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Anthropogenic factors, including climate warming, are increasing the incidence and prevalence of infectious
diseases worldwide. Infectious diseases caused by pathogenic parasites can have severe impacts on host
survival, thereby altering the selection regime and inducing evolutionary responses in their hosts. Knowledge
about such evolutionary consequences in natural populations is critical to mitigate potential ecological and
economic effects. However, studies on pathogen-induced trait changes are scarce and the pace of evolutionary
change is largely unknown, particularly in vertebrates. Here, we use a time series from long-term monitoring
of perch to estimate temporal trends in the maturation schedule before and after a severe pathogen
outbreak. We show that the disease induced a phenotypic change from a previously increasing to a decreasing
size at maturation, the most important life-history transition in animals. Evolutionary rates imposed by the
pathogen were high and comparable to those reported for populations exposed to intense human harvesting.
Pathogens thus represent highly potent drivers of adaptive phenotypic evolution in vertebrates.
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1. INTRODUCTION
Anthropogenic factors, including climate warming, are
increasing the incidence and prevalence of infectious dis-
eases in many ecosystems worldwide [1,2]. Although
knowledge about evolutionary changes induced by infec-
tious diseases is critical to mitigate ecological and
economic effects [3], rates of disease-induced adaptive
evolution are largely unknown [2]. Analogous to pre-
dation or harvesting, infectious diseases caused by
pathogenic parasites can have severe impacts on the survi-
val and future reproductive success of individuals in a
population [4,5]. Several empirical studies suggest that
pathogens can cause evolutionary responses in life-history
traits [6—9]. However, disentangling genetic and plastic
effects is difficult without long-term, multi-generation
studies. Hence, evidence of disease-induced evolution in
reproductive investment or size at maturation, the most
important life-history transition in animals, is scarce in
general [10,11] and still lacking in vertebrates.
Theoretical models on the life-history evolution of
parasitized hosts predict that parasitism favours increased
energy allocation into host reproduction, suggesting that
infected hosts will shorten their pre-reproductive periods
[12,13]. These models are in line with general life-history
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theory, which predicts that natural selection leads to a
maximization of overall lifetime reproductive success
and thus that high adult mortality should select for indi-
viduals that mature earlier and invest more energy in
current reproduction. Size-selective mortality has been
shown to induce rapid evolutionary changes in age and
size at maturation in natural populations (for instance
when arising from natural predation [14,15] or human
harvesting [16,17]). Harvest selection has been put forward
as a particularly strong agent of phenotypic change [18].
Studies of fisheries-induced life-history evolution [16,19]
have repeatedly and successfully applied the probabilistic
maturation reaction norm approach [20-22], which is
a tool for disentangling phenotypically plastic and
evolutionary changes in the maturation schedule. It over-
comes the confounding effects of growth and mortality
(which depend on environmental factors) by estimating
maturation probabilities that are conditional on individ-
uals having reached a certain age and size. Therefore, a
change in the probabilistic maturation reaction norm is
strongly indicative of an evolutionary change in the matu-
ration process itself [17,20]. This approach has never
before been applied in the context of infectious diseases.

Here, we use a time series from long-term scientific
monitoring of perch (Perca fluviatilis) in the lake of
Windermere (UK) to estimate temporal trends in size at
maturation before and after the outbreak of a disease
that severely impacted the perch populations in the two
basins of the lake. The two populations are independent,
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Figure 1. Demographic change in perch caused by the pathogen infection. Time series are shown of mean (blue) and maximum
(brown) age for (a) males in north basin, (b) females in north basin, (¢) males in south basin and (d) females in south basin.
The dashed vertical line indicates the 1976 cohort, the year of the pathogen outbreak.

