamilton and Zuk, 1982; Hamilton
et al., 1990; Milinski, 2006) (see Table 2 for a historic overview of
host speciation research).

Even though parasites have long been associated with pop-
ulation divergence and the maintenance of genetic diversity in
their host (Buckling and Rainey, 2002; Summers et al., 2003), their
potential to contribute to speciation processes has only recently
been conceptualised (Eizaguirre et al., 2009; Eizaguirre and Lenz,
2010; Karvonen and Seehausen, 2012; Thornhill and Fincher, 2013).
These conceptual studies propose multiple, not mutually exclusive
selective mechanisms − all relying on local differences in parasite
communities. Notably, the concepts available to date were mostly
developed for vertebrate hosts, and corresponding mechanisms
remain to be studied for invertebrate hosts.

4.1. Speciation via “magic traits”

Magic traits have been defined as “a trait subject to diver-
gent selection and a trait contributing to non-random mating that
are pleiotropic expressions of the same gene(s)” (Gavrilets, 2004;
Servedio et al., 2011). Pleiotropy in the context of a magic trait refers
to linked phenotypic effects under both natural and sexual selec-
tion, rather than necessarily to two  distinguishable phenotypic
traits (Servedio et al., 2011).

The genes of the major histocompatibility complex (MHC)
have been proposed to encode for an automatic magic trait in
jawed vertebrates (Eizaguirre et al., 2009) as they are under
direct parasite-mediated selection (Eizaguirre et al., 2012a) and
are strongly involved in mate choice (Reusch et al., 2001; Milinski
et al., 2005; Eizaguirre et al., 2011). Here, parasite resistance will
vary due to (i) contrasting parasite communities between host
habitats/niches; (ii) large genetic diversity existing at the MHC
in the host population (reviewed in Piertney and Oliver, 2006;
Spurgin and Richardson, 2010) and (iii) local adaptation of the MHC
(Eizaguirre et al., 2012b). When MHC  alleles are critical for parasite
resistance, hybrids have suboptimal fitness (Milinski et al., 2005),
and if mate choice is at least partly based on MHC  genotypes, this
magic trait can channel speciation (Eizaguirre and Lenz, 2010).

Even though evidence, mainly from fish systems (e.g., stickle-
back, whitefish), has accumulated, it remains an open question at
which point selection that favours the maintenance of MHC  diver-
sity will select for assortative mating (Nuismer et al., 2008) and
hence significantly contribute to speciation. Several studies have
shown that populations of vertebrate species can differ in their
MHC  allele pools even when no one would consider them distinct
species (birds: Bonneaud et al., 2006; newts: Babik et al., 2008; fish:
Tobler et al., 2014). Future studies will have to focus on understand-
ing exactly when an MHC-related adaptive peak switch promotes
speciation.

4.2. Speciation via behavioural differentiation
(“parasite-driven-wedge model”)
Behaviours can significantly contribute to speciation as exem-
plified by mate choice (e.g., Boughman, 2001). Interestingly, there
also exist numerous behaviours that are part of host defence.



F.S. Brunner, C. Eizaguirre / Zoology 119 (2016) 384–394 389

Table  2
Major theoretical proposals and experimental evidence of parasite-mediated host speciation.

Study type Main conclusion Proposed speciation mechanism Reference

Theory
Mathematical model

Parasite pressure should accelerate
host evolution and promote population
divergence by selecting for resistant
genotypes.
Close association of host and parasite
species should lead to antagonistic
cycling of population densities.

Parasite-mediated host population
divergence.
Change in population density opens up
niches for speciation.

Haldane, 1949

Experiment Parasite pressure promotes host
diversification in allopatry and limits it
in  sympatry.

Parasite-mediated host population
divergence

Buckling and Rainey, 2002

Review Lack of empirical evidence for host
speciation.
Host speciation should be favoured
when host is ahead in coevolutionary
arms race.

Local adaptation of host can
promote population
divergence.

Summers et al., 2003

Mathematical model Assortative mating can evolve from
host–parasite interaction in a matching
allele mode of resistance.

Assortative mating can
promote population
divergence in host parasite
coevolution.

Nuismer et al., 2008

Meta-analysis
Theoretical approach

Language diversity (behavioural barrier) is
correlated with parasite diversity.
Parasites can promote host speciation through
selection for assortative sociality and
philopatry (behavioural barriers).

Parasite-driven-wedge model. Fincher and Thornhill, 2008

Mathematical model MHC genes underlie a magic trait
involved in both natural and sexual
modes of selection.

