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ABSTRACT
Human activities are changing the natural world at an accelerating pace, and as a consequence exerting novel and often strong 
selection pressures on living organisms. For species with traits conferring huge inherent evolutionary potential, like parasites, 
the outcome may be rapid adaptive responses spanning multiple phenotypic traits. The rise of drug resistance in parasites of 
domesticated animals is well documented; however, rapid changes in other key parasite traits may go unnoticed. In this con-
tribution to the Scientists' Warning series, we argue that parasites are capable of evolving quickly to meet the new pressures of 
the Anthropocene. After summarizing evidence demonstrating their ability to evolve quickly and the magnitude of the anthro-
pogenic selection pressures they now face, we discuss the basic types of adaptive responses we might expect. Next, we propose 
methods to track rapid parasite evolution in real time, as well as possible approaches to either slow it down or mitigate its impact 
on animal production systems. Our aim is to raise awareness of this concerning but underappreciated phenomenon and appeal 
for greater research into rapid parasite evolution in the Anthropocene and its consequences.

1   |   Introduction

We live under unprecedented conditions of our own making. 
The Anthropocene may not be formally recognized as a new 
geological epoch (Witze 2024), but it is no less real for the living 
world. Although its exact start date is a matter of debate, with 
proposals ranging from the advent of the Industrial Revolution 
to the mid-twentieth century, we are now well and truly into a 
period of significant human impacts on the Earth's ecosystems 
(Zalasiewicz et al. 2011; Lewis and Maslin 2015; Steffen 2021). 
A key feature of this new period is the “Great Acceleration” in 
human activities, from population growth and tourism to energy 

use and industrial production, often captured in dramatic graphs 
characterized by exponentially rising curves as a function of 
time (Steffen et  al.  2015). The impacts on environments and 
biota have been well documented, including habitat destruction, 
global climate change, pollution, and biodiversity loss (Grimm 
et al. 2013; Young et al. 2016; He and Silliman 2019; Ceballos 
et al. 2020; Wagner et al. 2021; Exposito-Alonso et al. 2022).

These impacts extend beyond the dynamics of populations and 
communities in ecological time; they also affect organisms in 
evolutionary time. In some cases, such as domesticated species 
subjected to selective breeding and synanthropic species that 
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live in close association with humans around the world, the evo-
lutionary landscape has changed well before industrialization. 
In contrast, current anthropogenic activities exert strong selec-
tive pressures on all living organisms and have already resulted 
in measurable evolutionary changes (Palumbi  2001; Hendry 
et  al.  2017; Pelletier and Coltman  2018; Catullo et  al.  2019; 
Baltazar-Soares et al. 2021). The textbook example of industrial 
melanism, involving changes in wing color in British popula-
tions of peppered moth, Biston betularia, was only the start. 
Driven by frequency-dependent selection from avian preda-
tors, alleles associated with dark wings spread quickly as pol-
lution darkened the tree trunks on which the moths spend the 
day (Cook and Saccheri 2013). Other examples of evolutionary 
changes occurring in just a few generations include reductions 
in age at maturity and adult body sizes in fish populations 
under intensive fishing (Law  2007; Allendorf and Hard  2009; 
Therkildsen et al. 2019), the decrease in horn sizes of male big-
horn sheep in response to selective targeting by trophy hunters 
(Coltman et al. 2003), and shifts in color mimicry in stoneflies 
following deforestation (Ni et al. 2025).

More concerning, human-induced evolution is coming back 
to haunt us with a vengeance. The widespread use of insecti-
cides against agricultural pests has quickly been followed by the 
spread of insecticide resistance in multiple insect species, threat-
ening the sustainability of crop yields (Mallet  1989; Hawkins 
et  al.  2018). Similarly, and predictably, the indiscriminate use 
of antibiotics and anthelmintics has resulted, respectively, in 
the evolution of superbugs, that is, pathogenic bacteria resis-
tant to most of our chemical arsenal against them (Davies and 
Davies 2010; Bottery et al. 2021), and parasitic worms in live-
stock no longer susceptible to treatment (Kaplan 2004; Sangster 
et al. 2018). The impact of anthropogenic pressures is not limited 
to pathogens and parasites of humans and domesticated ani-
mals, they may also drive evolutionary changes in those infect-
ing wild animals (Poulin et al. 2024).