according to capture—mark—recapture and genetic data
[23,24]. In 1976, a perch-specific pathogen induced a
98 to 99 per cent adult mortality during that year, with
much higher pathogen prevalence among large, mature
individuals compared with small, immature ones
[25,26]. Although the pathogen could not be identified,
epidermal lesions with succession of fungal colonization
were apparent on the perch [25,27] and diseased individ-
uals are still occasionally observed during the yearly
samplings, although not on the scale of the 1976 out-
break. The population age structure of the perch
remained severely truncated for many years after 1976,
indicating that the pathogen persisted (figure 1). The dis-
ease considerably reduced the duration of the mature
stage and led to a phenotypic change to smaller, slower-
growing perch [26]. Edeline er al. [26] previously
examined how the perch pathogen changed food-web
structure through shifts in perch body size. Here, we
focus on perch reproductive schedule specifically to test
predictions from evolutionary epidemiological and general
life-history theory. We specifically hypothesized that the
pathogen infection selected for an increased investment
into earlier reproduction and thus a smaller size at
maturation.

2. MATERIAL AND METHODS

(a) Sampling

The scientific sampling of perch in Windermere started in
1943, and continues today with very little change in gear
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type and fishing methods. Perch trapping takes place for six
weeks on the spawning grounds with standard traps that are
unselective for perch of 90—300 mm total length [28]. Each
individual fish is measured for total length and sexed by
internal examination, and the left opercular bone is removed
for age determination. Owing to the trapping being located
on the spawning grounds, the catch contains disproportio-
nately high numbers of mature compared with immature
individuals, as well as male compared with female individuals.

(b) Estimating the probabilistic maturation

reaction norm

The method we use is based on estimating proportions of
mature individuals as functions of age and size, referred to
as ‘maturity ogives’ [21,22]. Our procedure involves four
estimation steps: (i) estimation of the probabilities of being
mature (the maturity ogives); (i) estimation of mean annual
growth rates; (iil) estimation of the probability of maturing
and calculation of the reaction norm mid-points; and (iv)
estimation of confidence intervals around the maturation
reaction norm mid-points.

The probabilities of being mature at a given age (a)
and size (s), modelled as total body length of the fish, were
estimated by fitting logistic regression models to the
observations. Age and size were modelled as variables and
cohort (¢) as a factor. Here, a cohort designates all members
of the population born within a particular year. The total
number of cohorts in the dataset varied between 66 and
70, depending on sex and basin (maturation reaction
norms could not be estimated for all of these cohorts; see
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below). We tested a set of a prior: candidate models for the
logistic regression and selected the best model for each sex
based on AIC values (see electronic supplementary material,
table S1). Tested explanatory variables, besides age and size,
were perch and pike (Esox lucius) density in the previous year,
perch condition (relative condition factor [29]) and three
different temperature (winter, spring and
summer), which were calculated as mean values during an
individual’s lifetime. In males, the model with most support
in both basins included cohort, age, size and the cohort—size
interaction term: logit (0) = Bo + By s+ Ba-a+ B3+ Bac- S
whereas in females it also included the cohort—age inter-
action: logit (0) =Bo+B1 - s+ B2 - a+Bsc+ B ac - s+
Bs,. - a, with each B representing a regression coefficient.
Mean annual size increments (As) were estimated as the
difference in mean body length between a cohort at any given
age (a) and the same cohort at the previous age (a — 1).
Average cohort-specific size was directly calculated for
females age 2 and 3 and for males age 2. The average size
of males age 1 was calculated from cohort-specific von Berta-
lanffy growth curves fit to all age-classes of the respective
cohort according to Lyong (@) = Lo (1 — e *%) where k
is the growth rate parameter and L. is the asymptotic
length. The probability of maturing at a given age and size
(m(a,s)) was derived from the probability of being mature
at that age and size (ogive o(a,s)) and the probability of
being mature at the previous age and size (ogive o(a — 1,
s — As(a))), which was based on the mean annual growth
increment  (As):  m(a,s) = o0(a,s) —ola— 1, s— As(a))/
1 —o(a — 1, s — As(a)). The probability of maturing is thus
calculated as the frequency of individuals that have matured
over the frequency of individuals that could have matured.
The reaction norm midpoints (i.e. age-specific lengths at
which the fish reach a 50% probability of maturing) were
then estimated by fitting a logistic regression model to
these estimates, independently for each cohort. Since the
use of this equation may occasionally lead to unrealistic esti-
mates for the probability of maturing in cases where the data
are insufficient [21], we restricted our age- and cohort-
specific logistic regression to cases that consisted of at least
five data points, had probability estimates below and above
the midpoint (0.5), and showed increasing probabilities of
maturing with size. Confidence intervals for the reaction
norm parameters were obtained through bootstrap tech-
niques [30]. Bootstrapped samples were constructed by
randomly choosing individuals with replacement from each
cohort (same number of observations as in the original
sample). The resampling was repeated 1000 times, and the
confidence intervals were estimated using the 2.5 and 97.5
percentiles as lower and upper limits, respectively. All
computations were performed using the data analysis
system R [31].