MHC  as magic trait.
Reduced hybrid/migrant fitness.

Eizaguirre et al., 2009

Review Parasites may  counteract biodiversity
increase by preventing secondary
contact of sister taxa.

Parasites depress
diversification by
preventing
secondary
contact.

Ricklefs, 2010

Review Multiple parasite-mediated selection
mechanisms can support ecological
speciation.

Host local adaptation as basis of
population divergence.
MHC  encodes a magic trait.

Eizaguirre and Lenz, 2010

Mathematical model Antagonistic coevolution of hosts and
parasites can promote phenotypic
diversification.

Host–parasite coevolution can support
diversification across a
metapopulation.

Yoder and Nuismer, 2010

Review Many case studies show parasites’
contribution to divergence via three
mechanisms but integration with
general theory of ecological speciation
still missing.

Magic trait (assortative mating by
pleiotropy).
Ecology-based sexual selection
(parasite-driven-wedge).
Reduced hybrid/immigrant fitness.

Karvonen and Seehausen, 2012

Review The broad spectrum of host defence
mechanisms represents a major part of
animal diversity and immunological
divergence helps explain
macroevolutionary divides.

Multiple, including MHC encoding a
magic trait and parasite-driven-wedge.

Loker, 2012

Experiment MHC  genotypes are locally adapted
both in allelic diversity and specificity.

Local adaptation of adaptive immunity. Eizaguirre et al., 2012b

Experiment Reproductive isolation is greater after Coevolution accelerates population Bérénos et al., 2012
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coevolution with parasite compared to
evolution without parasite.

hey can be divided into pre-infection defences, such as avoid-
nce of locations with high parasite prevalence, and post-infection
efences, such as grooming behaviour (Schmid-Hempel, 2011).
hese defences will differ between host populations according to
heir parasite communities and should therefore be locally adapted.
esides localised behavioural defence syndromes, differences in
arasite communities should promote local assortative social-

ty as an anti-contagion behaviour (Fincher and Thornhill, 2008).
fter these behaviours become correlated through linkage of their
enetic basis, they can reinforce each other, which is described as

 behavioural “wedge” (Thornhill and Fincher, 2013). Wedges pro-
ote population segregation and ultimately divergence (parasite-

riven-wedge model by Thornhill and Fincher, 2013). While the

ocus of this model is on host behaviour rather than host genet-
cs, the basis of both the magic trait and the parasite-driven-wedge

odels is the combination of natural and sexual selection. They
divergence.

do not appear to be mutually exclusive and may  even be acting
synergistically.

4.3. Theory gaps for parasite-mediated host speciation

Many as yet unexplored aspects of selection through parasite
pressure could contribute to host speciation (Summers et al., 2003).
Especially the onset of population divergence by parasite influ-
ence remains to be explained (Eizaguirre and Lenz, 2010; Karvonen
and Seehausen, 2012). While it is clear that speciation potential
depends to a large extent on the interaction mechanisms between
host and parasite (Summers et al., 2003), which specific parame-

ters define the speciation potential remains to be investigated. In
fact, an important next step in research on parasite-driven specia-
tion will be to characterise combinations of the different variables
which are important for local adaptation of hosts to their parasites
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gene flow, generation time, population size etc.) and the rise of
eproductive isolation from that local adaptation.

This next step in research also relates to the remaining conun-
rum that parasites have a double potential of promoting both
he maintenance of polymorphism within a host population and
he divergence between host populations (Haldane, 1949). Ample
vidence for both mechanisms has been collected since Haldane’s
imes (Schmid-Hempel, 2011) but how they are balanced and how
nvironmental conditions may  favour one over the other remains
n open question.

Lastly, plasticity effects and epigenetic inheritance are just now
n the process of being integrated into evolutionary theory in gen-
ral and into host–parasite theory in particular (Mason, 2015;
onaka et al., 2015; Vilcinskas, 2016). We  present some potential
onstraints and contributions of plasticity to host/parasite-related
peciation mechanisms in Section 6.

. How can environmental change interact with
ost–parasite interactions in their effect on speciation
ynamics?

