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Organisms frequently experience temporal and spatial fluc-
tuations in their natural habitats. The capacity to persist and 
thrive across variable environmental conditions requires 

adaptation, either via allele frequency change or phenotypic plastic-
ity. Phenotypic plasticity, the ability of a single genotype to express 
different phenotypes in response to altered environmental condi-
tions, is ubiquitous in natural populations and well established as an 
adaptive response to fluctuations in the environment1,2. This adap-
tive response can provide time for a population to become estab-
lished, reducing the probability of extinction in new or fluctuating 
environments3,4 and also enables populations to efficiently traverse 
fitness landscapes3. Decades of theoretical and empirical work on 
the quantitative genetics of plasticity has revealed that genetic varia-
tion for plasticity exists5,6, that heritable variation in plasticity can 
respond to natural selection1,7 and that plasticity can be both mal-
adaptive8 and subject to local adaptation9.

The adaptive nature of phenotypic plasticity has been demon-
strated for behavioural, morphological and life-history traits10. 
Broadly, this work is aligned with theoretical predictions that adap-
tive phenotypic plasticity evolves when environmental change 
is rapid11,12, environmental cues are reliable13,14, plastic responses 
occur as rapidly as environmental change15 and when the incurred 
cost of plasticity is low16,17. Empirical studies on the adaptive nature 
of phenotypic plasticity often measure aspects of fitness following 
environmental exposures (for example, ref. 18) or document the 
plastic responses of genotypes collected from different locations that 
reflect alternate historical selection regimes (for example, ref. 19).  
However, such data and insights do not reveal the selective forces 
shaping levels of genetic variation in plasticity within populations.

Distinct evolutionary forces remove and promote functional 
genetic variation within populations. On the one hand, theoretical 
models aimed at explaining the level of quantitative genetic diversity 

in natural populations frequently highlight the central role of stabi-
lizing selection20,21. Stabilizing selection reduces deleterious genetic 
variation in a population without modifying the population mean 
and maintains populations near their local fitness peak. Likewise, 
directional selection can reduce variation as populations adapt to a 
new fitness peak or evolve via genetic accommodation22,23. On the 
other hand, diversifying forces, including genetic overdominance, 
environmental heterogeneity and frequency-dependent selection, 
can maintain functional genetic variation24.

Whether stabilizing or diversifying forces predominate in natu-
ral populations and whether the strength of these forces remains 
constant through time, has remained one of the central challenges 
in evolutionary biology25. To test hypotheses about these forces that 
shape the magnitude of genetically based phenotypic diversity, both 
standing genetic variation (Vg; for example, refs. 13,26) and variation 
entering the population via mutations (mutational variation, Vm; for 
example, refs. 26,27) need to be considered28. Obtaining such data can 
be challenging and there is a pronounced data deficit in phenotypic 
plasticity research because of the challenge of measuring genetic 
variation across multiple environments. Consequently, there is a 
major gap in knowledge about the evolutionary forces that shape 
levels of standing genetic variation of plasticity within populations.

We directly address this gap in knowledge by evaluating sig-
natures of natural selection on predator-induced morphological 
changes in the eco-evolutionary model organism, Daphnia pulex. 
This species responds to cues released from Chaoborus larvae by 
developing a morphological defence characterized by a pedestal 
protrusion and spikes on their dorsal head region29. This is a cen-
tury old, classic example of adaptive phenotypic plasticity29–31. While 
development of morphological defences in D. pulex, which are typi-
cally maximized at second and third juvenile instars (for example, 
refs. 29,31–33), increases survival to predator attack by up to 50%  
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(refs. 29,33), induction in the absence of actual predators incurs a fit-
ness cost29,30. Surveys of natural populations have shown that induc-
tion in wild individuals is positively correlated with Chaoborus 
density34 and experimental exposure with Chaoborus extract pro-
duces the same induction as seen in wild-caught individuals34. 
Therefore, the antipredator morphological defences expressed in 
juvenile instars of D. pulex are probably subject to strong selection 
and provide a tractable system to study the evolutionary forces act-
ing on phenotypic plasticity.

Modes of selection—those that remove fitness-related variation 
(stabilizing and directional) and those that maintain it (diversify-
ing)—are likely to leave distinct signatures of standing genetic vari-
ation. If stabilizing selection acts strongly on the plastic inducible 
defence, we predict that genetic variation in dorsal shape will be 
reduced upon exposure to predator cue relative to genetic varia-
tion in dorsal shape in the absence of predator cue. Moreover, we 
predict that the dorsal regions that show the greatest plasticity will 
show the greatest reduction of variation in the predator cue treat-
ment. This prediction is based on the idea that the strength of 
selection on aspects of dorsal shape will be stronger in the pres-
ence of predators versus the absence of predators. In addition, we 
also predict that if stabilizing selection acts strongly on the plastic 
response, the ratio of additive genetic variation to mutational varia-
tion (Vg/Vm) in the induced state will be lowest in dorsal regions that 
show the greatest plasticity, relative to the rest of the dorsal edge 
of the organism. Alternatively, diversifying selection could operate 
on the plastic response if, for instance, the strength or type of pre-
dation varies across microhabitats or through time. If diversifying 
selection is a prominent feature, we expect that genetic variation 
in dorsal shape will be large upon exposure to predator cue rela-
tive to genetic variation in dorsal shape in the absence of predator 
cue. Thus, in contrast to the above, we predict that diversifying 
selection should increase genetic variation in dorsal regions that 
show the greatest plasticity, relative to the rest of the dorsal edge of  
the organism.