measures

(¢) Breakpoint analysis and evolutionary rates

To analyse whether the trend in the maturation reaction
norm changed during the time series (and, if so, for which
cohort), we performed a breakpoint analysis using the R
add-on package SEGMENTED [32]. The approach assumes
that the relationship between response and explanatory vari-
able is piecewise linear; that is, two or more linear
relationships that are connected at unknown values, referred
to as breakpoints. The parameters are estimated by a seg-
mented standard linear regression using an iterative fitting
process. To set the initial value to the fitting process, we
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inspected the fitted values of locally weighted non-parametric
models (loess, smoothing parameter 0.5) and visually
inferred a candidate threshold as the starting value. Deviating
initial values resulted in identical breakpoint estimates. The
same non-parametric bootstrapping as described for the
reaction norms was applied to obtain confidence intervals
on the estimated breakpoint. Rates of phenotypic change
for the two periods were calculated as ‘Darwin’ numerators
[18,33] as d=1In (x;) — In (xp), where x is the mean trait
value at the beginning (x;) and end (x,) of the respective
period.

(d) Method validation using synthetic data

To test the robustness of the estimation procedure and to rule
out potential errors owing to biases or confounding effects
between variables, we constructed an array of synthetic
datasets using a maturation process with (i) constant or
time-variable growth; (ii) constant, linearly increasing or
decreasing, or piecewise linear changes in maturation
trends over time; and (iii) different degrees of bias between
mature and immature fish (similar to the bias in the catch
data). The synthetic datasets were constructed by assuming
that the individual fish follow deterministic von Bertalanffy
growth. Each cohort contained the same number of individ-
uals for a given age as in the catch data, and each individual
was assigned a random set of von Bertalanffy growth par-
ameters (L, and k) drawn from a normal distribution
centred at the mean of the cohort. Maturation was assumed
to be a stochastic process and the modelled reaction norm
changed with both time and age. Each individual with a
deterministic length longer than the individual random reac-
tion norm was considered mature. Using these simulated
data, we tested our method by estimating the maturation
reaction norm and comparing the estimates with the known
theoretical input (electronic supplementary material,
figure S1). The tests showed (i) that the bias in the catch
towards mature individuals might eliminate a few cohorts
from the estimations, (ii) that the breakpoint analysis depicts
changing trends in the reaction norm correctly and (iii) that
the estimated maturation reaction norm is independent of
the temporal trend in cohort-specific growth. The method
thus successfully estimates the reaction norm midpoints
and the breakpoints. Based on these tests, we conclude that
our data are sufficient for estimating probabilistic maturation
reaction norms using this method.

