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Abstract

1. In many natural systems, animal populations are exposed to increasing levels of

stress. Stress levels tend to fluctuate, and long-term increases in average stress
levels are often accompanied by greater amplitudes of such fluctuations. Micro-
evolutionary adaptation may allow populations to cope with gradually increasing
stress levels but may not prevent their extirpation during acute stress events un-

less adaptation to low stress levels also increases their tolerance to acute stress.

. We tested this idea, here called ‘micro-evolutionary priming’, by exposing popula-

tions of the monogonont rotifer species Brachionus calyciflorus to four levels of
copper stress (control, low, intermediate and high) during a multigenerational se-
lection experiment. Subsequently, in a common garden experiment, we exposed
randomly selected subsets of genotypes (clones) of each of these populations to
low, intermediate and high copper levels and assessed their population growth

performance across multiple generations.

. Compared to populations with an exposure history to copper, genotypes of con-

trol populations suffered strong growth reductions when exposed to intermediate
and high levels of copper, mainly as a result of high mortality rates. Remarkably,
when exposed to low copper levels, fitness differences between genotypes of
control populations and populations adapted to these low levels were very small,
whereas the latter strongly outperformed the former at intermediate and high

copper levels.

. These results highlight the potentially strong but hitherto largely ignored impact

of micro-evolutionary priming on the performance of populations in a changing
environment. We discuss the potential consequences of micro-evolutionary prim-
ing for the persistence of populations and the spatial eco-evolutionary dynamics

of metapopulations.
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1 | INTRODUCTION

In many ecosystems, organisms are increasingly exposed to a broad
range of stressors as a consequence of anthropogenic influences.
Populations may be able to sustain growth under such conditions
thanks to phenotypic plasticity and rapid micro-evolutionary ad-
aptation. Long-term trends of gradually augmenting stress levels
are often accompanied by an increased frequency and intensity of
acute stress events (Figure 1a; Bernhardt et al., 2020; Easterling
et al., 2000; Li, 2020). A relevant question is then to what extent
a population's initial exposure to a low level of stress provides an
increased ability to cope with much higher levels of stress.

Evidence for such ability is provided by different research fields.
In ecotoxicology, exposure of organisms to low levels of toxicants
is known to improve their ability to deal with considerably higher
concentrations later in life (Agathokleous & Calabrese, 2020;
Costantini et al., 2010; Sebastiano et al., 2022) or even in the
next generations (transgenerational hormesis; Agathokleous
et al., 2022; Brevik et al., 2018). Most evidence for the inheritance
of such coping abilities seems to involve some form of epigenetic
inheritance and pertains to only one or a few generations, although
examples exist that span many more generations (Shi et al., 2021;
Yue et al., 2021). Evidence of a different kind is provided by ex-
perimental evolution studies primarily with microbial organisms
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FIGURE 1 Hypothetical scenarios illustrating how micro-
evolutionary priming may affect the temporal and spatial dynamics
of populations. (a) Increases in long-term average stress are often
accompanied by an increased amplitude of stress fluctuations.
Through micro-evolutionary priming, adaptation to low levels

of stress may increase populations' persistence during episodes

of acute stress. (b) Micro-evolutionary priming may contribute

to the spatial expansion of metapopulations. By allowing naive
populations to adapt to low-stress levels, low-stress sites may serve
as stepping stones between stress-free and high-stress sites.

showing how multigenerational exposure to low stress levels can
drive mutation-based genetic adaptations leading to tolerance to
higher stress levels. Well-known examples of this phenomenon,
which we here term ‘micro-evolutionary priming’, are studies show-
ing how bacterial adaptation to low antibiotic levels leads to resis-
tance against much higher concentrations (Gullberg et al., 2011;
Lagator et al., 2021; Sandegren, 2014; Wistrand-Yuen et al., 2018).
Similarly, experiments with yeast have demonstrated increased tol-
erance and persistence of populations under high-stress levels after
adaptation to low stressor levels (Gonzalez & Bell, 2013; Samani &
Bell, 2010).