To evaluate these alternative predictions, we combined a 
high-throughput phenotyping assay with genome resequencing to 
characterize the evolutionary forces acting on plastic induction. We 
first show that standing genetic variation for the defence, in an out-
bred population, is reduced upon exposure to predator cue. This 
reduction of genetic variation is greatest in the dorsal head region 
where defence morphologies are expressed. We also demonstrate 
statistically that this head region is a discrete phenotypic module 
and thus likely to respond to selection independently from the sur-
rounding dorsal regions. We next measured mutational variation 
in defence morphologies using strains that are clonally related and 
have accumulated new mutations in the wild since they diverged 
from their recent common ancestor35. Among-line variation thus 
reflects mutational variation (Vm; refs. 28,36–38) and can be contrasted 
to standing variation (Vg) in the outbred individuals. Consistent 
with the view that the environmentally induced phenotype is sub-
ject to stabilizing selection, we show that Vg/Vm is lowest in the phe-
notypic module that showed greatest phenotypic plasticity. Taken 
together, these data provide unique insight into the evolution of 
environmentally induced, plastic responses and the forces that 
shape genetic variation in the wild.

Results
Robust and accurate phenotyping. To date, assessment of 
predator-induced morphological changes in Daphnia have been 
based on a categorical scoring technique that classifies pedestals as 
absent (score = 0), small (score = 30) or large (score = 50) and neck-
teeth in increments of ten29,33. Although this scoring technique has 
been useful, its coarse scale and potential for observer bias limits 
our capacity to assess morphological responses with high resolu-
tion, replication and reproducibility.

To remedy this, we developed a phenotyping tool, DAPCHA, 
that allows automated identification of defined phenotypic land-
marks and subsequent quantification of phenotypic responses using 
standardized photographic images from stereoscope microscopy 
(Fig. 1a). These features include basic aspects of morphology such 
as animal length, eye size and tail length (Fig. 1a,ii), as well as a trace 
of the entire dorsal edge central to detecting the induced defences 
(Fig. 1a,iii). DAPCHA accurately measures animal length (Fig. 1b;  
Pearson’s correlation: r(707) > 0.99, P < 2.2−16; Supplementary  
Table 1, section I) and is more repeatable in unit conversion of 
length estimates than are manual observers (for example, run 2,  
Fig. 1c and Supplementary Table 1, section I).

We used DAPCHA to calculate the maximum dorsal height of 
the animal (Fig. 1a, V and Methods) as a summary of morphologi-
cal responses before and after exposure to predator-derived kairo-
mones. We find that maximum dorsal height is an excellent proxy 
for the predator cue-induced morphological defence (Wilcoxon 
rank sum test: Z = −7.79, P = 6.558−15; Supplementary Table 1, sec-
tion I) and is also correlated with estimates of defence based on 
the discrete manual scale (Fig. 1d, predation; Pearson’s correlation: 
r(240) = 0.4, P = 6.291−11; Supplementary Table 1, section I). We also 
show low consistency in manual assessment of the pedestal score 
among three independent observers: only 66% and 74% of indi-
viduals were classified as the same induction level during instar 1 
and instar 2, respectively, when exposed to predator cues (Extended 
Data Fig. 1 and Supplementary Table 1, section IV). These data 
suggest that DAPCHA is a useful approach to assess phenotypic 
responses in a consistent manner. We retroactively assigned ani-
mals to the first instar and second instar (Fig. 1e) on the basis of 
a multimodal distribution of animal length and animal dorsal area 
(Methods), enabling us to ask questions about the extent of mor-
phological response in distinct size and age classes.

Evidence for stabilizing selection in an outbred sample. We esti-
mated components of phenotypic variation in the environmen-
tally induced, plastic response of 471 individuals from among 49 
genetically unique strains (Extended Data Fig. 2 and Supplementary 
Table 2) sampled from a single population in southern England35. 
We reared each strain with and without predator kairomone and 
applied our DAPCHA pipeline to around four individuals per strain 
and treatment group each day, for the first 3–4 d postparturition 
(Extended Data Fig. 3).

First, we evaluated the plastic response of these strains. We 
demonstrate that exposure to predator kairomone induces defence 
morphologies, most prominently in the dorsal head region  
(Fig. 2a,e and Extended Data Fig. 4). The magnitude and posi-
tion of the induced pedestal varied between predator cue exposed 
and control individuals. Under predation risk, the maximum dor-
sal height shifted towards anterior head regions (Fig. 2a,b and 
Extended Data Fig. 4; Chi-squared test (instar 2): χ2[d.f. = 112, 
n = 380] = 222.4, P = 2.676−9; Supplementary Table 1, section II) 
and the maximum dorsal height increased (Fig. 2c; Wilcoxon rank 
sum test (instar 2): Z = −9.84, P < 2.2−16; Supplementary Table 1, 
section II). Furthermore, we detected an increase in the number of 
neckteeth upon exposure to predator cue (Fig. 2d; Chi-squared test  
(instar 2): χ2[d.f. = 7, n = 381] = 179.83, P < 2.2−16; Supplementary 
Table 1, section II).

A quantitative genetic test of modularity39–41 (Methods) indicates 
that phenotypic responses in the dorsal head region (module 2), 
where defences are expressed, are expressed independently of, and 
do not covary with, any change in the rest of the body plan (cova-
riance ratio coefficient (instar 2): CR = 0.72, P = 0.001; Extended 
Data Fig. 5, model H). This finding suggests that the dorsal head 
region (between dorsal positions 100 and 200; Extended Data Fig. 5,  
model H) is a phenotypic module that probably responds to natural 
selection independently of the rest of the body plan.
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Next, we decomposed phenotypic variation among the outbred 
individual lines to estimate the relative contribution of genotype, 
environment and genotype-by-environment interaction (G × E) at 
each position along the dorsal axis (Fig. 2a). We observe a strong 
environmental effect on dorsal height among our outbred strains 
(Fig. 2e, red line and Supplementary Table 1, section II) with the 
peak of morphological induction centred in the independent head 
module (around dorsal position 150 in module 2; Extended Data 
Fig. 5, model H). We further observed substantial genetic varia-
tion in the induced morphological defence (Fig. 2e, blue line and 
Supplementary Table 1, section II).

