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1  |  INTRODUC TION

A major challenge facing all organisms is to adapt to environments 

that vary within their lifespan. A route to responding to and surviv-

ing such variation is phenotypic plasticity, the ability of individual 

clones to change phenotype during their life cycle when exposed to 

different environments (West- Eberhard, 2003). One pervasive, nat-

ural source of environmental variation is the risk of being attacked 

and killed by a predator, known as predation risk.

Predation risk induces a suite of changes in the behaviour, life his-

tory and morphology of many plants and animals (Bell & Sih, 2007; 

Bradshaw, 1965; Dicke & Hilker, 2003; Lürig et al., 2019; Ower & 
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Abstract
All animals and plants respond to changes in the environment during their life cycle. 

This flexibility is known as phenotypic plasticity and allows organisms to cope with 

variable environments. A common source of environmental variation is predation risk, 

which describes the likelihood of being attacked and killed by a predator. Some spe-

cies can respond to the level of predation risk by producing morphological defences 

against predation. A classic example is the production of so- called ‘neckteeth’ in the 

water flea, Daphnia pulex, which defend against predation from Chaoborus midge 

larvae. Previous studies of this defence have focussed on changes in pedestal size 

and the number of spikes along a gradient of predation risk. Although these stud-

ies have provided a model for continuous phenotypic plasticity, they do not capture 

the whole- organism shape response to predation risk. In contrast, studies in fish and 

amphibians focus on shape as a complex, multi- faceted trait made up of different vari-

ables. In this study, we analyse how multiple aspects of shape change in D. pulex along 

a gradient of predation risk from Chaoborus flavicans. These changes are dominated by 

the neckteeth defence, but there are also changes in the size and shape of the head 

and the body. We detected change in specific modules of the body plan and a level of 

integration among modules. These results are indicative of a complex, multi- faceted 

response to predation and provide insight into how predation risk drives variation in 

shape and size at the level of the whole organism.
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Juliano,	2019; Relyea, 2001) and such predator- induced responses 

are considered classic examples of phenotypic plasticity. Of partic-

ular interest are morphological responses to predation risk, which 

range	from	the	production	of	spines	(Arnqvist	&	Johansson,	1998; 

Tollrian, 1994) to changes in the shape of a portion of the body 

(Buskirk, 1998) or the entire body plan (Brönmark & Miner, 1992) 

of an organism.

Many studies of predator- induced change have focussed on a 

linear assessment of shape, measuring the distance between two 

points. Classic examples include changes in defensive dorsal spine 

length	 (Januszkiewicz	&	Robinson,	2007), body depth that affects 

vulnerability to gape- limited predators (Brönmark & Miner, 1992) 

and morphological features associated with behavioural swimming 

escape responses (Domenici et al., 2008). However, this type of lin-

ear analysis only captures a subset of the overall shape variation.

A more complete understanding of the response to predation re-

quires an assessment of overall shape, which requires a multivariate 

approach (the measurement of multiple different landmarks defining 

shape, at once). A well- established method for assessing multivariate 

plasticity in shape is geometric morphometrics (Rohlf, 1998), which 

uses anatomical coordinates as shape variables to measure relative 

differences in shape.

While this approach has been used to measure predator- 

induced changes in shape for a wide range of organisms, such as 

fish (Arnett & Kinnison, 2016; Díaz- Gil et al., 2020; Franssen, 2011), 

amphibians (Florencio et al., 2020; Reuben & Touchon, 2021; Ruehl 

et al., 2018) and snails (Hooks & Padilla, 2021; Solas et al., 2015; 

Terry & Duda, 2021), until recently, shape has rarely been assessed 

as a plastic trait in water fleas (Daphnia species), an iconic organism 

for the study of size- selective, predator- induced phenotypic change. 

Instead, daphnid research has largely focused on scoring the produc-

tion of inducible morphological defences, such as the head spikes of 

Daphnia pulex, called ‘neckteeth’, which develop in response to pred-

ator cues (kairomones) released from their midge larvae predators 

(Krueger & Dodson, 1981; Parejko & Dodson, 1991; Tollrian, 1993).

These studies have highlighted the importance of the neckteeth 

defence as a model for continuous phenotypic plasticity. They have 

shown that the strength and duration of induction varies accord-

ing to the stage of development and depends on the concentration 

of predator cue (Beckerman et al., 2010; Naraki et al., 2013; Weiss 

et al., 2016). Evidence also suggests that there is a threshold for 

adaptive phenotypes to evolve, which is driven by the trade- off be-

tween the fitness costs and benefits of neckteeth production under 

different levels of predation risk (Hammill et al., 2008). Importantly, 

several studies also indicate that changes in morphology form part of 

an integrated phenotypic response to predation risk (sensu Plaistow 

& Collin, 2014), which also includes changes in size and age at matu-

rity (Beckerman et al., 2010). Given this evidence of sensitivity to the 

environment, the fitness costs/benefits and integration with a vari-

ety of traits, it is somewhat surprising how inconclusive our under-

standing of the overall shape response of D. pulex to predation risk is.