Our focus here is on parasites in general, and more specifically 
on traits that usually fly under the radar. While most attention 
has been directed at resistance in the face of continued drug 
treatment, multiple other traits of parasites, ranging from repro-
ductive strategies to virulence, are also under new and intense 
selection. Any sustained modification to the conditions under 
which parasites are transmitted and exploit their hosts that af-
fect their fitness will select for adaptive adjustments. Multiple 
anthropogenic activities affect the survival of parasite infective 
stages outside their host, their transmission success to hosts, 
their lifespan within hosts, or their reproductive rate. All of these 
select for changes to parasite life history traits. Earlier reviews 
drew attention to the novel sources of selection acting on para-
sites in the Anthropocene (Lebarbenchon et al. 2008; Mennerat 
et al. 2010; Cable et al. 2017; Poulin et al. 2024). Here, we want 
to emphasize the speed at which parasites are evolving and raise 
awareness of the many ways in which parasites are fast chang-
ing in response to what we do. More importantly, beyond simply 
sounding the alarm, we go one step beyond and offer some of 
the first possible solutions for the mitigation of this rapid evolu-
tion and its consequences. We first provide evidence that para-
site evolution can be very rapid, and that the selective pressures 
exerted by human activities have significant fitness impacts for 
parasites. We then discuss the types of evolutionary changes we 

might expect in parasite populations as the Anthropocene pro-
gresses. Finally, we end by summarizing various approaches to 
monitor and quantify these changes, and we propose a few strat-
egies to limit the magnitude and consequences of rapid parasite 
evolution. Our goal is to draw attention to this underappreciated 
phenomenon, highlight the threats it poses, and encourage fur-
ther efforts to consider what we might do about it.

2   |   Parasites Can Evolve Rapidly

Generally speaking, in addition to being driven by an arms race 
with their coevolving hosts, parasites possess two key traits that 
can facilitate rapid evolution: short generation times combined 
with high fecundity relative to their body size. In some parasites, 
such as trematodes, both genomic architecture (Cwiklinski 
et al. 2015) and standing genetic variability within populations 
(Koehler et al. 2011; Berkhout et al. 2014) also provide the raw 
material for rapid evolution. The response of parasite traits to 
directional selection depends not only on their contribution to 
fitness but also on the genetic mechanisms underpinning their 
expression and their heritability. Qualitative traits, such as an-
thelmintic resistance, often depend on one or very few genes, 
whereas quantitative traits such as body size and other life his-
tory traits are determined by the small but additive effects of 
many genes (Falconer and Mackay 1996; Maynard Smith 1998). 
Although specific information for parasites is generally lacking, 
heritability of traits, that is, how much of their variation within a 
population is explained by genetic differences rather than envi-
ronmental effects, is generally greater for qualitative than quan-
titative traits (Mousseau and Roff  1987). Nevertheless, under 
strong enough selection, we might expect any trait to respond 
quickly.