The data indicate an increase in G × E variation for second instar 
animals in module 2 (Extended Data Fig. 5, model H), with effect 
sizes up to 16% higher in this module than effect sizes averaged 
across other body parts (Fig. 2e, grey line). This elevated G × E near 
the region of maximum induction could be caused by crossing reac-
tion norms or by a change in genetic variance between the control 
and predator cue environments. To test these alternative explana-
tions, we calculated both the broad- and narrow-sense heritability 
of dorsal height in the control and predator-induced environments. 
In second instar animals, we find a reduction of both measures 
of heritability for dorsal height upon exposure to predator cue  

(Fig. 2f–h and Supplementary Table 1, section II), with the stron-
gest reduction in heritability estimates upon exposure to predator 
cue in module 2 (Extended Data Fig. 5, model H; Wilcoxon rank 
sum test (instar 2, module 2): Z = −9.15, P < 2.2−16; Supplementary  
Table 1, section II). This result is consistent with the hypothesis that 
the induced phenotype is subject to stabilizing selection.

Mutational variation and further evidence of stabilizing selec-
tion. We contrasted levels of standing genetic variation (Vg) with 
mutational variation (Vm) to further evaluate evidence for stabi-
lizing versus diversifying evolutionary forces. To estimate muta-
tional variation in the plastic response, we assayed 516 individuals 
from among 56 clonally related strains (Extended Data Fig. 2 and 
Supplementary Table 2). These clonally related strains show genetic 
high similarity but differ due to new mutations (collectively includ-
ing point mutations, small indels, gene conversion) that have arisen 
as the clonally related individuals that we measured shared a com-
mon ancestor35. These clonally related strains were independently 
isolated from the field and sampled from the same set of ponds 
at the same time as the outbred individuals above, allowing us to 
directly relate levels of genetic variation in the induced phenotype. 
All experimental work with these clonally related strains was done 
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Fig. 1 | High-throughput phenotypic assessment via automated image analysis tool DAPcHA. a, Phenotypic assessment of Daphnia using DAPCHA 
involves three major steps: conversion of a standardized, raw image to grayscale (i and ii); automated identification of key landmarks (eye, tail tip and 
tail base) (ii); and automated tracing of the dorsal edge of the carapace (blue line) via identification of equally spaced landmarks along the dorsal axis. In 
total, we used 600 dorsal positions; yellow points in the figure highlight major landmarks (iii). Defined landmarks subsequently allow for the quantification 
of different phenotypic traits, including animal length (iv) and dorsal height (v; here exemplified by the dorsal position where dorsal height was largest). 
b–d, Accuracy of phenotypic estimates by DAPCHA were validated via contrasting manual estimates with automated data: animal length estimates 
across three different observers (b); unit conversion of length estimates using a microstage meter with manual estimates assessed in two different runs 
(Methods) (c); and morphological changes in the head region (square bracket in a, iii) under control and predation conditions in second instar animals; 
manual scores are averaged across three independent observers giving rise to values other than 0, 30 and 50 (d). e, Using a mixture model on animal 
length and animal dorsal area, test animals were retroactively assigned to distinct developmental stages (first instar, I1; second instar, I2).
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using the same experimental design as described above and assayed 
concurrently with the genetically unique outbred lines (Extended 
Data Fig. 3). Population genomic analysis suggests that these clon-
ally related isolates share a recent common ancestor and are also 
related to the outbred individuals that we studied here35.

These clonally related strains display a robust plastic response to 
predator cue that is similar to the average plastic response of the out-
bred individuals (Extended Data Fig. 6 and Supplementary Table 1, 
section VI). We also detected considerable variation in the induced 
defence morphologies among these clonally related strains in sev-
eral key metrics of the induced phenotype such as the height along 

the dorsal axis (Extended Data Fig. 6a and Supplementary Table 1,  
section VI) and the maximum height of the pedestal (Extended 
Data Fig. 6c and Supplementary Table 1, section VI).

We confirmed by performing a ‘twin analysis’ that the pheno-
typic variance that we observe among these clonally related strains is 
heritable and unlikely to be caused by other factors such as maternal 
effects or experimental artefact. This analysis takes advantage of our 
split-block experimental design in which, on average, eight strains 
were phenotyped concurrently across 20 batches in total (Methods). 
These batches were relatively evenly split between treatment groups 
and clonal and outbred individuals (Extended Data Fig. 7).
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Specifically, we evaluated the correlation of the environmen-
tally induced trait between siblings released from the same mother 
(‘within clutch’) and between individuals from the same strain 
but born to different mothers (‘within clone’), replicated across 
the 56 strains of the same clonal assemblage (genetically similar 
strains; Extended Data Fig. 3 and Supplementary Table 2). If the 
statistically significant among-line variance (Extended Data Fig. 6e, 
Supplementary Table 1, section VI) that we observe across the clon-
ally related strains was due to experimental artefact or shared envi-
ronmental batch effect, the correlation between individuals released 
from the same mother (‘twins’ and ‘within clutch’) will be higher 
than the correlation between individuals released from different 
mothers of the same strain (‘cousins’ and ‘within clone’). Similarly, 
if the among-line variance of the clonally related strains is due to 
experimental artefact, the correlation between individuals within a 
batch should be high.

On the other hand, if new mutations (or heritable epigen-
etic marks; for example, ref. 42) cause phenotypic differentiation 
between clonally related strains, then twins should be (1) as simi-
lar to each other as cousins and (2) more similar to each other 
than to other genetically similar lineages of the clonal assemblage  
(‘among clones’).