In particular, unresolved questions centre on the modularity 

and integration of the body plan under predation risk. For example, 

are there modules in the body plan and what is the level of coor-

dination in the development of morphological structures (modules; 

Klingenberg, 2014)? Answering these types of questions using geo-

metric morphometrics helps to identify functional relationships 

between traits (Klingenberg et al., 2010; Martinez & Sparks, 2017; 

Zelditch & Goswami, 2021), constraints on phenotypic responses 

(Du et al., 2019; Klingenberg, 2005; Sanger et al., 2012) and the cost 

and benefits of alternative phenotypes (Martín- Serra et al., 2019, 

2021; Pedraza- Pohlenz et al., 2023).

In this study, we evaluate shape plasticity along a gradient of 

six levels of predation risk in three clones of D. pulex which differ in 

their sensitivity to predator cues. In this intraspecific, fine gradient 

analysis, we apply morphometric landmark- based methods to photo-

graphs taken by Dennis et al. (2011), in which D. pulex were exposed 

to six levels of predation risk (and a control) from their midge larvae 

predator, Chaoborus flavicans. We combine geometric morphomet-

rics with phenotypic trajectory analysis to formally evaluate the 

multivariate change in shape and estimate measures of both mod-

ularity and integration to evaluate if there are coherent units of the 

body plan that respond to predation risk, and whether the develop-

ment of these units is independent or highly co- ordinated (Adams & 

Collyer, 2009; Collyer & Adams, 2007; Dennis et al., 2011).

There are two recent studies of predator- induced shape in 

D. pulex that invoke module identification using morphometrics 

and parallel the work we present here. A recent study by Becker 

et al. (2022) showed in D. pulex some evidence to suggest the pres-

ence of modularity in the development of the neckteeth defence 

along the dorsal region of the carapace. Here, the researchers com-

bined morphometrics of the dorsal region of D. pulex under control 

and predation risk with molecular genetic analysis to distinguish 

among stabilising or diversifying selection driving the induced de-

fence (Becker et al., 2022). This work identified dorsal modules 

that possessed more or less genetic variation as part of this anal-

ysis. In another recent study, Horstmann et al. (2021) introduced 

three- dimensional laser scanning to deliver a comparison of overall 

shape response to predation risk among multiple species of Daphnia 

and multiple predators. This work demonstrates prey–predator 

interspecific changes in body depth, head thickness and various 

other changes which could potentially be linked to avoiding gape- 

limited predation, enhanced swimming or increased body stiffness 

(Horstmann et al., 2021).

As noted above, and in contrast to the above studies, we present 

here an intraspecific, fine scaled analysis of modularity and integra-

tion of the body plan of D. pulex under a gradient of predation risk. 

In advance of the analysis, we have three main hypotheses. Our first 

hypothesis is that wider bodies and bigger heads will form part of the 

predator- induced response in D. pulex. This is because wider bodies 

may help release D. pulex from gape- limited predation by Chaoborus 

(Pastorok, 1981) and bigger heads are more likely to interfere with 

predation by increasing the effectiveness of the neckteeth defence. 

Our second hypothesis is that there will be modularity in the head 

and body regions, where they are separated in their response to 

predation risk, with little to no integration between them, due to 
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the functional differences in how each part of the animal defends 

against predation. Our third hypothesis is that there will be no mod-

ularity in the ventral and dorsal regions, but there will be integration 

between them, due to the expected fitness benefits of co- ordinating 

the response of multiple traits with similar functions to spatial and/

or temporal variation in the environment.

2  |  MATERIAL S AND METHODS

To evaluate our hypothesis about the nature of the predator- induced 

shape change in D. pulex, we first analysed the phenotypic trajec-

tories (Collyer & Adams, 2013) of three D. pulex clones along a gra-

dient of predation risk, focusing on the magnitude, direction and 

shape of the change in multivariate trait space. Second, to evaluate 

our hypotheses about the relationship between different aspects 

of predator- induced shape change, we performed modularity and 

integration tests on the head- body and dorsal- ventral parts of the 

animal. In the following sections, we introduce the study system, 

data and design before providing further details on the analyses 

mentioned above.

2.1  |  Study system

In this study, we focus on one of the most iconic predator- induced 

defences in water fleas (Daphnia species), the ‘neckteeth’ of D. pulex 

(Figure 1). The neckteeth defence is composed of a swollen area 

on the back of the head (neck- pedestal) and spikey projections 

which grow on top. The defence grows in response to predator 

cues (kairomones) released by midge larvae predators (Chaoborus 

spp., Parejko & Dodson, 1991; Tollrian, 1993), starting with the de-

velopment of the neck- pedestal, which first begins to grow during 

the late embryonic stage at the onset of kairomone sensitivity, fol-

lowed by the defensive head spikes which develop later in the early 

juvenile stages (Naraki et al., 2013; Weiss et al., 2016). The mainte-

nance of the defence requires consistent exposure to predator cues 

(Imai et al., 2009) and usually lasts until the third instar, after which 

the Daphnia are large enough to escape size- selective predation 

(Tollrian, 1993). Also, it is well known that the induction of the de-

fence increases with the level of predation risk (Carter et al., 2017). 