.1. Individual-based effects

Several studies have shown that, following environmental
hange, parasites tend to be ahead in the arms race with their hosts,
t least immediately after a temperature increase or eutrophica-
ion event (Mitchell et al., 2005; Johnson et al., 2010; MacNab and
arber, 2012; Scharsack et al., 2016). However, increased resistance
s a by-product of adaptation to a warming environment illustrates
hat hosts may  also benefit from increased temperatures (Mateos-
onzalez et al., 2015). Such effects, whether increased virulence of

he parasite or increased resistance of the host, are typical for arms
ace dynamics and should accelerate progress towards speciation
f slight differences between populations lead to different evolu-
ionary trajectories. These individual effects represent the capacity
f hosts and parasites to track adaptive peaks of their respective
tness landscape.

In relation to behavioural mechanisms, environmental change
an result in relaxed selection on mate choice: for instance,
utrophication decreases visibility in aquatic habitats and invest-
ent of male three-spined sticklebacks in nuptial colouration

ecomes maladaptive as it is costly but does not lead to increased
ating success anymore (Candolin et al., 2007). Relaxed selection
ay  allow more infected individuals to reproduce as females can-

ot detect parasitised males based on nuptial colour (Candolin et al.,
014). Many systems also rely on olfactory cues (Milinski, 2014),
hich may  be damaged under eutrophication and increased pH

Candolin et al., 2014). Altogether, this may  result in the main-
enance of susceptibility alleles in the population and may  break
own the process of local adaptation. Since mate choice is central to
oth major theories of parasite-mediated host speciation, relaxed
exual selection has the potential to strongly disrupt the progress
owards speciation.

.2. Change in host–parasite interactions and ecological settings

The potential of environmental change to interfere with fine-
uned host–parasite specificity could be particularly problematic
or speciation. If coevolutionary dynamics, which promote local
daptation, are part of the basis of ongoing speciation, disruption
f these mechanisms would hinder the progress towards diver-

ence. To date, evidence for such disruption (i.e. G × G × E effects)
omes exclusively from studies focusing on one host generation
e.g., Sadd, 2011; Tack et al., 2015). It remains therefore unclear
hether specificity in those interactions can be rebuilt over evolu-
ogy 119 (2016) 384–394

tionary time under the new environmental conditions. If parasite
virulence or host resistance increase as a response to environ-
mental changes, this should promote the evolution of renewed
local adaptation and therefore specificity of host–parasite inter-
actions. Using mathematical models, Mostowy and Engelstädter
(2011) found potential for environmental change to either disrupt
or promote classic Red Queen dynamics depending on the genetic
basis of host–parasite specificity affected by the environmental
change.

Modifications of species distributions and assemblages are one
of the major consequences of climate change (IPCC, 2014) that will
affect host–parasite interactions. Environmental stress can increase
parasite numbers if it promotes host susceptibility or increases
host density and thereby also transmission potential (Lafferty and
Kuris, 2005). Reversely, parasite numbers can decrease if the par-
asite is more affected by the environmental change than the host
and has a reduced infection potential (Lafferty and Kuris, 2005).
This leads to changes in parasite communities and dynamics, alter-
ing the selection pressures they exert on their host populations. If
these effects differ locally and lead to increasingly distinct para-
site communities of different host populations, this could support
parasite-driven host speciation either via magic traits or by the
parasite-driven-wedge model. Such divergence of parasite com-
munities would correspond to a divergence of adaptive peaks in
the fitness landscape, thereby promoting divergence of the host
populations and reducing gene flow between them as they track
these adaptive peaks.

Reciprocally, modifications of host communities could increase
opportunities for parasite speciation via host switches. This is based
on increased niche opportunities when the original host’s distri-
bution range expands or shifts and contact with potential new
hosts is increased. Host switches and subsequent parasite spe-
ciation are further promoted by ecological fitting, the principle
by which a species persists in whichever habitat (in this case on
whichever host) is suitable for its survival (Janzen, 1985). The most
recent evidence from parasite phylogenies suggests that ecolog-
ical fitting opportunities are very frequent, supporting the view
that host switches are a major part of parasite diversification,
especially in changing environments (Hoberg and Brooks, 2008,
2015).

From the perspective of a parasite’s fitness landscape, environ-
mental change may  (i) bring adaptive peaks (representing different
host species) closer together, thereby facilitating switches to a new
peak by part of the population, followed by local adaptation of each
resulting subpopulation, but also (ii) create new peaks with more
species becoming potential hosts suitable for ecological fitting of
the parasite. In the latter case, previously maladaptive alleles may
become beneficial under global change.