In line with the expectation that mutations underlie the observed 
variation, we detected strong correlation between twins and between 
cousins and that these individuals are more similar to each other than 
to randomly paired individuals sampled across the clonal assem-
blage (Extended Data Fig. 8 and Supplementary Table 1, section 
VII). Moreover, the correlation coefficients between twins broadly 
exceeded the expectations from permutations (Extended Data  
Fig. 8, ‘within clutch’ and Supplementary Table 1, section VII), while 
correlations of randomly paired individuals from the clonal assem-
blage were markedly lower (Extended Data Fig. 8, ‘within clutch’ 
versus ‘among clones’ and Supplementary Table 1, section VII).

We also detected low correlations of phenotypic responses 
among randomly paired individuals from the same experimental 
batches (Extended Data Fig. 8, ‘among batches’ and Supplementary 
Table 1, section VII), suggesting that both experimental batch and 
maternal effects are not driving the observed variance among clon-
ally related strains. This finding was further supported by fitting 
full linear mixed models, with variance components suggesting 
that most phenotypic variation is due to differences among clonally 
related strains but not due to batch effects or maternal effects (‘max 
dorsal height’, Supplementary Table 1, section VII).

From these analyses, plus the linear model approach in section 
‘Evidence for stabilizing selection in an outbred sample’ (Fig. 2), 
we conclude that there are heritable differences in the environ-
mentally induced phenotypic response between strains that are 
clonally related. We interpret this among-line variance as muta-
tional variance, Vm. The magnitude of Vm that we document here 
is on par with estimates of mutational variance in other Daphnia 
studies43. The large mutational variance also demonstrates that 
plastic, environmentally induced responses are not mutation lim-
ited and suggests that local adaptation in the plastic response (for 
example, ref. 9) could, in principle, be driven by new mutations 
that arise frequently.

To estimate the strength of stabilizing selection on the observed 
phenotypic responses in both the presence and absence of preda-
tor cue, we contrasted standing genetic variation (Vg) with the 
mutational variance (Vm) using the among-line variance of geneti-
cally unique strains and the among-line variance of clonally 
related strains, respectively. We detected that Vg/Vm is lowest in 
module 2 (Extended Data Fig. 5, model H) in second instar ani-
mals exposed to predator cue (Fig. 3a,b; Kruskal–Wallis rank sum 
test: χ2[d.f. = 2] = 34.665, P = 2.969−8; Supplementary Table 1, sec-
tion III). In addition, we find the strongest statistical support for 
a reduction in Vg/Vm upon exposure to predator cue in module 2 

(Wilcoxon rank sum test (instar 2, module 2): Z = −11.35, P < 2.2−16; 
Supplementary Table 1, section III). The localized reduction of 
Vg/Vm (Fig. 3b,c), coupled with the reduction of Vg in the induced 
state (Fig. 2f–h), provides strong evidence for stabilizing selection 
operating on this environmentally induced trait.

Discussion
We evaluated evidence about the role of stabilizing selection versus 
diversifying selection shaping phenotypic plasticity using estimates 
of standing genetic variation and mutational variation. We provide 
two lines of evidence to support a conclusion that stabilizing selec-
tion is acting on induced defences, a classic form of adaptive pheno-
typic plasticity. We show that standing genetic variation is reduced 
in phenotypic modules associated with the defence morphologies 
(Fig. 2) and we show that standing genetic variation in the induced 
phenotype is substantially lower than mutational variation (Fig. 3).  
Although the intuitive model that an environmentally induced phe-
notype is directly related to fitness forms the basis for a century of 
work studying the antipredator responses of D. pulex29,44 and other 
related Cladocera45,46, to our knowledge, this idea has not been 
directly tested. Our work, therefore, provides new insight into the 
evolutionary history of plastic phenotypes.

Phenotypic plasticity is a vital strategy for organisms to cope 
with rapid changes in their environment11,12,15,47 and prior research 
has demonstrated that aspects of phenotypic plasticity can evolve 
in response to changes in the environment3,4. Theoretical models 
that explain the evolution of plasticity assume that genetic diversity 
is sufficiently present48,49 and this assumption is generally realized 
when examining empirical data in a wide variety of species (for 
example, ref. 50). Despite the ubiquity of genetic variation in plastic-
ity across the tree of life and genetically based phenotypic variation 
of fitness-related traits in general51, determining the evolutionary 
forces that act on that variation remains a fundamental challenge25. 
Determining the evolutionary history of phenotypic variation 
requires a comparative approach and often comparisons are made 
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between populations to study local adaptation9,18 or across taxa to 
study diversification52,53. As a consequence, identifying the forces 
that shape genetically based phenotypic variation within popula-
tions remains relatively understudied.

To gain insight into the evolutionary determinants of phenotypic 
variation within populations, it is critical to understand the extent 
of mutational variance. Mutational variance is generally considered 
deleterious54 and, therefore, the rate at which it is removed from 
populations should reflect the strength of purifying selection55. 
Although directly observing the trajectory of new mutations is chal-
lenging, as is disentangling genetic versus epigenetic inheritance in 
studies of mutational variance, comparisons of standing genetic 
variation to mutational variation can yield insight into the expected 
persistence time of new, deleterious mutations55, the mutational tar-
get size56 and the genetic architecture of different classes of traits43. 
For instance, the values of Vg/Vm that we observe are consistent with 
strong stabilizing selection which removes deleterious mutations 
quickly from the population via natural selection acting directly on 
the environmentally induced, plastic phenotype.