Although the exact mechanism is unclear, it has been shown that the 

neckteeth defence reduces the total number of predator strikes and 

increases the likelihood of escape (Kruppert et al., 2019), and as a 

result, increases prey survival by up to 50% (Hammill et al., 2008).

2.2  |  Study design

We used data originally collected by Dennis et al. (2011). This in-

cluded photographs of second and third instar D. pulex that had been 

exposed to six different concentrations of C. flavicans kairomone, in-

cluding	a	control	(0,	0.1,	0.25,	0.5,	0.75	and	1 μL mL−1), which was ex-

tracted from frozen larvae (Honka, Germany), following the method 

developed by Tollrian (1995). For each treatment, third- generation 

mothers of at least their third brood were exposed to the relevant 

cue concentration and then five offspring from the three to four 

subsequent broods were transferred to glass jars which contained 

50 mL	 of	 hard	 artificial	 pond	water	 (American	 Society	 for	 Testing	
Materials, 2007),	 food	 (2 × 105 cells mL−1 of Chlorella vulgaris) and 

the appropriate concentration of predator cue. These animals were 

transferred to a new jar, containing fresh media and cue, and lateral- 

view photographs were taken every day with a Canon EOS DLSR 

mounted to Leica MZ- 9 stereomicroscope. Live specimens were 

placed under the microscope in approximately the same position to 

minimise error due to parallax (Mullin & Taylor, 2002), and all images 

were acquired with the same magnification. However, only photo-

graphs taken at the second and third instar were used in this study, 

because this is when the defence is usually at the peak of induction 

(Tollrian, 1993).

From this data set, we analysed three clones for shape plasticity. 

According to the reaction norms of the predator- induced phenotype 

shown in Dennis et al. (2011), we selected two clones (Chardonnay 

and Cletus) that showed a characteristically low level of neckteeth 

induction and one (Carlos) a characteristically high level. We also 

pooled the photographs of animals taken from across different 

broods	to	form	a	factorial	design	of	three	clones × two	instars × six	
predation risk levels. There were 4–20 replicate photos (i.e. replicate 

individuals) at each level of predation risk for each clone (totalling 

518	photos).

2.3  |  Digitisation

We digitised images using the geometric morphometric method 

(Rohlf, 1998) to create a few select two- dimensional anatomical 

co- ordinates (reference points, called ‘landmarks’) that character-

ised body shape. First, lateral- view photographs were uniformly 

orientated (head at the top) and mirrored (so that the animals 

were facing in the same direction) to prepare for landmarking in 

F I G U R E  1 (a)	Defended	and	(b)	undefended	morphs	of	Daphnia 

pulex. Animals are third instar juveniles exposed to either 1 or 
0 μL mL−1 (control) of Chaoborus flavicans predator cue. The enlarged 
image shows a close- up of the neckteeth defence.
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Microsoft Paint. This involved drawing a vertical line from the 

eye to the base of the apical spine (a standard measure of daph-

nid length) and then two perpendicular lines, one at the midpoint 

of the original line and another intersecting the rostrum. These 

lines provided a method to consistently capture the approximate 

location of the dorsal and ventral midpoints between different 

images, as well as the region on the back of the neck where de-

fences were induced (Figure 2a). This process identified a total of 

three fixed landmarks and three semi- landmarks for each photo, 

including (1) the centre of the eye, (2) the neckteeth defence (or 

the corresponding area in the controls), (3) the dorsal midpoint 

of the carapace, (4) the base of the apical spine, (5) the ventral 

midpoint of the carapace and (6) the rostrum. The choice of these 

landmarks was motivated by a method developed for linear di-

mensions in two species of Daphnia, D. dentifera and D. mendotae 

(Duffy et al., 2004) and were selected to capture key aspects of 

the defence, head and body shape.

Images were then digitised by applying landmarks using the 

geomorph package v4.0.5 in R v4.2.1 (Figure 2b, Adams et al., 2022; 

Baken et al., 2021). Before these landmarks were analysed in R, they 

were standardised using generalised Procrustes superimposition 

from the geomorph package v4.0.5 (Figure 2c, Adams et al., 2022; 

Baken et al., 2021). This process repositioned the landmarks to rec-

tify inconsistency among replicates due to uncontrollable differ-

ences in the size, position and orientation of the original specimen 

so that shape could be compared in a meaningful way. The resulting 

superimposed Procrustes shape coordinates (Figure 2d) were used 

in the subsequent analyses.

The repeatability of selecting landmarks was measured using 

all	 518	 photographs.	 Each	 photograph	was	measured	 once	 in	 two	
separate digitising sessions and the mean squared (MS) error was 

calculated from Procrustes- aligned shape coordinates. The repeat-

ability was calculated from the difference between the MS relating 

to the individual and the MS relating to the digitising session and then 

calculating the ratio of this value to the total MS (Zelditch et al., 2004).

2.4  |  Data analysis

To test the statistical significance of variation in shape across differ-

ent factors, including size (the sum of the squared distances of each 

landmark to the mean position of all the landmarks for an individual 

specimen), instar, clone and predation risk, we performed Procrustes 

ANOVA using the procD.lm() function from the geomorph pack-

age v4.0.5 (Adams et al., 2022; Baken et al., 2021). The Procrustes 

ANOVA used a permutation procedure of 10,000 iterations to as-

sess the importance of variation in shape across the different factors 

for our set of Procrustes- aligned coordinates.