5.3. When does environmental change promote host or parasite
speciation?

While most research on parasites and global change is con-
cerned with epidemics and their link to extinction risks, there may
also be potential for speciation. Parasites’ diversification potential
may  be aided by ecological fitting in response to environmental
change. This could further drive diversification in their hosts as
parasite communities diverge between populations and thereby
increase divergent selection. However, this potential is contin-
gent on host species surviving the environmental change and
retaining some evolutionary potential (i.e., genetic diversity). Rapid
evolutionary dynamics of host–parasite systems in changing envi-

ronments are therefore a double-edged sword for biodiversity
conservation: they can support host genetic diversity (existing and
arising) and thereby buffer the effects of environmental change
and even support, in some cases, the formation of new species.
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t the same time, environmental change can favour disease out-
reaks which will threaten host populations and species, especially

f stress is exacerbated by the need for physiological adaptation to
he new environment (Altizer et al., 2003, 2013). Ultimately, this
ould increase extinction rates.

Global change is predicted to increase frequencies of extreme
vents (IPCC, 2014), which could have different effects on evolu-
ionary trajectories of host–parasite interactions: one rapid shift
r gradual change in the environment should lead to continuous
election in a predictable direction likely reinforcing selection in
he host–parasite interaction (Fig. 2b), whereas multiple changes in
he environment would repeatedly alter the defence–exploitation
alance of host–parasite interactions. We  propose two possible
volutionary outcomes for recurrent changes based on fitness land-
cape modifications. Firstly, the need for hosts and parasites to
eadapt to moving adaptive peaks over and over could promote
opulation divergence as these recurrent events of strong selec-
ion would promote local adaptation, through recurrent sweeps,
ith varying evolutionary trajectories in varying habitats/niches

Fig. 2c). This outcome is likely if the events of environmental
hange are separated by enough evolutionary time (i.e., at least
ne generation turnover of host and parasite each) to allow the
tness landscape to change. Importantly, this reinforcement sce-
ario relies on the assumption that coevolution and adaptation to a
hanging environment are synchronous or overlapping. The second
cenario would see an increase in phenotypic plasticity as adap-
ive peaks keep moving and the ability of individuals to deal with
ifferent environmental conditions in one lifetime is promoted by
election (Fig. 2d). This is likely to happen if multiple changes hap-
en within one generation of the host or parasite. In particular,
uch a rapidly changing environment may  create variable costs of
arasitism that prevent a continuous selection for specific defence
echanisms (Sandland and Minchella, 2003) and thereby disrupt

ost speciation. However, other speciation mechanisms may  come
nto play through the rise of plasticity related to parasitism.

. Future challenges of host–parasite research: plasticity,
ransgenerational immune priming and adaptive evolution
n changing environments

In this section, we concentrate on the role of plasticity (in all
ts guises) on host speciation, as the parasite literature provides
ewer examples − even though phenotypic plasticity is certainly
n important characteristic of generalist parasites (Leggett et al.,
013). Many plastic responses of hosts to parasites are known for
hich the underlying genetic basis remains unclear. Phenotypic
lasticity is increasingly recognised as an important mechanism
ith multiple, sometimes antagonistic, roles in ecological spe-

iation (Pfennig et al., 2010; Thibert-Plante and Hendry, 2011;
itzpatrick, 2012). The extent of phenotypic plasticity in a given
rait can be described by the “reaction norm”, which is the relation-
hip between the phenotypic trait and an environmental variable
or a given genotype.

As we have pointed out, fluctuating environmental conditions
ould be a major risk for host speciation. But what if the trajectories
o speciation were to start with plastic differentiation, with genetic
ssimilation and differentiation to occur later in the speciation pro-
ess? Phenotypic plasticity can be predictive of adaptive change,
specially under fluctuating conditions (Schaum and Collins, 2014).

 study by Draghi and Whitlock (2012) using a gene network model
uggests that plastic populations tend to have higher mutational

nd standing genetic variance. This shows that at least under some
onditions, plastic responses to new combinations of parasites and
nvironmental conditions could promote adaptive evolution, pro-
ided the plastic effects are heritable to some extent.
ogy 119 (2016) 384–394 391

Transgenerational immune priming (TGIP) is an example of
plastic effects spanning generations (Poulin and Thomas, 2008).
TGIP can provide advantages through immune memory and/or
increased tolerance of parasitism (e.g., Roth et al., 2012; Kaufmann
et al., 2014) but it can also impose costs such as delayed sexual
maturity (Beemelmanns and Roth, 2016). Such effects are likely
mediated by shifts in epigenetic markers which lead to repro-
grammed transcription in the next host generation (Beemelmanns
and Roth, 2016; Vilcinskas, 2016). Overall, it is clear that TGIP could
play a major role in parasite-driven speciation, especially in chang-
ing environments, as it provides a heritability mechanism for plastic
responses to new selection regimes.