We found that values of Vg/Vm in areas of largest plasticity are 
substantially lower than previously reported data (for example, 
ref. 54). Thus, the question arises why mutational variance among 
clonally related strains is larger than the observed genetic varia-
tion among individuals from the outbred population in the dorsal 
region where defence morphologies are expressed. Our analyses 
indicate that neither experimental artefacts nor maternal effects are 
the sole drivers of the observed substantial variation among clonally 
related strains (Extended Data Fig. 8) and the small values of Vg/Vm  
(Fig. 3a,b). Consequently, we speculate that temporal or spatial 
variation in the strength of selection is a potential factor driving the 
observed pattern. Population genomic analyses of our natural pop-
ulation indicate that the outbred strains are derived from individu-
als that recently hatched from sexual ephippia deposited some time 
in the past, whereas the clonally related strains were present in the 
population for an extended period of time leading up to the point of 
collection. If, for instance, the strength of predation varied through 
time, selection events further in the past may have depleted diver-
sity in the genetically unique clones that result from sexual repro-
duction (our outbred population), while clonally related strains may 
have radiated over the last several generations before sampling and 
reflect more recent population history when the risk of predation 
was decreased. Alternatively, spatial differences in the ecology of the 
sampled ponds may have contributed to the observed patterns: a 
large fraction of the tested, genetically divergent clones originated 
from one of the two ponds, whereas most of the genetically simi-
lar clones were collected from the other pond. However, our analy-
ses of the sampled metapopulation indicate that the two ponds are 
partly interconnected, allowing for sufficient migration between the  
two habitats35.

Examination of the evolutionary forces acting on environ-
mentally induced traits is important for the interpretation of the 
evolutionary history of this population and also for assessing its 
evolutionary potential. While our data show that plasticity is sub-
ject to strong stabilizing selection, we also show that there is ample 
mutational variance for plasticity (Fig. 3). Mutational variance for 
plasticity could facilitate rapid adaptive evolution following shifts in 
the predator composition in the aquatic community due to climate 
change57,58 or other anthropogenic factors (for example, ref. 59) and 
could thus be an important factor facilitating population persistence 
of D. pulex and other organisms, with consequences for ecosystem 
stability and function60.

Methods
Study system. Our data come from a population of D. pulex located in the Kilwood 
Coppice Nature Reserve in the Dorset region of the southern United Kingdom 
(grid reference: SY 93599 82555). Genotypes used in this study were sampled 

from two partly interconnected seasonal ponds with predominantly invertebrate 
predators during early spring in 2016 and 2017 (Supplementary Table 2). In the 
laboratory, sampled live individuals were established as isofemale clonal lineages 
and maintained in artificial hard water (ASTM; ref. 61) with seaweed extract 
(marinure; Wilfrid Smith Std) under standard conditions: 15 animals per litre 
of ASTM were fed three times a week with Chlorella vulgaris (2 × 105 cells ml−1; 
>1.5 mg C l−1) and reared under 16:8 h light:dark conditions at 20 °C.

Genotyping. Sequencing. Full genome sequence data were obtained for the 105 
isofemale lines used in this study. For DNA extractions, many adult Daphnia were 
placed into artificial hard water containing antibiotics (streptomycin, tetracycline 
and ampicillin, 50 mg l−1 of each) and fed Sephadex G-25 Superfine (cross-linked 
dextran gel) beads for 48 h to minimize bacterial and algal contamination in 
downstream sequencing analyses. Five to ten individuals from each clonal 
lineage were then used for DNA extraction using Beckman-Coulter’s Agencourt 
DNAdvance kit. Individuals were homogenized using metal beads and a bead 
beater before DNA extraction. RNA was removed using RNase followed by an 
additional bead clean-up. DNA was quantified using the broad-range Quant-iT 
dsDNA kit (ThermoFisher Scientific) and an ABI plate reader and normalized to 
1 or 2 ng µl−1 before library construction. Full genome libraries were constructed 
using a modified down Nextera protocol62. Libraries were size selected for 
fragments ranging from 450 to 550 base pairs (bp) using Blue Pippin and quality 
checked using BioAnalyzer. Libraries were sequenced at HudsonAlpha Institute for 
Biotechnology using the Illumina HiSeq 2500 platform.

Mapping, SNP calling and SNP filtering. Nextera adaptor sequences were removed 
using Trimmomatic v.0.36 (ref. 63) and overlapping reads were merged using PEAR 
v.0.9.11 (ref. 64). Assembled and unassembled reads were separately mapped to 
a European D. pulex reference genome35 using bwa mem65. The entire reference 
genome was used for mapping but only reads that mapped to Daphnia scaffolds, 
had quality scores >20 and were primary alignments were used for further analysis. 
PCR duplicates were removed using Picard’s MarkDuplicates v.2.20 function66. 
GATK HaplotypeCaller (v.4.0; refs. 67,68) was used to call single-nucleotide 
polymorphism (SNPs). We removed SNPs that were within 10 bp of indels. 
SNPs were then hard filtered using GATK’s recommendations for organisms 
with no reference SNP panel (QD < 2, FS > 60, MQ < 40, MQRankSum < −12.5 
and ReadPosRankSum < −8). Individual genotype calls with low quality scores 
(GQ < 10) were set as missing data.

Clonal assignment. Individual field isolates were assigned to clonal lineages on the 
basis of patterns of identity by state (IBS). IBS was calculated using the snpgdsIBS 
function in SNPRelate v.1.30 (ref. 69), with a minor allele frequency cutoff of 0.05 
and a missing rate of 0.15. We classified individual field isolates as coming from 
the same clonal lineage if pairwise identity by states was >0.965 (see ref. 35 for 
more details). We identified 49 genetically unique isofemale lines and one cluster 
of 56 genetically similar strains, yielding 105 strains that were used for phenotypic 
analysis. We investigated patterns of relatedness by calculating IBS0 and kinship 
coefficients using the program KING v.2.2 (ref. 70). KING was run using the 
‘kinship’ command with the input data filtered to include SNPs with a minor allele 
frequency cutoff of 0.05.