Unplanned, “natural” experiments gone wrong, such as the reg-
ular and continued use of anthelmintic drugs against helminths 
(Kaplan 2004; Sangster et al. 2018), have clearly demonstrated the 
evolutionary potential of parasites. There are at least two other 
sources of evidence that parasite traits other than drug resistance 
can evolve very rapidly under new selective pressures. First, con-
trolled experiments in which parasite populations are subjected to 
particular selection pressures, or in which certain traits are prefer-
entially selected by the researchers, provide estimates of the speed 
of evolution (Kawecki et  al.  2012). Serial passage experiments 
have been particularly revealing (Ebert  1998). In these studies, 
researchers manually transmit parasites from host to host over 
several generations. Typically, the virulence of parasites, that is, 
the rate at which they exploit host resources and the associated 
reduction in host fitness, increases rapidly, often after fewer than 
10 passages or parasite generations. The evolution of virulence is 
constrained by a trade-off: higher virulence results in a greater 
rate of parasite reproduction, but shortens host lifespan and thus 
the window of time over which the parasite can transmit (Franz 
et al. 2025). Transmission ensured by the researchers uncouples 
parasite virulence from host survival, allowing the more virulent 
parasite genotypes to prosper. Experimental evolution studies have 
demonstrated that multiple other parasite traits can also respond 
very quickly to novel and sustained selection regimes (Table 1). To 
a certain extent, these rapid shifts in mean trait values in experi-
mental parasite populations could reflect phenotypic plasticity or 
epigenetic processes rather than genetic changes. However, the 
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former are often the precursor of the latter (Pfennig et al. 2010), 
and therefore the distinction may not matter in this context. 
Interestingly, selection experiments over 20 or more generations 
often fail to modify the original host preference of parasites and/
or their performance on novel hosts (Jaenike and Dombeck 1998; 
Gemmill et al. 2000; Lievens et al. 2020), suggesting that host spec-
ificity may show less heritable variation than other traits.

Second, the long-term maintenance of parasite populations in 
laboratory cultures, closed to immigration of new individuals 
and kept under artificial conditions to serve as a ready source 
of experimental material, can also lead to rapid and usually un-
wanted evolutionary changes due to altered selective pressures 
and reduced genetic variation. This manifests as genetic and/
or phenotypic divergence between wild and laboratory popu-
lations, or among different laboratory populations maintained 
under slightly different conditions (Kino and Kennedy  1987; 
Claessens et al. 2017; Dias et al. 2023). Phenotypic divergence 
from the wild source population is not universally observed 
(e.g., Reyda and Nickol 2001) but is very common. Among other 
conditions characteristic of laboratory cultures, improved trans-
mission success to immunosuppressed hosts exerts very differ-
ent selective pressures than those encountered by wild parasites. 
What transpired in these laboratory parasite cultures provides 
a perfect illustration of the rapid and unanticipated evolution-
ary consequences of even the smallest changes in external 
conditions.

3   |   The Strength of New Selective Pressures

The Anthropocene represents a quasi-permanent directional se-
lection regime, rather than a fluctuating or reversible selective 
environment. This may have important implications for para-
site evolution, in particular in terms of evolutionary irreversibil-
ity or “ratcheting.” And the new selective pressures are strong 
ones, too.

There is now incontrovertible evidence that multiple anthropo-
genic factors impact the epidemiology of parasites, as seen in 

positive or negative changes in population-level parameters such 
as prevalence or intensity of infection. For example, most types of 
chemical pollution have some negative effect on the abundance 
or diversity of aquatic parasites (Blanar et al. 2009). In contrast, 
the unnaturally high-density conditions in livestock farming 
and aquaculture are generally associated with higher parasite 
abundance than what is observed in wild populations (Johnson 
et al. 2004). The impacts of other aspects of global change are 
more variable but often cause major changes in the abundance 
of parasite populations (Mahon et  al.  2024; Wolmuth-Gordon 
et al. 2025). For instance, in the majority of host–parasite sys-
tems studied to date, the impact of climate change on parasite 
populations was observed to be negative (68% of cases), whereas 
that of species introduction was less predictable (Figure  1). 
Whatever their direction, such population-level effects are clear 
indicators that human activities can exert strong selective pres-
sures on parasites.

Anthropogenic factors can also shape individual-level phe-
notypic traits associated with parasite fitness, such as 
stage-specific survivorship, growth rate, age at maturity, or 
reproductive strategies (Poulin et  al.  2024). For instance, the 
survival of the free-living infective stages of parasites can be di-
rectly affected by environmental pollutants or climate change 
(Table 2), whereas that of postinfection and adult stages can be 
lowered by vaccination and chemotherapy. If hosts themselves 
experience the effects of external stressors, such as pollutants 
causing immunosuppression, parasites can indirectly benefit 
and achieve higher growth rate and reproduction. Higher than 
natural host densities, such as those seen in livestock produc-
tion and aquaculture, can facilitate parasite transmission and 
thus the survival of infective stages (Krkošek 2010; but see Folk 
et al. 2026). Conversely, decreased host densities resulting from 
intensive fisheries and habitat destruction can cause Allee ef-
fects as well as lower transmission success and the survival of 
infective stages. The potential impact on parasites of other re-
cently documented changes in host populations, such as loss of 
genetic diversity (Clark et al. 2025), is difficult to predict. There 
is no one-size-fits-all scenario: the direction and magnitude of 
impacts of anthropogenic factors on parasite survival, growth 