3. RESULTS

We were able to estimate temporal trends in size at matu-
ration for 3-year-old females and 2-year-old males,
corresponding to the size classes at which most of the
fish mature. These trends of the maturation reaction
norm strongly suggest that the disease outbreak led to a
consistent evolutionary change in this life-history trait in
both sexes and basins (figure 2). The estimated reaction
norm midpoints (i.e. the age-specific body length where
the fish reaches a 50 per cent probability of maturing)
increase until a few years after the disease outbreak, and
continuously decrease thereafter. For instance, the body
length at which male perch reach a 50 per cent probability
of maturing has decreased from 126 mm in 1977 to
72 mm in 1994 in the south basin and from 122 mm in
1977 to 79 mm in 1992 in the north basin (figure 2).
Since most individuals mature within a single age class,
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Figure 2. Temporal trends in maturation reaction norm midpoints. Estimated lengths at 50 per cent maturation probability for
each cohort and their 95 per cent confidence intervals are shown for (a) 2-year-old males in north basin, () 3-year-old females
in north basin, (¢) 2-year-old males in south basin and (d) 3-year-old females in south basin. Lines (brown) were fitted using
loess smoother with a smoothing parameter (span) of 0.5 to illustrate the temporal trends in the maturation reaction norm.
The estimated breakpoints at which the trend shifts from positive to negative are indicated at the bottom of each panel
(brown circles with 95% confidence intervals). The dashed vertical line indicates the 1976 cohort, the year of the pathogen

outbreak.

and owing to the truncated age structure of the popu-
lation, we were unable to estimate reaction norm
midpoints for other ages. We therefore calculated the pro-
portion of first-time spawners in 2-year-old females
before and after the outbreak (catch numbers of first-
time spawners in 1l-year-old males were insufficient).
This proportion increased after 1976 in both basins
(figure 3), suggesting that the maturation schedule also
shifted towards younger fish in response to the pathogen.
A Welch t-test showed that this increase was not signifi-
cant in the south basin (p = 0.122), but was significant
in the north basin (p = 0.045) at the 0.05 level.

The breakpoint analyses on the temporal trends in size
at maturation identified the cohort where the trend chan-
ged from being positive to being negative to be between
1977 and 1981, depending on sex and basin, thus repre-
senting a 1-5 year lag in the response to the pathogen
outbreak. Fitting two linear regressions continuously to
the reaction norm midpoints before and after the disease
suggests that both trends are significantly different from
a zero trend (see electronic supplementary material,
table S2). To quantify further the pace of phenotypic
change, we estimated evolutionary rates in size at matu-
ration for both periods. The estimated rates in Darwin
numerators are positive before (0.28—-0.55), but negative
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after (0.28-0.68) the disease outbreak in both basins and
sexes (see electronic supplementary material, table S3).

4. DISCUSSION

We found strong support for our hypothesis that the dra-
matic change in size-selective mortality in the perch
population caused by the pathogen infection (figure 1)
led to a rapid response in life-history evolution by reversing
the trend in the underlying maturation schedule, from a
previously increasing to a decreasing size at maturation
(figure 2). In a previous study, Edeline ez al. [26] showed
that the expansion of the pathogen into the lake was associ-
ated with a shift from a competitive to a prey—predator
interaction between perch and pike, presumably owing to
a reduction in perch body size. Here, we demonstrate
that these changes were associated with a shift to earlier
maturation, consistent with the hypothesis that the
observed ecological changes were driven by an evolution-
ary response to the pathogen-induced selection. The
continuous negative trends over roughly two decades in
both basins of the lake further indicate an evolutionary
rather than a purely plastic change in the maturation sche-
dule. Moreover, the 1-5 year lag in the response to the
pathogen is in agreement with a pathogen-induced
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Figure 3. Percentages of 2-year-old mature females before
and after the pathogen outbreak. The mean values for the
populations in the south and north basins (error bars indicate
1 s.e.m.) were compared using the Welch ztest, since
homogeneity of variance was violated. The increase in first-
time spawners after the disease outbreak was not significant
in the south (p = 0.122), but significant in the north basin
(p = 0.045).

evolutionary change in size at maturation as it would be
expressed among the maturing offspring of the parents
that experienced the selective impact of the pathogen.