To further understand the relationship between different 

factors, specifically clone and predation risk, we performed tra-

jectory analysis using the trajectory.analysis() function in RRPP 

package v1.3.1 for R (Collyer & Adams, 2018, 2021). The pheno-

typic trajectory analysis measured morphological variation be-

tween treatments in terms of its magnitude (distance moved in 

shape space), direction (angle of the change in shape space) and 

shape (relative position of the change in shape space). The mean 

phenotypic trajectories were visualised using principal component 

analysis and were connected in the order of increasing predation 

risk. Thin- plate spline deformation grids were used to describe the 

principal component axes by indicating the difference between 

the mean location of each landmark in the data set and the min-

imum and maximum locations of each landmark in the data set 

F I G U R E  2 Image	digitisation	and	Procrustes	superimposition.	(a)	First,	images	were	prepared	for	landmarking	in	Microsoft	Paint.	This	
process identified a total of six landmarks for each photo (open circles) including (1) the centre of the eye, (2) the neckteeth defence (or the 
corresponding area in the controls), (3) the dorsal midpoint of the carapace, (4) the base of the apical spine, (5) the ventral midpoint of the 
carapace and (6) the rostrum. (b) Second, the position of the landmarks (closed circles) was recorded manually in R to create a digitised image 
of each specimen, represented by a set of X and Y coordinates, that captured key aspects of shape (links between circles). (c) Third, since 
digitised images varied in in terms of size, position and orientation, which is shown by the differences between each aggregation of coloured 
circles (painted black or lightly transparent / dark grey), they were aligned using Generalized Procrustes Analysis from the geomorph package 
v4.0.5 so that differences in shape could be compared. (d) The final set of digitised images.
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(see Adams & Collyer, 2007, 2009; Collyer & Adams, 2007, 2013; 

Dennis et al., 2011).

We evaluated modularity and integration of morphological (co)

variation using the covariance ratio (CR, Adams, 2016) and partial 

least- squares (PLS) analysis (Bookstein et al., 2003). The CR is a 

ratio of the overall covariation between modules relative to the 

overall covariation within modules. The significance of the CR is 

tested by comparing the value from the actual data to a distri-

bution of CR values obtained by randomly assigning landmarks 

into subsets across modules. A significant result, which indicates 

modularity, is found when the observed CR is small relative to this 

distribution.

When used with landmark data, PLS analysis is referred to as sin-

gular warps analysis (Bookstein et al., 2003). The analysis calculates 

normalised composite scores (linear combinations), one from the X- 

variables and one from the Y- variables, that have the greatest mutual 

linear predictive power. Similar to the test for modularity, the ob-

served PLS value is compared to a distribution of values obtained by 

randomly permuting the individuals (rows) in one set relative to those 

in the other. A significant result, which indicates integration, is found 

when the observed PLS correlation is large relative to this distribution.

We applied the CR and singular warps analyses across clones and 

predation risk levels with 999 iterations to test for two non- mutually 

exclusive patterns of modularity and integration between (1) the 

head (rostrum, eye, neck) and lower body (mid- ventral, spine, mid- 

dorsal) regions, and (2) the dorsal (eye, neck, mid- dorsal) and ventral 

(rostrum, mid- ventral, spine) regions. We also visualised the changes 

in the different sets of landmarks using thin- plate spline deformation 

grids (see earlier references).

2.5  |  Ethics statement

We confirm that the methods employed in this study were reviewed 

and approved by the institutional review committee and all animals 

from the original experiment were cared for in accordance with in-

stitutional and national guidelines.

3  |  RESULTS

3.1  |  Repeatability

First, there was absolutely no error introduced by observer bias be-

cause all the photos were digitised by the same individual. Second, 

the repeatability of measuring shape by applying landmarks to photos 

of individual specimens was very high, 93.1% (mean squared error).

3.2  |  Predation risk alters shape

Analysis of Daphnia shape using Procrustes ANOVA revealed that 

shape varied across all factors, including size, instar, clone and 

predation risk (all p < .001).	It	also	showed	that	the	response	to	the	
level	of	predation	 risk	did	not	vary	by	 instar	 (predation × instar	 in-

teraction; F = 1.39,	 df = 5,	 p = .13),	 but	 it	 did	 vary	 by	 clone	 (preda-
tion × clone	interaction;	F = 4.92,	df = 10,	p < .001).

The phenotypic trajectory analysis showed that the interaction 

between the level of predation risk and clone was not dependent on 

how much the clones responded to predation cues (path distances 

were equivalent, all pairwise differences p > .05),	but	around	differ-
ences in the direction of these changes in multivariate trait space 

(the angle of the change in shape space) and the shape of these 

changes (the relative position of the changes in shape space, all pair-

wise differences p < .01)	 along	 the	 six	 cue	 concentration	 gradient	
(Figures 3–5). Specifically, the direction of change in clone ‘Cletus’ 

differed from both clone ‘Chardonnay’ and ‘Carlos’ (both p < .05)	
indicating that the landmarks that changed in ‘Cletus’ were differ-

ent than in the other two clones, which is reflected in the slightly 

different path that the trajectory of each clone takes along the cue 

concentration gradient (Figure 5).