FIGURE 1    |    Impact of anthropogenic drivers on parasite populations. Percentage change in population-level parameters (abundance, incidence, 
intensity, or prevalence of infection) for eukaryotic parasites in animal hosts, shown separately for two broad categories of anthropogenic impacts: 
(A) climate change and (B) species introduction. Negative values (pink) indicate a decline in parasite populations relative to their baseline level, 
whereas positive values (gray) indicate an increase. Estimates were derived from published studies (data from Mahon et al. 2024).
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and reproduction depend on the particular factors involved, 
the host's response, and the parasite taxon and its life cycle. 
Therefore, there can be no universal evolutionary response of 
parasites to human activities and the selective pressures they 
exert; even the same host–parasite systems might respond dif-
ferently in different local environmental conditions. All we can 
be sure of is that any sustained change to the age-dependent 
mortality rates of parasites and to factors determining their 
schedule of growth, maturation, and reproduction will inevita-
bly select for phenotypic responses and ensuing genetic changes 
(Stearns  1992). These can manifest over a few generations as 
shifts in particular traits, or altered trade-offs between traits, 
such as between virulence and parasite lifespan, or the one be-
tween egg numbers and egg sizes that captures the range of in-
vestment strategies into reproduction.

4   |   Types of Evolutionary Responses

If they persist over time and maintain a constant direction, 
strong selective pressures of anthropogenic origins can result in 
at least two types of adaptive responses in parasite populations. 
First, this is most obvious when the mean value of traits under 
selection displays directional evolution, shifting gradually from 
generation to generation toward either higher or lower values. 
Selection will favor individuals at one extreme of the pheno-
typic distribution if they achieve higher fitness, changing allele 
frequencies over time and causing the trait distribution to shift 
toward a new optimum. For example, after 2 years and several 
generations of regular exposure to anthelmintics and thus lower 
expected adult lifespan, nematodes (Teladorsagia circumcincta) 
parasitic in sheep evolved faster growth toward a larger adult 
size compared to nematodes in control populations not exposed 
to drug treatment (Leignel and Cabaret  2001). Populations of 
the nematode Rhabdias pseudosphaerocephala on the fringes 
of their amphibian host's expanding geographical range, where 
host densities are low and the parasite's eggs face a longer wait 
in the external environment until infection via ingestion, have 
evolved larger eggs and larvae better equipped for the long wait 
than those in the centre of the host's range (Kelehear et al. 2012).