Evidence for micro-evolutionary priming in animal populations
is much scarcer. Although significant research has focused on rapid
micro-evolutionary adaptation in fluctuating environments (Bergland
et al.,, 2014; de Villemereuil et al., 2020; King & Hadfield, 2019;
Pfenninger & Foucault, 2022), few studies specifically address how
adaptation to very low-stress levels may enhance tolerance of ani-
mal populations to future acute stress events. Even in the absence of
mutation micro-evolutionary priming may nevertheless be expected
if directional selection by low-stress levels increases the prevalence
of alleles that contribute to coping with much higher levels of stress
(Gonzalez & Bell, 2013).

There is indeed circumstantial evidence supporting the concept
of micro-evolutionary priming in animals. In evolutionary ecotoxicol-
ogy, genetic adaptation of populations to stress has been found to
be associated with tolerance to stress levels higher than what they
have adapted to, for example, in the case of metals (Khan et al., 2011;
Vigneron et al., 2015), salts (Coldsnow et al., 2017) and pesticides
(Weston et al., 2013). Similarly, using the critical thermal maxi-
mum (CT,

max) concept, studies of thermal adaptation have demon-

strated an increased ability of populations to cope with extreme
heat stress after a history of selection by moderately increased
ambient temperatures (Brans et al., 2017; Diamond & Chick, 2018;
Doorslaer et al., 2009; Geerts et al., 2015). Although these stud-
ies offer indications, they were not specifically designed to test for
micro-evolutionary priming. Instead, their primary objective was
to demonstrate genetic adaptation to stressors, often focusing on
populations adapted to stress levels that cannot be considered truly
low or on populations with uncertain histories of exposure to acute
stress events. Furthermore, they typically evaluate only one fitness
component, such as mortality under near-lethal stress. The latter
limits their ability to assess the impact of micro-evolutionary priming
on multi-generational population performance.

Although the ecological implications of local adaptation are in-
creasingly recognized (Derry et al., 2019; Meek et al., 2023), it is quite
remarkable that the idea of micro-evolutionary priming has been
tested and discussed to such a limited extent. Recognizing micro-
evolutionary priming in animals and its ecological implications could
be crucial for enhancing the prediction, management and conserva-
tion of their populations in a rapidly changing world. In this study,
we aim to test for micro-evolutionary priming using an experimen-
tal evolution approach with a planktonic metazoan. To achieve this,
we conducted a laboratory selection experiment in which replicate
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multiclonal rotifer populations were allowed to adapt to varying cop-
per levels, ranging from low to high. This was followed by a common
garden experiment in which we compared the population growth
rates of genotypes of these populations to each of the copper levels
applied in the selection experiment. Our study differs from other
studies in that our design includes the adaptation of populations to
low-stress levels, that is, stress levels for which we observe only a
very limited negative impact on population growth rates. A second
important difference is that we do not evaluate the impact of this
adaptation through acute toxicity tests, but rather on realized pop-
ulation growth across multiple generations. We also discuss some
so far unappreciated consequences that micro-evolutionary priming
may have for the persistence and spatial dynamics of (meta)popula-

tions in a variable environment.

2 | MATERIALS AND METHODS

For our experiment, we used genotypes (clones) from a natural pop-
ulation of the rotifer Brachionus calyciflorus s.s. (Pallas, 1766), one
of four species of the B. calyciflorus species complex (Michaloudi
et al.,, 2018; Zhang & Declerck, 2022). Monogonont rotifers are
characterized by short generation times, a small body size, and a
cyclical parthenogenetic reproduction mode alternating clonal
with sexual propagation, features that make these organisms very
well suited for laboratory evolution experiments and the study of
genotype-specific responses to environmental stressors (Declerck
& Papakostas, 2017; Serra et al., 2019). Clonal lines were obtained
during the year 2020 by hatching dormant propagules collected
from the sediments of a freshwater pond (location: 52.02630°,
4.18355° The Netherlands) and by establishing clonally reproduc-
ing populations in the laboratory. As dormant propagules are sexu-
ally produced, each clone can be considered genetically distinct.
We applied microsatellite analysis using the primers developed by
(Declerck et al., 2015) to assure that all genotypes used in our study
belonged to the species B. calyciflorus s.s. Ethical approval for this

study was not required.