Phenotyping. Experimental exposures. Phenotypic data were collected for the 
described 105 isofemale lines (Supplementary Table 2). To establish predation 
risk conditions, we generated predator cues from frozen midge larvae (Chaoborus 
ssp.) following established protocols71. Homogenized midge larvae extracts were 
filtered, followed by solid-phase extraction using a C18 column (Agilent) to recover 
the active compounds that generate strong morphological responses in D. pulex. 
For experimental exposures, animals were kept under standard conditions for 
three generations. Subsequently, at least two gravid Daphnia, carrying embryos 
in E3 stage (~18 h before parturition; sensu ref. 72), were placed in individual jars 
containing 50 ml of hard artificial pond water61, algae (2 × 105 cells ml−1 of C. 
vulgaris), liquid seaweed extract and 0 or 0.5 µl ml−1 of Chaoborus predator cue 
concentrate. After parturition, two neonates were randomly selected from each 
of the two mothers per treatment and placed individually in 50 ml glass vials 
containing the same medium as their maternal environment. For 3–4 consecutive 
days, each animal was photographed daily (Leica S8AP0 microscope; Leica EC4 
camera) while placing each animal briefly onto an object slide and subsequently 
transferred to a new glass vial containing fresh media and predator cues. Due to 
the large amount of experimental exposures, phenotypic assessments were carried 
in a split-block experimental design across 20 experimental batches in total, with 
experimental exposure jars randomized across the rearing set-up. On average, eight 
strains (random choice of four clonal related and four genetically unique strains) 
were phenotyped concurrently per batch, with exposures relatively evenly split 
between treatment groups and clonal and outbred individuals.

High-throughput image analysis. We assessed phenotypic changes using 
an automated image analysis pipeline hereafter referred to as DAPCHA 
(Supplementary Methods). To validate accurate performance of DAPCHA, all 
images were manually checked and, if required, landmarks manually curated.  
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We recorded manual estimates of units of microstage meter (~100 randomly 
chosen images) via two separate runs of estimation and animal lengths and 
morphological induction (>700 randomly chosen images) via three independent 
observers using ImageJ software (v.1.51a; refs. 73,74). We manually measured animal 
length from the tip of the head to the base of the tail. Morphological induction, 
based on the presence of a pedestal, was manually scored using a previously 
defined scoring system29,33. Developed spikes in the nuchal area, referred to as 
neckteeth, were counted individually. To account for size differences among clonal 
lineages and exclude size-dependent estimates in our analyses, we normalized 
dorsal height by animal length for all downstream analyses.

Instar assignment. Animals were retroactively assigned to distinct developmental 
stages (first and second instar) by fitting a mixture model on animal dorsal area 
and animal length, using the Mclust package (v.5.4.6) for R (ref. 75).

Analysis of variance. To assess the contribution of genotype, treatment 
and their interaction on dorsal height, we fit a linear model (dorsal 
height ~ genotype * treatment + batch), followed by type II sums of squares 
implemented by the Anova() function in the car package for R (ref. 76) for 
significance testing and estimation of effect sizes using the effectsize package 
(v.0.4.4) for R (ref. 77).

Magnitude and position of induced defence. To estimate how predation risk altered 
the magnitude and position of the morphological defence structures, we applied a 
phenotypic trajectory analysis39 to the multivariate data matrix of dorsal height at 
each ith position along the dorsal edge using the geomorph package (v.3.3.1) for  
R (refs. 40,78,79). We fit a model where the response variable is the multivariate dorsal 
height × position matrix among genotypes versus treatment (control − predation). 
We estimated the overall impact of predation risk using 1,000 permutations 
via the procD.lm() function. This was followed by assessment of the direction 
and magnitude statistics via the trajectory.analysis() function. Visualization of 
the morphology and details about the shift in height and position of maximal 
induction were made with the plotRefToTarget() function.

To assess modularity and identify whether the region where the morphological 
defence is induced is correlated (or not) with the rest of the body, we applied the 
modularity.test() function in the geomorph package (v.3.3.1) for R (refs. 40,78,79). 
This function quantifies the degree of modularity in two or more suggested 
modules of shape variables (here using dorsal positions 10 to 600) and compares 
this to what is expected under the null hypothesis of random assignment of 
variables to partitions (neither modular nor integrated structure). The extent of 
modularity is described by CR which depicts the ratio of the overall covariation 
between modules relative to the overall covariation within modules. A statistically 
significant modular signal is found when the observed CR coefficient is small 
relative to this distribution (ref. 40). Such a result implies that there is greater 
independence among modules than is expected under the null hypothesis 
of random association of variables. We specifically constructed 13 module 
configurations that varied in both the number of modules and the location of 
the module breakpoints (Extended Data Fig. 5) and tested for the presence of 
modularity between areas of largest plasticity (head region) and the remaining 
dorsal areas along the carapace. To identify the strongest statistical support for 
modular structures, we applied the R function compare.CR() in the geomorph 
package (v.3.3.1) for R (ref. 41) and corrected obtained P values for multiple testing 
using the p.adjust() function with Bonferroni correction.

Twin analysis. To assess how much offspring resemble one another when released 
from (1) the same mother and the same clutch, (2) the same strain but different 
mother, (3) randomly drawn strains from the clonal assemblage of genetically 
similar strains and (4) randomly drawn individuals from each experimental 
batch, we performed a correlation analysis for two key phenotypic traits, animal 
length and maximal dorsal height, using the R package robcor (v.0.1-6) (ref. 80). 
To estimate correlation coefficients for randomly drawn clone pairs from among 
genetically similar strains or batches, we performed 100 bootstraps. To contrast 
observed correlation coefficients to a NULL distribution, we permuted phenotypic 
data (n = 1,000) and tested for differences between observed and permuted data 
using a non-parametric Wilcoxon rank sum test.