3.2.1  |  Neckteeth,	head	height	and	carapace	bulge

The principal component analysis indicated that 55% of the variation 

in shape was captured by PC1, 16% by PC2 and 12% by PC3 so the 

first	three	PCs	described	83%	of	the	overall	shape	variation	in	total.	
A visualisation of the trajectories in 2D PC space, along with details 

on what kind of shapes were associated with the PC- axes, revealed 

several key insights.

First, based on the deformation grids associated with the PC 

axes, we were able to define PC1 as neck- change (i.e. the inducible 

defence), PC2 as head height and PC3 as ventral carapace bulge 

(Figures 3–5). Second, the trajectories of all three clones moved in 

parallel to PC- axis 1, which showed that the neck region was larger 

when there was more cue (Figures 3 and 5). Third, there were clear 

differences among the clones linked to head height (PC2 axis).

3.3  |  Head and body shape is modular, but there is 
integration across all body regions

We assessed the developmental link between two sets of land-

marks using the modularity and integration tests. First, we assessed 

the link between the head (rostrum—eye—neck) and body regions 

(mid- ventral—spine—mid- dorsal). Second, we assessed the link be-

tween the dorsal (eye—neck—mid- dorsal) and ventral (rostrum—mid- 

ventral—spine) regions.

The first set of tests showed evidence of modularity in the head 

and body regions by indicating not only a high level of covariation 

between	traits	within	modules	(CR = 1,	CI = 0.00,	p < .05;	Figure 6a) 

but also a significant level of integration (covariation) between them 

(r-	PLS:	0.825,	p = .001;	Figure 6b). This suggests that there is a high 

level of coordination between the shape variables within the head 

and body regions, and they also change in an integrated manner. 
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Specifically, as the neck region enlarged, the dorsal midpoint of the 

carapace moved downwards in a caudal direction, the spine was 

drawn towards the posterior and the rostrum shifted inwards in a 

proximal direction (Figure 6c).

In comparison, the second set of tests showed no evidence of 

modularity	 in	 the	 ventral	 and	 dorsal	 regions	 (CR = 1.29,	 CI = 0.00,	
p = .54;	Figure 6d), but there was evidence of integration between 

them (r- PLS: 0.917; p = .001;	 Figure 6e). This suggests that these 

two groups of landmarks respond to predation risk in a highly co- 

ordinated manner. These integrated changes were very similar to 

those described above; as the neck region was expanded by the 

inducible defence, the dorsal midpoint of the carapace moved 

downwards in a caudal direction, the spine was pulled towards the 

posterior and the rostrum was pulled inwards in a proximal direction 

(Figure 6f).

4  |  DISCUSSION

Our understanding of how organisms respond to predation risk has 

traditionally focused on a small number of specific traits in only a 

few environments (Day & Rowe, 2002; Heino et al., 2002; Kishida 

F I G U R E  3 The	first	set	of	three	
Daphnia pulex phenotypic trajectories 
along a gradient of predation risk. The 
principal components summarise changes 
in neck shape (PC1) and head height (PC2), 
which are visualised by the deformation 
grids along the axes. Individual data 
points for each specimen are shown by 
the small points, whereas the large points 
correspond to the mean phenotype for 
each treatment. The colour indicates the 
level of risk (0, 0.1, 0.25, 0.5, 0.75 and 
1 μL mL−1) and the lines connect each 
treatment in order of increasing predation 
risk. The shape of the points refers to 
the specific clone used in the experiment 
(circles—Carlos, squares—Cletus, 
triangles—Chardonnay).

F I G U R E  4 The	second	set	of	three	
Daphnia pulex phenotypic trajectories 
along a gradient of predation risk. The 
principal components summarise changes 
in carapace bulge (PC3) and head height 
(PC2). See the description of Figure 3 for 
the legend.
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et al., 2010; Roff, 1999). Recent advances have moved the standard 

of plasticity research to a multi- trait approach including morphology, 

life history and behaviour along environmental gradients (Barbasch 

& Buston, 2018; Bourdeau, 2012; Chiaverano et al., 2016; Dennis 

et al., 2011; Dijk et al., 2016; Forsman, 2015; Heynen et al., 2016; 

Reger et al., 2018). This has been complemented by a growing appre-

ciation that morphometric analyses applied to organism shape can 

provide added value to analyses of phenotypic plasticity.

Here, building on this growing use of morphometrics in plasticity 

research, we evaluated ‘shape’ plasticity among three clones of 

D. pulex exposed to a gradient of six levels of predation risk. Our ob-

jective was to use morphometric shape as a ‘summary’ trait affected 

by responses to predation risk in life history and morphology to eval-

uate several hypotheses about the impact of predation risk on whole 

organism plasticity. Our motivation was linked to size selective pre-

dation theory (Abrams & Rowe, 1996; Dmitriew, 2011; Preisser & 

Orrock, 2012; Taylor & Gabriel, 1992; Tollrian & Harvell, 1999) and 

work on the response of fish to predation risk where size and shape 

are both linked to survival (Arnett & Kinnison, 2016; Brönmark 

& Miner, 1992; Díaz- Gil et al., 2020; Domenici et al., 2008; 

Franssen, 2011;	 Januszkiewicz	&	Robinson,	2007). We found that 

the D. pulex response to predation risk involves both modular and 

integrated changes, with changes in the inducible neckteeth defence 

linked to changes in head and body shape. Although we focussed 

on only a small number of shape variables, this suggests that there 

is a complex response to predation, including strong developmental 

correlations in how Daphnia body plans are organised.