2.1 | Selection experiment

The selection experiment was designed to mimic the micro-
evolutionary response of natural populations to gradually in-
creasing stress levels (Figure S1). Temperate populations of B.
calyciflorus go through a cycle each growing season, during which
a prolonged phase of clonal reproduction is followed by a bout
of sexual reproduction that results in the formation of dormant
propagules. After hatching, these propagules give rise to new
genotypes that re-establish the population at the beginning of a
new growing season. To start, we created six laboratory popula-
tions composed of the same set of 50 clones. During the selection

experiment, these populations all went simultaneously through
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six consecutive cycles (Figure 2). During the course of each such
cycle, the population grew clonally until they reached densities
high enough to induce sexual reproduction (i.e. ‘mixis’) (Serra
et al., 2019). At the end of each cycle, dormant propagules were
collected and used to establish new, genetically unique clonal lines.
A new cycle was started by re-initiating each population starting
from a randomly selected set of 50 clones produced during the
previous cycle. The remaining dormant propagules were stored at
4°C for future use (see Section 2.2). During the six cycles, three
of the replicate populations were cultured under control condi-
tions (‘Control populations’, no addition of copper). The remaining
three replicate populations were reared under the same condi-
tions but exposed to copper (‘Cu-selected populations’). Between
cycles, the copper concentration in the populations of the copper
addition treatment was increased in steps (from 30, 45, 55, 57.5,
60 to 62.5g L' Cu in Cycles 1-6, respectively). During the se-
lection experiment, populations were grown with the green alga
Chlamydomonas reinhardtii in WC medium at a concentration of
1000 pmol C L'! under constant light and a temperature of 22°C.
Cultures in 500 mL flasks were continuously shaken on a rotating
plate with 80 rotations min~%. The food suspension in the cultures

was daily renewed.

2.2 | Common garden transplant experiment

From each of the six populations in the selection experiment, two
clonal lines were established from dormant propagules at three time
points: Cycles 2, 4 and 6 (Figure 3). These clonal lines were then
exposed to copper concentrations corresponding to each of these
cycles (Cu45, Cu57.5 and Cu62.5ng’1) in a common garden ex-
periment. The common garden experiment thus included 108 ex-
perimental units: three replicate populations from two selection
histories (Control vs. Cu-selected), with each population repre-
sented by six clones (two from each cycle), all exposed to the three
copper treatments.

Before starting the common garden experiment, dormant prop-
agules were hatched, and clonal populations were initiated and es-
tablished under food-satiating conditions (C. reinhardtii; 1000 umol
C L'Y) in the absence of copper. After an initial phase of growing
the populations, we created experimental units by transferring 16
randomly selected individuals to wells with 8 mL food suspension
(C. reinhardtii; 1000 pmol C LY. Cultures were maintained by daily
transferring 16 random individuals to a fresh food suspension.
Before the actual experiment, to acclimate populations, we gradually
increased copper concentrations in the copper addition treatments
until the final experimental target concentrations were reached.
Subsequently, we monitored populations for a period of 5days to
ensure that daily population growth had stabilized. Data were col-
lected by monitoring the populations during an additional 5days.
Every 24h, just before transferring 16 individuals to fresh medium,

we recorded the number of females, dead rotifers and loose dormant
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FIGURE 2 Design of the selection experiment. Using 50 randomly selected genotypes from an ancestral population, we created six
genetically identical populations, three of which subsequently received stepwise increases in copper concentrations (starting at 30 pg Cu
L'! and finishing at 62.5 ug Cu L', ‘Cu-selected populations’), whereas the other received no copper (‘Control populations’). During the
process, all populations went through six subsequent cycles with each cycle consisting of a period of population growth followed by sexual
reproduction (see Figure S1). At the beginning of a new cycle, each population was restarted from 50 clonal lines established from sexually
produced dormant propagules from the previous cycle and the copper concentration in the Cu-selected populations was augmented.

| Control Populations | | Copper-selected Populations |

Cycle2 | €1
12
Cycle 4
C1-5 C2-5 C3-5
Cycle 6 c16 c2:6 36

]

Common garden treatments

45 ug Cu/L 57.5 ug Cu/L 62.5 ug Cu/L

FIGURE 3 Design of common garden experiment. For each of the six populations obtained from the selection experiment, we established
two clonal lines from dormant propagules produced during the second, fourth and sixth cycles. Experimental populations of all of these lines
were exposed to copper addition treatments equal to those imposed during these cycles (i.e. 45, 57.5 and 62.5ug L cu).