Heritability estimation. We first estimated broad-sense heritability of phenotypic 
traits for the genetically unique strains and the clonally related strains within 
environments using a model of:

dorsal height ∼ 1, random =∼ 1|clone+ ∼ 1|batch.

The models were estimated using MCMCglmm (v.2.29)81 in a Bayesian 
framework with priors set as default, 65,000 MCMC iterations, a thinning interval 
of 50 and a burn-in of 15,000, producing 1,300 posterior estimates. We then 
used the posterior distribution associated with the clone term from each of these 
models to estimate the Vg/Vm ratio in each environment, where Vg is the clone 
term variance estimate for the genetically unique strain model and Vm the clone 
term variance estimate for the clonally related strain model. To generate our Vg/Vm 
inference, with a credible interval, we applied the formula log10(Vg) − log10(Vm). 

This produced a posterior mean and credible interval for Vg/Vm. All models were 
checked for autocorrelation in the chains.

We next estimated narrow-sense heritability of phenotypic traits in the 
genetically divergent clones using GCTA (v.1.93.2)82. We calculated a genetic 
relatedness matrix from genome-wide SNPs (MAF = 0.05) with the–make-grm 
flag in GCTA. For heritability estimate calculations, we used the flags --reml, 
--reml-alg 1, accounting for batch as covariate. To determine heritability estimates 
for random data (NULL distribution), we permuted genome identifiers before 
calculating genetic relatedness matrices.

Statistical analysis and plotting. All analyses were performed using R (v.3.5)83. The 
following packages were used for general analysis and plotting: ggplot2 (v.3.3.3)84, 
cowplot (v.1.1.0)85, data.table (v.1.14.0)86, foreach (v.1.5.1)87, doMC (v.1.3.7)88, 
ggbeeswarm (v.0.6.0)89 and viridis (v.0.5.1)90.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All raw images and processed data used to generate figures are deposited in Zenodo 
(https://doi.org/10.5281/zenodo.4738526). All sequencing reads are available from 
the Sequence Read Archive (PRJNA725506).

code availability
All scripts and code used for data analysis and plotting are available at  
https://github.com/beckerdoerthe/SelectionPlasticity. DAPCHA is available at 
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Extended Data Fig. 1 | inconsistency in manual assessments of defence morphologies. Jitter plot contrasting manual estimates of pedestal scores in first 
(A-C) and second (D-F) instar animals across three independent observers indicates inconsistent manual assessment: while the majority of estimates 
overlap between the three observers, manual assessments of the pedestal scores differ between observers, particularly under predation conditions.
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Extended Data Fig. 2 | genetic diversity among genetically similar and genetically unique strains. (A) Distribution of pairwise IBS values between all 
genetically similar (left) and genetically unique (right) strains. (B) Relationship between IBS0 and kinship as calculated in the program King for pairwise 
combinations of individuals genotyped from the sampled population. Red and blue circles depict genetically similar and genetically unique strains, 
respectively. Note that in (B) all comparisons between clonally related strains (red points) are stacked on top of each other.
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Extended Data Fig. 3 | Experimental design. (A) Full genome sequence analyses from 105 isofemale lines identified 49 genetically unique strains and one 
cluster of 56 genetically similar strains. (B) Phenotypic data were collected for these 105 isofemale lines: For experimental exposures, two mature Daphnia 
pulex carrying embryos in E3 stage (~18 hours before parturition; sensu72) were placed in individual jars containing medium with (bottom panel) and without 
(top panel) predator cue. After parturition, two neonates were randomly selected from each of the two mothers and placed in individual vials containing 
the same medium as their maternal environment. Subsequently, animals were monitored for 3-4 consecutive days, with daily photographs taken. Using an 
automated image analysis pipeline (DAPCHA, see Materials and methods and Suppl. Methods), phenotypic responses to control and predation conditions 
were assessed (see section ‘Robust and accurate phenotyping’, Fig. 1, Fig. 2a–d, Extended Data Fig. 6a–d). Next, heritability estimates for the observed within 
generation phenotypic response at each dorsal position were investigated for both genetically similar and genetically unique strains in the absence and 
presence of predator cue. These data allowed to contrast levels of standing genetic variation (Vg) with mutational variation (Vm) across the dorsal region. 
Comparing the patterns of the ‘dorsal region - Vg/Vm relationship’ within and between treatments ultimately provided evidence of differential selection 
across the phenotypic trait (see sections ‘Evidence for stabilizing selection in an outbred sample’ and ‘Mutational variation and further evidence of stabilizing 
selection’; Fig. 2e-h, Fig. 3, Extended Data Fig. 6e, f).
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Extended Data Fig. 4 | chaoborus induced shape variation in D. pulex. Visualization of the first three main axes of dorsal shape variation in first (A) 
and second instar (B) Daphnia using principal component (PC) analysis of procrustes data. Colours indicate treatment conditions (control: black points, 
predation: red points). Warp-shape diagrams highlight distinctive patterns of shape variations along the principal components: PC1 represents shape 
differences in dorsal height, while PC2 and PC3 characterize the development of predator-induced defence morphologies and shifts in their dorsal position, 
respectively.
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Extended Data Fig. 5 | Modularity of predator-induced defences along the dorsal axis in genetically unique strains. A formal modularity analysis, testing 
for the presence of distinct phenotypic modules along the dorsal axis, indicates that plastic responses in the nuchal area of second instar animals are 
independent of changes in other body parts: there is strong statistical evidence for three independent dorsal modules (see model H) separating dorsal 
regions where plastic defence morphologies are expressed (that is, head region) and other body parts along the dorsal edge. The extent of modularity 
is described by a covariation ratio (CR) coefficient and respective effect sizes (Z scores) in proposed modules (for details see Materials and Methods). 
Note, while model L indicates the strongest modular signal (that is, most negative effect size Z), there is no statistical difference to models H, M and N 
(Supplementary Table 1, section V). Due to its parsimonious nature (that is, fewest model parameters), model H was used for all subsequent analyses.
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Extended Data Fig. 6 | Effects of predation risk on morphological changes in genetically similar strains. (A) Risk of predation induces plastic responses, 
with strongest phenotypic changes observed in the head region. (B,C) In response to predation, maximum dorsal height increases and shifts towards 
anterior head regions. (D) In addition, the number of neckteeth increases under predation risk. Notably, variation in morphological changes within 
genetically similar clones is as pronounced as that observed among genetically unique clones (see Fig. 2). (E) Effect sizes from analyses of variance 
along the dorsal shape reveal distinctive patterns of treatment (that is, predation risk, red line), genotype (blue line), and GxE (grey line) effects on 
morphological changes in second instar animals. (F) Broad-sense heritability estimates of dorsal height in second instar Daphnia vary along the dorsal 
axis in response to control conditions (black line) and predation risk (red line) in genetically similar strains. Data in panels E and F are presented as 
mean values, with shaded areas indicating upper (0.95) and lower (0.05) confidence intervals. Vertical lines highlight morphological independent shape 
modules, separating head and posterior body areas (see Extended Data Fig. 5).
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Extended Data Fig. 7 | Split-block experimental design. Clonally related and genetically unique strains were phenotype concurrently across 20 
experimental batches (A), with treatment conditions (control vs predation) relatively evenly split across batches (B). Note, due to technical failures, 
batches 2 and 3 were excluded from the experiment.
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Extended Data Fig. 8 | genetic differences drive phenotypic variation in antipredator defences. Phenotypic variation in genetically similar strains arises 
due to genetic effects: phenotypic responses (here: animal length and maximal dorsal height) of offspring released from the same mother (‘within clutch’) 
and same strain (‘within clone’) are more similar to each other than to offspring released from a randomly drawn member of the clonal assemblage 
(‘among clones’). Correlation coefficients broadly exceed coefficients calculated for permuted data. Moreover, phenotypic correlations among randomly 
paired individuals from the same experimental batches are low, with actual data not exceeding permuted data ranges. Black and red points indicate 
control and predation risk conditions with darker and lighter colours depicting actual and permuted data, respectively. Data are presented as mean 
values, with error bars indicating upper (0.95) and lower (0.05) confidence intervals. Asterisks indicate actual data exceeding permuted data ranges (see 
Supplementary Table 1).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data analysis All scripts and code used for data analysis and plotting are available at https://github.com/beckerdoerthe/SelectionPlasticity. Our automated 
image analysis pipeline 'DAPCHA' is available at https://github.com/beckerdoerthe/Dapcha_v.1.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study examined genetic variation in predator induced morphological defenses in Daphnia pulex. This study involved sampling 
clones from a natural population, establishing them in the lab, and rearing them in a split-block design in the presence and absence 
of predator cue and measuring induction over 3-4 days per individual.  Additional data were acquired via analysis of genomic 
material.