A related mechanism of plasticity is gene regulation. Gene
expression shows evolutionary signatures of rapid and local adap-
tation to parasite communities (Lenz et al., 2013; Lenz, 2015) and
can mediate specificity in responses to different parasite geno-
types (Haase et al., 2016). Stutz et al. (2015) recently showed that
within four months, target gene expression profiles of three-spined
sticklebacks transplanted between different lakes became more
similar to resident fish than fish from their population of origin. This
is likely due to the differences in parasite communities between
lakes and illustrates the importance of gene expression as a fast
acclimation mechanism to local parasite communities. However,
expression profiles are also part of the adaptive process as their
genetic basis evolves towards expression profiles fine-tuned to
local parasite strains (Haase et al., 2016). These antagonistic drivers
of gene expression profiles steer the evolution of expression plastic-
ity, i.e. the change of reaction norms over time. It is also important
to note that, unlike other pressures, the molecular response to
parasitism is often mediated, at least for the adaptive immune sys-
tem, by key/lock-like systems (Janeway et al., 2001). Even when
gene expression levels of individuals from different populations
are similar when experiencing the same parasite community, the
resulting effects may be different if parasite-derived antigens are
poorly recognised, for instance, by MHC  molecules. Hence an adap-
tive immune response will be characterised by the alleles (which
have a genetic basis only) and the expression level of the genes
(which can have a genetic and/or a plastic basis) together.

Global change will elicit both adaptive and maladaptive plas-
ticity. Adaptive plasticity may  support parasite-driven population
divergence but take longer to be fixed in the genome as it
decreases selective pressure on the genetic basis of the plastic traits
(Ghalambor et al., 2007). The more accommodation of environmen-
tal change depends on plasticity, the more genetic fixation of traits
will depend on genetic assimilation. The rise of genetic incom-
patibilities may  then provide the basis for reproductive isolation
(Kaufmann et al., 2015). Counterintuitively, maladaptive plasticity
can facilitate adaptive evolution at the genetic basis as it increases
the strength of natural selection by moving phenotypes further
away from the local optimum (Ghalambor et al., 2015). While
the study by Ghalambor and coworkers investigated responses to
predation, similar effects can be predicted when environmental
change and parasitism cause the maladaptive plasticity. Adaptive
plasticity therefore facilitates fast acclimation to a new environ-
ment whereas maladaptive plasticity will promote the speed of
adaptive evolution of the genetic basis. Altogether, this array of
plasticity effects is likely to facilitate parasite-mediated speciation
in changing environments, particularly when it acts in concert with
adaptation at the sequence level.

7. Concluding remarks
Overall, environmental change can clearly affect host/parasite-
mediated speciation. It seems that besides the widely acknowl-
edged increase in species extinction rates, environmental change
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Fig. 2. Fitness landscapes and local adaptation under different dynamics of environmental change. Fitness landscapes are shown both as contour plots with mean phenotypes
of  two populations (A and B) and as perspective plots to illustrate fitness peaks. (a) Upon a change in the environment, average phenotypes will differ due to phenotypic
plasticity. In this example, adaptive plasticity brings the population means closer to the new fitness peaks, thereby increasing average fitness in the populations. (b) If the
environment remains stable after the initial change, adaptive evolution will drive the phenotypic population means (A and B) towards the optimal fitness peaks over time. (c)
If  environmental conditions fluctuate, but at a frequency allowing evolutionary change in the populations before conditions are reversed, the fitness landscape has changed
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ue  to evolution when conditions revert and phenotypic population means will ap
t  a higher frequency, the fitness landscapes (a) and (d) will recur with every envir
onditions revert again. In this scenario, the net evolutionary effect will be selection
tates  have a selective advantage. These fitness landscapes are a thought experimen

ay  also lead to increased speciation rates under given circum-
tances. One reinforced speciation driver may  be host–parasite
nteractions. Much further research is required to determine

hether this will result in a generally increased turnover of species
r if one of these mechanisms strongly outweighs the other. Two of
he most pressing questions regarding host/parasite-mediated spe-
iation are: what are the conditions promoting speciation over the
aintenance of polymorphism and what is the role of plasticity in

peciation, particularly under rapidly changing environmental con-
itions? From the literature to date, it appears that the responses
o those questions will be system-specific, i.e. context- dependent,
nd the more studies will be conducted on this topic, the more
redictive power will be gained.
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