propagules. We made a distinction between females with no eggs, 2.3 | Copper determination experiment
parthenogenetic eggs, non-fertilized sexual eggs and dormant prop-
agules. We also enumerated the number of eggs carried by fecund To assess the actual Cu concentrations to which the rotifer popu-

parthenogenetic females. lations were exposed during the common garden experiment,
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we conducted an additional experiment in which we cultured and
monitored rotifer populations exposed to the Cu treatments (45,
57.5 and 62.5 ng'1 Cu at 22°C, three replicates per treatment) in
exactly the same way as in the common garden experiment. After
the daily transfer of rotifers, the remaining medium of each unit
(8 mL) was collected, filtered through a glass fibre filter and stored
at -20°C during a period of 7days. After the experiment, samples
were pooled and Cu concentrations analysed with ICP-MS by the
Soil Chemistry Laboratory of Wageningen University and Research
(WUR, Wageningen, The Netherlands). See Supporting Information
for more details (Supplementary Methods 1).

2.4 | Data analysis

Daily population growth was calculated as r=(InN,, -InN,,)/t, where
ris the exponential population growth rate, N,; and N, are popula-
tion sizes at the start and end of a 24-h time interval, and t is the
length of the time interval (i.e. 1 day). Mortality was calculated as the
percentage of females that had died by the end of each time inter-
val. Mean fecundity was calculated as the mean number of eggs per
fecund parthenogenetic female. We also calculated the percentage
of fecund females with sexual eggs (i.e. unfertilized sexual eggs and
fertilized dormant propagules).

All endpoint variables were analysed with mixed effects models
using R (v 4.3.1; R Core Team, 2023), with common garden treat-
ment, selection history (i.e. Cu treatment in the selection experi-
ment) and cycle (i.e. the cycle in the selection experiment after which
clones were extracted) as fixed factors and clone as a random factor.
Population growth and mean fecundity were fitted with linear mixed
effect models (using REML and nloptwrap optimizer). The frequency
of dead individuals and sexual eggs was analysed with generalized
mixed effect models, using a binomial distribution and logit link
function. For each of the four variables, the model with the most
parsimonious multifactorial combination was selected based on
AlCc (Burnham & Anderson, 2004) using the ‘aictab’ function of the
AlCcmodavg package (v 2.3.2; Mazerolle, 2023). Models were con-
structed using the Imer package (v 1.1.34; Bates et al., 2014). Type
Il anova on linear mixed models was performed with the ‘anova’
function of the ImerTest package using Satterthwaite's degrees of
freedom (v 3.1.3; Kuznetsova et al., 2017). Generalized mixed effect
models were analysed with Type Il Wald chi-squared tests using the
‘Anova’ function of the car package (v 3.1.2; Fox & Weisberg, 2019).
To evaluate differences among the cross-factorial treatment lev-
els, we applied a table-wide Tukey post hoc comparison using the
‘glht’ and ‘cld’ functions of the multcomp package (1.4.25; Hothorn
etal.,, 2008).

3 | RESULTS

Population growth rate r wasimpacted by a three-way interaction be-
tween common garden Cu addition, population selection history and
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the cycle of isolation (Tables S1 and S2; Figure 4A). In the lowest Cu
treatment level (Cu45), population growth rates tended to be higher
in Cu-selected than Control populations, although these differences
were not found to be significant according to Tukey post hoc tests.
However, growth rates of all Control populations decreased strongly
with increasing copper levels (Cu57.5 and Cu62.5 treatments) and
approximated zero or became negative at the highest copper treat-
ment. In contrast, the response of Cu-selected populations to Cu
addition was much less pronounced and depended strongly on cycle,
that is, the maximum copper concentration they had been exposed
to during the selection experiment. When exposed to intermediate
and very high Cu concentrations (Cu57.5 and Cu62.5), Cu-selected
populations isolated after the second cycle, that is, after exposure
to 45ug Cu L'! (SelHist_Cu45) showed a reduced performance com-
pared to populations isolated during the fourth and sixth cycles
(SelHist_Cu57.5 and SelHist_Cu62.5). Yet, SelHist_Cu45 populations
demonstrated a much higher ability to cope with high (Cu57.5) and
very high (Cu62.5) copper concentrations than any of the Control
populations. While the growth rates of SelHist_Cu45 populations
were 20%-30% lower than the SelHist_Cu57.5 and SelHist_Cu62.5
populations when exposed to intermediate and high Cu concentra-
tions, the Control populations declined by 65% and >95%, respec-
tively (Figure 4A).