The best example comes from the evolutionary changes in the 
salmon louse, Lepeophtheirus salmonis, a copepod ectoparasitic 
on Atlantic salmon, in response to conditions in fish farms. 
Extremely high host densities in aquaculture conditions fa-
cilitate the parasite's host-to-host transmission, and thereby 
also relax constraints preventing high virulence (Kennedy 
et al. 2016; Mennerat et al. 2010). In Norwegian salmon farms, 
salmon lice have not only evolved toward more aggressive feed-
ing on host tissue, that is, greater virulence (Ugelvik et al. 2017), 
but also toward faster growth and earlier maturation than lice 
from wild salmon living at much lower densities (Mennerat 
et al. 2010, 2017). High host densities, by promoting greater ex-
posure to infective stages, may also select for greater resistance 
to host immune defenses (Folk et  al.  2026). Directional selec-
tion may result in other salmon lice traits shifting rapidly under 
aquaculture conditions. For example, the control of salmon lice 
infections using cleaner fish relies on the visual detection of lice 
attached to salmon (Barrett et al. 2020), just as the novel laser 
pulse killing technology requires their detection by a camera, 
machine vision, and recognition algorithms (Worm et al. 2026). Sp
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In both cases, these control methods will select for greater trans-
parency or host color-matching in lice, with individuals whose 
body coloration shows less contrast with the background host 
body coloration avoiding detection and surviving longer (Hamre 
et al. 2021). We may therefore expect a rapid shift in mean body 
coloration, perhaps also in attachment site toward more pro-
tected locations on the host's body, in salmon lice populations 
exposed to these strong selective pressures. Even if not measur-
able within months of the introduction of cleaner fish to salmon 
cages (Imsland et al. 2023), evolutionary changes in lice pigmen-
tation seem inevitable in the longer term. Similarly, freshwater 
immersion of salmon is also used to control salmon lice, as lice 
are not tolerant of low salinities. However, this procedure, if re-
peatedly used, will potentially select for the more resistant gen-
otypes and rapidly shift salinity tolerance in the lice population 
(Groner et al. 2019).

The second type of adaptive response is less obvious: parasite 
performance may remain mostly unchanged although external 
conditions and selective forces are changing. Genotypes with 
higher tolerance of the new conditions increase in frequency and 
achieve the same average performance as genotypes that had 
higher tolerance of original conditions. Thus genotype frequen-
cies change but average phenotype or performance across the 
population does not; instead, it just shifts over time along some 
environmental gradient. This is best illustrated using thermal 
performance curves. These are unimodal and continuous reac-
tion norms capturing the response of a given genotype, in terms 
of any performance metric related to fitness, across a gradient 
of temperature (Buckley and Kingsolver 2021). The use of ther-
mal performance curves has been advocated for predicting the 
impact of climate change on parasitism and diseases (Mordecai 
et  al.  2019; Byers  2020; Rohr and Cohen  2020). These curves 
have a nearly universal asymmetric shape across all ectotherms, 
with performance rising almost exponentially with increasing 
temperature toward a peak value at the optimal temperature 
and falling steeply toward zero with further temperature in-
creases (Arnoldi et  al.  2025). Under a sustained global warm-
ing scenario, individuals whose peak performance is attained 
at a slightly higher temperature will be favored generation after 
generation, resulting in a gradual shift of the population's av-
erage thermal performance curve toward higher temperatures, 
but not necessarily with a change in the mean value of the trait. 
One has to plot the performance curves of different genotypes to 
be able to identify differences in optima (the actual trait) and to 
trace shifts in response to selective pressures over time. Hence, 
the absence of easily detectable phenotypic differences between 
pre- and post-selection individuals does not mean the absence 
of evolution.

The asexual reproduction of trematodes within their intermedi-
ate hosts and its sensitivity to temperature provides an excellent 
example. In their molluscan first host, trematodes multiply asex-
ually to produce huge numbers of genetically identical infective 
stages (cercariae), which leave the mollusk to seek the next host 
in their life cycle. Numerous experimental studies have shown 
that the production of cercariae increases rapidly with tem-
perature, up to a point beyond which it drops abruptly toward 
zero (e.g., Morley and Lewis  2013; Khosravi et  al.  2023; Stout 
et  al.  2025). With gradual increases in ambient temperature, 
we might expect that genotypes whose peak rate of within-host 

multiplication coincides with slightly higher temperatures will 
be at an advantage. The average thermal performance curve of 
the population would then be slowly displaced toward higher 
temperatures. Without changes in the availability of host re-
sources and all else being equal, future trematodes will not pro-
duce more cercariae because it is warmer; they will just evolve to 
produce the same amount in the new thermal environment. The 
unchanging production level is the consequence of a temporal 
shift in a key trait—temperature tolerance—of the parasite gen-
otypes. Should this be the case, earlier predictions that global 
warming will result in greater output of infective cercariae 
and elevated infection risk for other hosts in the trematode life 
cycle (Poulin 2006; Mas-Coma et al. 2009) may not materialize. 
Shifting performance curves, whether as a function of tempera-
ture or any other factor, in this and other cases are only one of 
several possible scenarios, of course, but they illustrate a type of 
adaptive response that must be considered in predictive model-
ing of disease risk under climate change.