Our first set of results from the trajectory analysis showed how 

morphology changed in response to a gradient of predation risk. In 

accordance with previous studies of the inducible defence (Dennis 

et al., 2011; Laforsch & Tollrian, 2004; Tollrian, 1993) and our initial 

hypothesis, we found that head width (neck- change) increases along 

the gradient of predation risk. We also found that head height varied 

among clones and body width (carapace bulge) was a non- linear fea-

ture of change. This last result is contrary to our initial hypothesis; 

we predicted that body width would increase along a rising gradient 

of predation risk due to gape- limited predation, but in reality, body 

width varies across the different levels of predation risk used in this 

study.

Although the importance of the neckteeth defence for D. pulex 

survival against predation by Chaoborus midge larvae has been 

shown before (Dennis et al., 2011; Laforsch & Tollrian, 2004; 

Tollrian, 1993), there has been relatively little research on changes 

in head height and body width. In terms of variation in head shape, 

one previous study found a decrease in lateral head width in de-

fended compared to undefended morphs of D. pulex (Horstmann 

et al., 2021) and it was suggested that, together with an increased 

thickness around the heart region, this may result in increased stiff-

ness that protects against deformation during predation. We sug-

gest that the variation in head shape, something which was also 

observed in our study, could be linked to hydrodynamic drag and the 

streamlining properties of D. pulex during swimming and the evasion 

of predators. This has been shown to be the case for other aspects 

anti- predator defensive morphology in the closely related Bosmina 

species (Lagergren et al., 2000; Lord et al., 2006).

Regarding changes in body shape, two previous studies using 

linear morphometrics showed a relatively small increase in body 

width in defended compared to undefended morphs of D. pulex 

(Tollrian, 1995) and D. magna (Rabus & Laforsch, 2011), which sug-

gests that body width may play a minor role in the response to pre-

dation. In support of this, it has been shown that body width is a 

better predictor for prey size range in Chaoborus than body length 

(Swift, 1992). This is because Chaoborus usually swallows prey that 

cannot be deformed only if its diameter is not wider than the larva's 

F I G U R E  5 The	third	set	of	three	
Daphnia pulex phenotypic trajectories 
along a gradient of predation risk. The 
principal components summarise changes 
in neck shape (PC1) and carapace bulge 
(PC3). See the description of Figure 3 for 
the legend.
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head capsule diameter (Swift, 1992). Alternatively, the increase 

in body width may result from the increase in strength, and pos-

sibly thickness, of the carapace observed in defended morphs of 

D. pulex and other Daphnia species (Kruppert et al., 2017; Laforsch 

et al., 2004).

Our second set of results from the modularity and integration 

tests showed evidence for developmental modularity in the head 

and the body (which was as predicted), no modularity in the ventral 

and dorsal regions (predicted), but a significant level of integration 

across both sets of shape regions. These results suggest that there 

is a high level of coordination within the head and the body, and 

that there is also an integrated ‘trade- off’ among aspects of the body 

plan under predation risk. Specifically, as the neck region enlarges, 

the dorsal midpoint of the carapace moves downwards in a caudal 

direction, the spine is drawn towards the posterior and the rostrum 

shifts inwards in a proximal direction.

This combination of modular and integrated changes is indica-

tive of a whole- organism, integrated response to predation (sensu 

Forsman, 2015). This is entirely possible, as modularity and inte-

gration are not co- independent. Both modularity and integration 

can co- occur by finding modules (from the rejection of a null model 

of no covariation within modules) and integration between these 

modules (from the rejection of a null hypothesis of no covariation 

between modules). The evolution of modularity and integration is 

often linked to trait functionality. In the case of modularity, there 

can be selection for ‘variational adaptation’, where traits that often 

respond together to environmental pressures, such as predation 

risk, are integrated into one module, and traits that rarely need to be 

changed at the same time are packed into another module (Wagner 

et al., 2007). This may explain why changes in the head of D. pulex, 

which form the main response to predation risk, are relatively inde-

pendent of changes in the body. In terms of the observed integration, 

F I G U R E  6 Modularity	and	integration	tests.	(a)	Histogram	of	covariance	ratio	(CR)	coefficients	produced	from	simulations	of	random	
partitions of the head and body, with the observed CR coefficient indicated by the green arrow. (b) Histogram of partial least squares 
analysis correlation coefficients (r- PLS) produced from simulations of random covariation between the head and body, with the observed 
r- PLS indicated by the purple arrow. (c) Observed PLS scores for the head and body, with deformation grids that visualise the shape change 
along the axes and the line of best fit (purple line). (d–f) The same as (a–c), but for the ventral and dorsal regions. The specific groups of 
landmarks involved in the tests are represented by the diagrams at the left of the plots. The presence of modularity is indicated by an 
observed CR coefficient that is small relative to the distribution of randomly permuted values, whereas integration is indicated by an 
observed PLS correlation that is large relative to the distribution of randomly permuted values. The colour of the points indicates the level of 
predation	risk	for	the	observed	PLS	scores,	including	0,	0.1,	0.25,	0.5,	0.75	and	1 μL mL−1.
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one possible function could be to increase fitness by co- ordinating 