For mortality, the generalized mixed model with the lowest
AIC included a three-way interaction between common garden
treatments, population selection history and the cycle of isolation
(Tables S1 and S3; Figure 4B). Differences in mortality between
the clonal populations exposed to the different Cu treatments
were found to largely mirror those of the population growth rate.
In the low copper treatment (Cu45), mortality was very low, and
no significant differences were found between Cu-selected and
Control populations. Mortality increased with increasing copper
concentrations, although this effect was more pronounced for the
control (mean: 30%) than Cu-selected populations (mean: 10%).
When exposed to intermediate and very high Cu concentrations
(Cu57.5 and Cué2.5), SelHist_Cu45 populations showed higher
mortality than populations adapted to higher Cu concentrations
(SelHist_Cu57.5 and SelHist_Cu62.5). Nevertheless, SelHist_
Cu45 populations demonstrated much lower mortality under
high (Cu62.5) copper concentrations than Control populations
(Figure 4B).

Fecundity was determined by a significant interaction between
common garden treatments and selection history (Tables S1 and S2;
Figure 4C). In populations of both selection histories, fecundity de-
creased with increasing copper concentrations, but this trend was
more pronounced in the Control than in the Cu-selected populations
(Figure 4C).

The most parsimonious model for the fraction of females with
sexual eggs consisted of a two-way interaction between common
garden treatments and population selection history (Tables S1 and
S3; Figure S2). The effect of the moment of clone isolation was not
significant. In contrast to Cu-selected populations, Control pop-
ulations tended to respond to an increased Cu concentration with
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a reduction of females with sexual eggs in the high Cu treatment 4 | DISCUSSION

(Cu62.5) (Figure S2), although this pattern was not shown to be sig-

nificant in the Tukey post hoc comparison. In the common garden experiment, rotifer populations that had
Mean Cu45, Cu57.5 and Cu62.5 treatments corresponded to ac- been exposed to Cu during the selection experiment showed a much

tually measured concentrations of 44, 52 and 54 g L', respectively higher ability to tolerate Cu than populations without a history of

(Figure S3). exposure to Cu (control populations). Indeed, control populations
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suffered a strong reduction in their population growth when ex-
posed to intermediate (57.5pgL™?) and high (62.5ugL™) Cu levels,
while no such reduction was observed in populations with a history
of selection by intermediate and high Cu concentrations. These per-
formance differences were found to be driven by higher mortality
rates and reduced fecundities in the control populations.

With regard to our initial research question, it is of particular
interest to compare the response of populations adapted to low
Cu (45pg LY Cycle 2) with the control populations. These low Cu-
adapted populations barely outperformed the control populations
when exposed to concentrations equal to those they had been ex-
posed to in the selection experiment (Figure 4A). In contrast, they
performed much better than the control populations when exposed
to intermediate and high Cu treatments, mainly as the result of lower
mortality rates. Adaptation of populations to selection pressure ex-
erted by low levels of Cu thus yielded a fitness advantage that be-
came especially pronounced at much higher Cu concentrations. This
indicates that adaptation to low Cu levels involves modifications in
stress coping mechanisms that are also highly effective in dealing
with much higher levels of this stressor. Our results thus provide
substantial support for the idea of micro-evolutionary priming in
animals, where adaptation to (very) low stress levels renders pop-
ulations disproportionately robust to the negative effects of future
acute stress events.

Differences in exposure duration may have influenced common
garden performance of populations isolated during the various cy-
cles of the selection experiment. Indeed, populations from which
clones were isolated during Cycle 2 not only experienced selection
by lower copper concentrations, exposure to copper also lasted
during fewer generations compared to populations at later cycles.
However, this affects only the comparison between populations of
different cycles and does not alter the key finding that Cycle 2 pop-
ulations strongly outperformed control populations in treatments
with high copper concentrations. On the contrary, the observation
that priming occurred despite the shorter exposure to low-stress
conditions underscores the significant impact of selection under
low-stress levels on tolerance.