5   |   Monitoring Rapid Parasite Evolution

Even if rapid parasite evolution should be expected when new 
and strong selection pressures arise, tracking its speed and di-
rection is essential in order to predict evolutionary changes 
and take prompt action to either remedy their consequences or 
compensate for them. Controlled experiments in which para-
sites are subject to artificial selection or exposed to novel condi-
tions across multiple generations are informative (see Table 1). 
However, monitoring parasite evolution in real time, in the 
real world, is what we really need. Tracking “natural” exper-
iments where we already know parasites are rapidly evolving 
under strong directional selection, such as mass anthelmintic 
usage in livestock or crowded rearing conditions in fish farm-
ing, achieves exactly this (Skorping and Read 1998; Leignel and 
Cabaret  2001). So would snapshot resampling of well-studied 
populations, or long-term studies of selected host–parasite sys-
tems exposed to anthropogenic stressors in the wild (Hammoud 
et al. 2026). But how to detect right now or anticipate parasite 
evolution in situations where it is unclear whether it is even hap-
pening, or what traits are under new selection?

To achieve this, one approach is to test retrospectively whether it 
has happened in the recent past, in parasite populations known 
to have experienced conditions altered by human activities. 
There are at least three ways to do this. First, one can use phy-
lodynamics to trace evolutionary change in parasite populations 
under strong environmental pressures (Grenfell et al. 2004). For 
instance, data on parasite infection phenotypes can be combined 
with phylogenetic information and historical environmental 
data to shed light on recent adaptive shifts. Second, the pheno-
type of parasites from modern samples could be compared to 
that of historical samples, from museum or other collections, ob-
tained from the same population, to determine whether changes 
have occurred after the onset of anthropogenic impacts. This 
approach is now commonly used to test for human-induced eco-
logical changes over time, that is, in parasite abundance or diver-
sity (Wood et al. 2023), so why not use it to test for evolutionary 
changes? In some cases, using dormant parasite infective stages 
preserved in lake sediment can also allow cross-temporal infec-
tion experiments, to test the performance of historical versus 
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contemporary parasite genotypes (Decaestecker et  al.  2007). 
Such before-and-after comparisons can also extend to genetic 
changes, if DNA can be obtained from historical museum or 
paleoparasitological samples (Holmes et al. 2016). Third, recent 
and rapid selection often leaves behind a genomic footprint. 
For instance, when alleles at one or a few loci, with moderate 
to strong phenotypic effects, sweep through a population toward 
high frequencies or even fixation under strong selection, they 
leave a trace (Messer and Petrov 2013; Stephan 2016). Genome 
scanning approaches can detect selective sweeps via altered 
frequency spectra of alleles flanking the positively selected loci 
which result from linkage disequilibrium (Abondio et al. 2022). 
Such genomic signatures of recent, rapid evolution in living par-
asites would be telltale signs that they have responded to novel 
selection pressures.

Another promising approach that may serve to predict what evo-
lutionary changes to expect in the future involves space-for-time 
contrasts. Here, comparisons among populations exposed to 
varying degrees of a particular anthropogenic pressure are used 
instead of comparisons among different time points in the same 
population experiencing that same pressure (Blois et  al.  2013; 
Lovell et al. 2023). For example, some parasite populations of a 
given species experience greater levels of heavy metal pollution 
than others, or their habitat has been modified to different degrees 
by habitat destruction or species introductions. Phenotypic and 
genetic divergence among these populations can reflect local ad-
aptation to local conditions, and they can be used to predict what 
would happen in a single population undergoing directional evo-
lution driven by a particular anthropogenic pressure. The above 
methods provide us with a diverse set of tools to detect, monitor, 
and anticipate rapid parasite evolution in the Anthropocene.

6   |   Mitigation Strategies?