the response of multiple traits to spatial and/or temporal variation 

in the environment. Although it is not entirely clear how, this could 

be linked to greater carapace stability (Laforsch et al., 2004) or an 

improved escape response (Dodson et al., 1995), but further inves-

tigation will be required to understand the precise costs/benefits 

of these integrated shape changes and the nature of these develop-

mental constraints (correlations).

In this study, we investigated the relationship between the 

development of different aspects of predator- induced shape in 

D. pulex. We exposed animals to six levels of predation risk and eval-

uated shape plasticity using geometric morphometrics and pheno-

typic trajectory analysis. We now have a better understanding of 

the multivariate response of D. pulex to predation risk by showing 

that there is genetic variation in this response and that changes can 

be both modular and integrated, with associated adaptive and non- 

adaptive (constraint) hypotheses in need of further evaluation. Thus, 

there are two clear ‘next- steps’. The first is to establish the adaptive 

costs/benefits of shape change and variation. The second is the mo-

lecular ecology of the developmental constraints. The availability of 

genomic tools, the clonal nature of Daphnia, well- established experi-

mental protocols and recent high throughput image analysis (Becker 

et al., 2022) are an outstanding platform for future research.

AUTHOR CONTRIBUTIONS
Sam Paplauskas: Conceptualization (supporting); data curation 

(lead); formal analysis (equal); funding acquisition (lead); investiga-

tion (equal); validation (lead); visualization (lead); writing – original 

draft (lead); writing – review and editing (equal). Oscar Morton: 
Conceptualization (supporting); investigation (equal). Mollie Hunt: 
Conceptualization (supporting); investigation (equal). Ashleigh 
Courage: Conceptualization (supporting); investigation (equal). 

Stephanie Swanney: Conceptualization (supporting); investigation 

(equal). Stuart R. Dennis: Writing – review and editing (supporting). 

Dörthe Becker: Writing – review and editing (supporting). Stuart 
K. J. R. Auld: Writing – review and editing (supporting). Andrew P. 
Beckerman: Conceptualization (lead); formal analysis (equal); inves-

tigation (equal); methodology (lead); supervision (lead); visualization 

(supporting); writing – review and editing (equal).

ACKNOWLEDG EMENTS
Dean C. Adams and Brad A. Duthie helped with the analysis. 

Comments and discussion were provided by Matthew C. Tinsely, Luc 

F. Bussière and Rebecca A. Boulton.

FUNDING INFORMATION
The PhD student who carried out this research was funded by the 

Natural Environment Research Council through the IAPETUS doc-

toral training programme (S154).

CONFLIC T OF INTERE ST STATEMENT
The authors have no conflict of interest to declare.

DATA AVAIL ABILIT Y STATEMENT
The data that support the findings of this study are openly available 

in Dryad at https://	doi.	org/	10.	5061/	dryad.	zkh18	93fx.

ORCID
Sam Paplauskas  https://orcid.org/0000-0003-0303-0929 

Oscar Morton  https://orcid.org/0000-0001-5483-4498 

Stuart R. Dennis  https://orcid.org/0000-0003-4263-3562 

Dörthe Becker  https://orcid.org/0000-0002-4167-5990 

Stuart K. J. R. Auld  https://orcid.org/0000-0001-6691-7442 

Andrew P. Beckerman  https://orcid.org/0000-0002-4797-9143 

R E FE R E N C E S
Abrams, P. A., & Rowe, L. (1996). The effects of predation on the age 

and size of maturity of prey. Evolution, 50(3), 1052–1061. https:// 

doi.	org/	10.	1111/j.	1558-		5646.	1996.	tb023	46.	x
Adams, D. C. (2016). Evaluating modularity in morphometric data: 

Challenges with the RV coefficient and a new test measure. 

Methods in Ecology and Evolution, 7(5), 565–572. https:// doi. org/ 10. 

1111/ 2041-  210X. 12511 

Adams, D. C., & Collyer, M. L. (2007). Analysis of character divergence 

along environmental gradients and other covariates. Evolution, 61(3), 

510–515. https://	doi.	org/	10.	1111/j.	1558-		5646.	2007.	00063.	x
Adams, D. C., & Collyer, M. L. (2009). A general framework for the analysis 

of phenotypic trajectories in evolutionary studies. Evolution, 63(5), 

1143–1154. https://	doi.	org/	10.	1111/j.	1558-		5646.	2009.	00649.	x
Adams, D. C., Collyer, M. L., Kaliontzopoulou, A., & Baken, E. K. (2022). 

Geomorph: Software for geometric morphometric analyses. R package 
version 4.0.4.

American Society for Testing Materials. (2007). Standard guide for con-

ducting acute toxicity tests on test materials with fishes, macroinver-
tebrates, and amphibians (E729- 96th ed.). American Society for 

Testing Materials.