Different strategies exist by which organisms cope with a
fluctuating environment (Bernhardt et al., 2020). These strategies
vary depending on the degree of predictability of the environment
and the time scale over which the environment varies compared
to the generation time of the organisms. When fluctuations are
unpredictable and occur on an intergenerational time scale, pop-
ulations may evolve bet-hedging strategies (Childs et al., 2010).
In more predictable environments, organisms may use environ-
mental cues to anticipate a changing environment through phe-
notypic plasticity, within their own life cycle, or by inducing their
offspring. These strategies are typically shaped as a result of an
evolutionary response to a specific history of temporally varying
selection regimes. This, by definition, is in stark contrast to the
micro-evolutionary priming described here, where populations are
able to cope with acute stress without having been exposed to
such high stress before. Because our common garden experiments
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involved constant Cu levels, we should be prudent in making
statements about how the performance of evolved rotifer pop-
ulations would differ from control populations in more dynamic
environments. Nevertheless, our results strongly suggest that low
Cu-adapted populations should be better able to cope with an en-
vironment characterized by strong fluctuations of Cu than naive
populations. Given that low Cu-adapted populations have never
been exposed to acute Cu stress in their (recent) evolutionary his-
tory, this coping ability cannot have resulted from adaptation to
such high concentrations. Instead, it should be regarded as a by-
product of adaptation to low Cu concentrations.
Micro-evolutionary priming may have important implications
for the long-term persistence of populations that face anthropo-
genic change (Gonzalez & Bell, 2013). For many stressors to nat-
ural systems, a gradual increase in the long-term mean is often
accompanied by an increase in the height of incidental peak val-
ues (Figure 1a; Bernhardt et al., 2020). For example, in the case of
metal contamination, the intensity of toxic metal stress at a site
can vary greatly with time because bioavailability and toxicity are
determined by temporal variation in pollution loads and the chem-
ical and physical environment (e.g. pH, dissolved organic carbon,
oxygen levels; Mbandzi et al., 2022). Sediments, for example, act
as important sinks for metals. However, the resuspension of con-
taminated sediments, due to disturbance events caused by natural
(e.g. winds, bioturbation, storm surge or precipitation) or anthro-
pogenic origin (e.g. dredging, shipping, trawling), may turn them
into an important source of bioavailable metals, especially under
conditions that promote their dissociation and remobilization (do
Nascimento Monte et al., 2021; Roberts, 2012). The gradual ac-
cumulation of metals in an ecosystem over time is therefore as-
sociated with a strongly increased risk for acute peaks of metal
stress (Birch & O'Hea, 2007), risks that may be exacerbated by
the increase in the frequency of wind storms, heavy rainfall and
floods associated with climate change (Birch & O'Hea, 2007;
Roberts, 2012). Although populations would be expected to be
imperilled at the occasion of such peaks, our results suggest that
initial micro-evolutionary adaptation to low levels of a metal
stressor may strongly contribute to their persistence in the face
of such peak events. Although micro-evolutionary priming has
received no or very little attention, it may be an important deter-
minant of the persistence of populations that face an increased
risk of acute stress due to other types of stressors, such as other
toxic contaminants, salts or heatwaves as well (Brans et al., 2017;
Coldsnow et al., 2017; Khan et al., 2011; Weston et al., 2013).
Micro-evolutionary priming may not only have a major impact
on the robustness of populations under high temporal stress vari-
ability but could also potentially influence the spatial dynamics of
metapopulations and, by extension, metacommunities (De Meester
et al., 2011; Leibold et al., 2022). Particularly in landscapes with
high spatial heterogeneity in stress levels, we expect that micro-
evolutionary priming may contribute to the spatial expansion of
metapopulations because it may increase the ability of populations
from stress-free sites to colonize high-stress sites (Figure 1b). More
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specifically, in a landscape, low-stress sites could serve as stepping
stones to high-stress sites for naive populations from stress-free
sites. This is because they provide colonizers of stress-free sites the
opportunity to locally adapt to low-stress conditions. These popula-
tions may then become equipped to colonize high-stress sites that
would otherwise remain inaccessible for genotypes originating from
stress free environments.