The increase in size at maturation prior to the disease
is interpreted in two ways: first, as a result of increasing
predation pressure from pike that selects against small
perch in Windermere [26]; and, second, as a recovery
from a commercial fishery on perch that was exceptionally
high just before the start of our time series, and finally
ceased in 1948 in the north and in 1965 in the south
basin [28]. A similar recovery has been reported in
Atlantic cod (Gadus morhua) after initiation of a morator-
ium on the cod fishery [16]. The faster increase in size at
maturation in females compared with males during this
early period may result from sex-specific selection on
body size. Reproductive success generally increases
faster with size in females owing to a steeper size—
fecundity relationship, whereas, in males, agility and
mating behaviour are more important determinants of
reproductive success [34]. In contrast, sex-specific
responses to a pathogen infection are expected if
mortality rates differ between the sexes. Indeed, the
decrease in size at maturation after the disease outbreak
is more pronounced in males (figure 2), which experience
higher pathogen-induced mortality rates than females
[35], probably owing to their higher activity and stronger
tendency to aggregate on the spawning grounds, and
hence a higher risk of infection.

There is growing evidence that evolutionary change in
natural populations occurs on time scales similar to those
of ecological dynamics [15,36,37]. These observations
suggest that it is critical to consider how the temporal
dynamics in the ecology of a population are at the same
time changing as a result of rapid evolution [38]. Artificial
selection from human harvesting has been advocated as a
particularly strong agent of rapid phenotypic change [18].
The present study suggests that evolutionary rates caused
by natural selection from infectious diseases are compar-
able to those observed in harvested populations. The
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estimated rates of 0.28-0.68 (Darwin numerators; see
[33]) are slightly higher than a recently suggested average
rate of phenotypic change caused by human harvesting,
but within the range of reported values [18]. The selective
pressure from an infectious disease can be remarkable, as
is illustrated by the shift in the population age structure of
perch in this study (figure 1). Disease-induced pheno-
typic change in size at maturation, as reported here
(figure 2), may have severe impacts on population abun-
dance, dynamics, recovery and management through
altering (i) host—parasite dynamics [39], (i) the likeli-
hood of population decline and species extinction
[2,40], (iii) the population recovery potential [41,42],
(iv) the structuring of food webs via interspecific inter-
actions [26,43], and (v) the success of disease and
ecosystem management [3].

Our study emphasizes the invaluable scientific benefit
of long-term monitoring. Using a probabilistic maturation
reaction norm approach, we are able to estimate a tem-
poral trend in size at maturation of perch over a 60-year
time period that comprises a severe outbreak of a perch-
specific pathogen. We acknowledge that the approach
does not necessarily detect purely genetic changes per se,
but that other phenotypically plastic responses not related
to growth, age or size may contribute to changes in size at
maturation [17,44]. However, we statistically control for
factors other than growth that are known to influence
the life history and show that these variables do not
alter the estimated temporal trends in the maturation
schedule. Furthermore, by constructing synthetic data-
sets that simulate the biases in our catch data, we prove
that the method estimates the maturation reaction norm
correctly and that the estimates are independent of the
temporal trend in cohort-specific growth rate.

We conclude that our results strongly suggest an evol-
utionary response in the maturation schedule of
Windermere perch after the disease outbreak in 1976 as
a result of the size- and stage-selective mortality on
larger, mature fish. The similar temporal trends in the
two genetically distinct populations of the two basins
further support that these changes reflect adaptive evol-
utionary changes. The pace at which these evolutionary
changes occur indicates that pathogens are highly potent
drivers of phenotypic evolution in vertebrates, and
should be accounted for in models of infectious diseases
and population dynamics. These findings are of particular
interest given the current global increase in pathogen
incidence.
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