There is only one way of ending, or at least easing, the selective 
pressures acting on parasites and other organisms that cause 

them to rapidly evolve: removing the source of pressure. That 
is easier said than done. Mounting evidence has failed to con-
vince governments and industries to take the necessary steps to 
act on global climate change and other environmental damage. 
For all organisms in natural systems, the selective pressures will 
therefore remain. Mitigation is therefore our only hope, and here 
we present a first attempt to outline general strategies to combat 
rapid parasite evolution (Figure  2) and discuss approaches to-
ward their practical implementation.

Although natural ecosystems may be out of reach, in produc-
tion systems certain selective pressures can be controlled, at 
least in principle. For livestock farming and aquaculture, the 
ultimate goal will remain the elimination of parasites. Since 
that goal is out of reach at present, controlling the abundance 
and impacts of parasites has been the industry's main focus. 
Rotating anthelmintics, that is, alternating the chemical 
classes of drugs used to treat animals against parasites, has 
long been seen as a strategy to slow down the evolution of par-
asite resistance to any particular drug (Coles and Roush 1992). 
This approach interrupts the otherwise continuous selection 
pressure acting on parasites to evolve adaptations against one 
drug's mechanism of action. For ectoparasites such as salmon 
lice, rotating the physical treatments (hydrogen peroxide, hot 
water baths, freshwater exposure, mechanical removal) used 
to delouse fish would also slow down the evolution of any 
anti-treatment adaptations in the parasite population, avoid-
ing what happened with chemotherapy (Besnier et al. 2014). 
Apart from chemotherapy and physical treatments, selective 
pressures arise from the other unnatural conditions experi-
enced by parasites in livestock farming and aquaculture: they 
exploit a high-density host population consisting of genetically 
homogeneous individuals. These conditions enhance parasite 
transmission success, lower the mortality usually incurred by 
infective stages, and select for different combinations of para-
site life history traits and different levels of virulence (Leignel 
and Cabaret  2001; Mennerat et  al.  2010, 2017; Kennedy 
et  al.  2016; Ugelvik et  al.  2017). Several farming practices 

FIGURE 2    |    Mitigation of rapid parasite evolution in the Anthropocene. Examples of possible strategies to reduce the rapid spread of parasite 
adaptations in the typical selective landscape of livestock farming and aquaculture. These include (A) genetic manipulations or selective breeding 
approaches, (B) allowing gene flow between domesticated and wild parasite populations to dilute the spread of unwanted traits, and (C) discontinuity 
in selection pressures (illustrated here as alternation of anti-parasite drug types). See main text for further examples.
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used primarily to reduce infection levels can also indirectly 
slow down or prevent rapid parasite evolution. For example, 
rotational grazing, whereby livestock are regularly moved to a 
new paddock, can interrupt the parasites' life cycle and raise 
the mortality of infective stages to levels closer to natural ones 
(Bransby 1993). Any strategy that reduces the actual or effec-
tive density of hosts will have the same effect. For instance, 
mixed-species grazing lowers the density of each host species 
relative to what it would be in a monospecific system (Forteau 
et  al.  2020). This results in the infective stages of parasites 
specific to one host species often reaching a dead end in the 
other host species and increasing their mortality rate. Similar 
practices would also work in an aquaculture context. It is 
therefore possible to exercise some control over the selective 
pressures acting on parasite populations in animal production 
systems and sidestep their evolutionary consequences.

Another possible mitigation strategy would be to avoid the ge-
netic isolation of parasite populations that are under particu-
larly strong selective pressures (e.g., in aquaculture or livestock 
farming) where certain traits can be rapidly selected (fast repro-
duction, drug resistance, high virulence). By actively promoting 
genetic exchanges between these populations and those under 
more natural conditions, we might offset the rapid evolution of 
undesirable traits. Gene flow between livestock parasites and 
those infecting wild ungulates is often seen as driving allele intro-
gression by introducing maladaptive traits and reducing viability 
in wild parasite populations, with traits such as drug resistance 
carrying a fitness cost in the absence of the drug (Redman 
et al. 2012; King et al. 2015). There are also concerns about the 
possible role of wild host populations acting as vectors, reser-
voirs and/or refuges for drug-resistant genotypes (Chintoan-Uta 
et  al.  2014; Beaumelle et  al.  2024). Yet, there is an alternative 
scenario: parasite gene flow between farmed and wild host popu-
lations could “dilute” rare alleles favored by anthropogenic pres-
sures and slow down the evolution of undesirable parasite traits. 
This possibility deserves further research.