In ecotoxicology, much work has focused on the question of
how multigenerational exposure of organisms to toxins affects their
tolerance. The tolerance response of organisms such as Daphnia,
Gammarus and copepods to multigenerational exposure to metals
has been shown to exhibit considerable variability between studies.
Depending on the test organism, metal identity, metal concentration
and food conditions, multigenerational exposure has been found to
lead to reduced tolerance (Araujo et al., 2019; Guan & Wang, 2006;
Li et al., 2015; Volker et al., 2013), whereas in other cases, it has re-
sulted in increased tolerance (Kwok et al., 2009; Shaw et al., 2019;
Sun et al, 2014). Current evidence supporting epigenetics-
mediated transgenerational hormetic responses, where exposure
to metal toxicity in one generation enhances subsequent genera-
tions' tolerance to higher concentrations than initially encountered
(Agathokleous et al., 2021; Sebastiano et al., 2022), remains limited
and extends only over a few generations (Bossuyt & Janssen, 2004;
Muyssen & Janssen, 2004). Studies typically document responses
of successive generations descended from single clonally reproduc-
ing genotypes or pairs of sexually reproducing individuals. As a re-
sult, they rule out population-level micro-evolutionary adaptation.
In contrast, our selection experiment was initiated with multiclonal
populations that underwent repeated bouts of sexual reproduction
during the stepwise increase in stressor intensity over the course
of the experiment. Given that rotifer populations are known to har-
bour substantial interclonal variation in their ability to cope with a
variety of stressors (Alcantara Rodriguez et al., 2012; Lemmen et al.,
2022; Walczynska et al., 2017; Xi et al., 2019; Zhu et al., 2022), in-
cluding metal stress (Orr et al., 2022), the adaptation observed in
our study most likely occurred mainly through directional selection
on favourable allele combinations formed after each bout of sexual
reproduction. In the common garden experiment, genotypes from
populations with a history of exposure to low Cu concentrations
showed strong differences from control populations in the extent
to which they were able to cope with high Cu levels, despite having
been exposed to the same conditions for many generations during
the acclimation period prior to the common garden experiment. For
this reason, the observed divergence in fitness response between
these populations can be more easily explained as the consequence
of micro-evolutionary adaptation than by epigenetics-mediated
transgenerational hormetic responses.

Micro-evolutionary priming is likely to have different and more
long-lasting effects on populations than transgenerational hormetic
responses (Kristensen et al., 2020). Although some studies have

provided evidence for transgenerational hormetic responses to last

for many generations (Shi et al., 2021; Yue et al., 2021), most evi-
dence for this mechanism is still limited to the F1 or F2 generation
(Margus et al., 2019; Okabe et al., 2021; Tsui & Wang, 2005; Ullah
et al., 2020). In contrast, the impact of micro-evolutionary priming is
expected to be more durable over time. Due to its genetic basis, tol-
erance to acute concentrations may be transferred across numerous
generations and bridge long periods of very low to negligible stressor
levels. The period for which such an adaptation will be maintained
in a population will obviously depend greatly on whether there are
fitness costs involved (Vigneron et al., 2015) and the frequency of
exposure to the stressor.
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Consideration of adaptive processes is essential for a better under-
standing and prediction of how animal populations will respond to
anthropogenic change. Our study provides evidence that a multi-
generational exposure of genetically diverse rotifer populations to
low levels of Cu stress allows these populations to evolve tolerance
for much higher levels of this stress. Our results point to a poten-
tially very important mechanism that has hitherto received very lim-
ited attention in animal populations. Further research is needed with
other taxonomic groups and different types of stressors to confirm
the generality of such ‘micro-evolutionary priming’. This is especially
relevant given the general observation that the gradual increase of
stressors tends to be associated with more extreme stress peaks
in natural systems. Evaluating the extent to which organisms can
increase their coping abilities to acute stress by micro-evolutionary
adaptation to relatively low-stress levels is important for assessing
the potential response of (meta)populations, communities and as-

sociated ecosystem functions in a rapidly changing world.
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