Research sample The sample included 105 clonal strains of Daphnia pulex originally sampled from the Kilwood Nature Reserve in Dorset, England. The 
population was sampled because that locality had been used for previous work. The number of clones was chosen because that what 
was the largest sample size that we could manage experimentally.  We collected data from 3-4 individuals per clone.

Sampling strategy We measured 3-4 individuals per clone, and offspring were the daughters from two separate mothers per clone. We chose this 
number based on previous work, to manage and evaluate maternal effects as well as our treatments and because it was the largest 
replicate size that we could accommodate for the large sample size that we used.

Data collection All Daphnia pulex samples were collected via standard  procedures using plankton sampling tow nets.  Samples were made at the the 
Kilwood Nature Reserve in Dorset, England.  All phenotype data were collected at the University of Virginia  using a mixture of multi-
person observation (see reproducibility below) and semi-supervised automated image analysis.  All genomic extractions were made 
at the University of Virginia using standard protocols.  All sequencing were performed by....

Timing and spatial scale Samples were collected in a single visit to all ponds in spring 2017.

Data exclusions All samples were initially reared in a mix of natural pond water and artificial pond water and ultimately in 100% artificial ppnd water.  
The only data exclusions are represented by those samples not surviving this process.

Reproducibility We developed an semi-supervised method to automatically score predator response and animal length. We verified that this method 
was repeatable and accurate using human manual measurements. All genomic data is available in open access repositories to allow 
re-analysis.  A larger percentage of the clones are still in culture and available.  All genomic extraction and analysis methods follow 
established pipelines described in the method section.  All statistical code is available to re-create the analyses.  

Randomization For the experimental work, we used a randomized split-plot design.

Blinding Blinding was not used.  Instead, repeatability and replicability was formally assess among the network of observers and aligned with 
automated, semi-supervised scoring of the phenotype.

Did the study involve field work? Yes No
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Field work, collection and transport

Field conditions Field conditions for collection were wet, approximately 10C and in March 2017, Dorset, UK.

Location All Daphnia pulex samples were collected via standard  procedures using plankton sampling tow nets.  Samples were made at the  
Kilwood Nature Reserve in Dorset, England.

Access & import/export All data collection was made with permission from the Dorset Wildlife Trust.  They are acknowledged.  

Disturbance There was minimal disturbance to the habitat; sampling followed well established procedures using plankton tow nets.  All sites were 
accessed by established paths.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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