Other approaches can also be envisaged to control the evolution 
of parasites in these systems and steer it in desirable directions. 
Genome editing offers one possible avenue. The biased inheri-
tance of specific genes and their spread throughout a wild popu-
lation are theoretically possible through engineered gene drives 
(Esvelt et al. 2014; Champer et al. 2016). This might allow partial 
control over the evolution of parasite traits such as virulence, 
growth rates, or egg production. If eradication of economically 
damaging parasites proves impossible through this approach or 
another, genome editing might at least allow their replacement 
by more benign variants. This would require breeding geneti-
cally modified parasites in experimental hosts before releasing 
them in the real world. Of course, releasing genetically modified 
parasites into livestock or aquaculture systems may have un-
foreseen consequences; therefore, the potential benefits would 
need to be carefully weighed against the potential risks. How ap-
plicable these new technologies are for parasites of livestock and 
farmed fish remains to be seen; however, they represent intrigu-
ing possibilities to counter human-induced parasite evolution. 
Furthermore, any strategy to mitigate rapid parasite adaptation 
in controlled animal populations may also benefit wild host 
populations, given frequent spillover events and other parasite 
exchanges from the former to the latter.

7   |   Conclusion

By definition, parasites impact the physiology, health, behavior, 
and survivorship of individual animals. They have long been 
a source of disease for humans and domesticated animals and 
have caused major economic losses. In natural systems, they also 
modulate the dynamics of host populations (Hudson et al. 1998; 
Watson  2013), influence the diversity of communities (Wood 
et al. 2007; Friesen et al. 2020), affect the complexity and stability 
of food webs (Lafferty et al. 2008; Hatcher et al. 2012), and their 
biomass often exceeds what meets the eye to the point of impacting 
ecosystem energetics (Kuris et al. 2008; Preston et al. 2013). Our 
activities are not only changing the magnitude of these ecological 
impacts; they are also changing the parasites themselves.

The short-term responses of parasite transmission and abun-
dance to anthropogenic stressors are idiosyncratic: they 
are contingent upon the taxa involved, the frequency and/
or strength of the novel stressor, and other external factors 
(Blanar et  al.  2009; Mahon et  al.  2024; Wolmuth-Gordon 
et  al.  2025). This, in itself, greatly complicates attempts at 
predicting future parasite abundance and disease risk as we 
move forward in the Anthropocene. The fact that parasites 
are evolving rapidly, however, represents a greater problem 
for future forecasts. The empirical data used to assess how 
parasites will respond to anthropogenic stressors come mostly 
from experimental studies in which today's parasites are ex-
posed to tomorrow's conditions. However, regardless of how 
informative these studies are, they suffer from an inescapable 
flaw: the parasites that will actually experience future condi-
tions are tomorrow's parasites, not today's. The challenge for 
anyone attempting to predict disease risk in a changed world 
will be to incorporate parasite evolution into models to pro-
duce more realistic scenarios that account for likely changes 
in parasite phenotypes.

The main task at present remains to better understand parasite 
evolution in our rapidly changing world: what traits are being 
selected, in what direction, under what conditions, and how fast 
are they changing. We only have partial answers to these ques-
tions, for only a small handful of host–parasite systems. Beyond 
the evolution of drug resistance, the rapid evolution of parasites 
is not widely appreciated, yet it threatens food production sys-
tems, ecosystem health, and human well-being in a One Health 
perspective. Our hope is that this warning will serve to mobi-
lize efforts toward broader and more thorough investigations 
of rapid parasite evolution under Anthropocene conditions, its 
consequences, and its mitigation.
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