Arnett, H. A., & Kinnison, M. T. (2016). Predator- induced phenotypic 

plasticity of shape and behavior: Parallel and unique patterns 

across sexes and species. Current Zoology, 63(4),	369–378.	https:// 

doi. org/ 10. 1093/ cz/ zow072

Arnqvist,	 G.,	 &	 Johansson,	 F.	 (1998).	 Ontogenetic	 reaction	 norms	
of predator- induced defensive morphology in dragonfly lar-

vae. Ecology, 79(6),	 1847–1858.	 https://	doi.	org/	10.	1890/	0012-		
9658(1998)	079[1847:	ORNOPI]	2.0.	CO;	2

Baken, E. K., Collyer, M. L., Kaliontzopoulou, A., & Adams, D. C. (2021). 

Geomorph v4.0 and gmShiny: Enhanced analytics and a new graph-

ical interface for a comprehensive morphometric experience. 

Methods in Ecology and Evolution, 12(12), 2355–2363. https:// doi. 

org/ 10. 1111/ 2041-  210X. 13723 

Barbasch,	T.	A.,	&	Buston,	P.	M.	(2018).	Plasticity	and	personality	of	pa-
rental care in the clown anemonefish. Animal Behaviour, 136, 65–73. 

https:// doi. org/ 10. 1016/j. anbeh av. 2017. 12. 002

Becker, D., Barnard- Kubow, K., Porter, R., Edwards, A., Voss, E., 

Beckerman, A. P., & Bergland, A. O. (2022). Adaptive phenotypic 

plasticity is under stabilizing selection in Daphnia. Nature Ecology & 

Evolution, 6(10), 1449–1457. https://	doi.	org/	10.	1038/	s4155	9-		022-		
01837	-		5

Beckerman, A. P., Rodgers, G. M., & Dennis, S. R. (2010). The reaction 

norm of size and age at maturity under multiple predator risk. 

Journal of Animal Ecology, 79(5), 1069–1076. https:// doi. org/ 10. 

1111/j. 1365-  2656. 2010. 01703. x

Bell, A. M., & Sih, A. (2007). Exposure to predation generates personality 

in threespined sticklebacks (Gasterosteus aculeatus). Ecology Letters, 

10(9),	828–834.	https://	doi.	org/	10.	1111/j.	1461-		0248.	2007.	01081.	x

 2
0
4
5
7
7
5
8
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ece3

.1
0
9
1
3
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

2
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



10 of 12  |     PAPLAUSKAS et al.

Bookstein, F. L., Gunz, P., Mitterœcker, P., Prossinger, H., Schæfer, K., 

& Seidler, H. (2003). Cranial integration in homo: Singular warps 

analysis of the midsagittal plane in ontogeny and evolution. Journal 

of Human Evolution, 44(2),	167–187.	https:// doi. org/ 10. 1016/ S0047 

-		2484(02)	00201	-		4
Bourdeau, P. E. (2012). Intraspecific trait cospecialization of constitutive 

and inducible morphological defences in a marine snail from habi-

tats with different predation risk. Journal of Animal Ecology, 81(4), 

849–858.	https:// doi. org/ 10. 1111/j. 1365-  2656. 2012. 01965. x

Bradshaw, A. D. (1965). Evolutionary significance of phenotypic plas-

ticity in plants. Advances in Genetics, 13(C), 115–155. https:// doi. 

org/	10.	1016/	S0065	-		2660(08)	60048	-		6
Brönmark,	 C.,	 &	 Miner,	 J.	 G.	 (1992).	 Predator-	induced	 phenotypical	

change in body morphology in crucian carp. Science, 258(5086),	
1348–1350.	https://	doi.	org/	10.	1126/	scien	ce.	258.	5086.	1348

Buskirk,	 J.	 (1998).	 Selection	 for	 phenotypic	 plasticity	 in	Rana sylvatica 

tadpoles. Biological Journal of the Linnean Society, 65(3),	301–328.	
https://	doi.	org/	10.	1006/	bijl.	1998.	0249

Carter,	M.	J.,	Lind,	M.	I.,	Dennis,	S.	R.,	Hentley,	W.,	&	Beckerman,	A.	P.	
(2017). Evolution of a predator- induced, nonlinear reaction norm. 

Proceedings of the Royal Society B: Biological Sciences, 284(1861),	
20170859.	https://	doi.	org/	10.	1098/	rspb.	2017.	0859

Chiaverano, L. M., Bayha, K. W., & Graham, W. M. (2016). Local ver-

sus generalized phenotypes in two sympatric Aurelia species: 

Understanding jellyfish ecology using genetics and morphometrics. 

PLoS One, 11(6),	e0156588.	https:// doi. org/ 10. 1371/ journ al. pone. 

0156588
Collyer, M. L., & Adams, D. C. (2007). Analysis of two- state multivariate 

phenotypic change in ecological studies. Ecology, 88(3),	683–692.	
https://	doi.	org/	10.	1890/	06-		0727

Collyer, M. L., & Adams, D. C. (2013). Phenotypic trajectory analysis: 

Comparison of shape change patterns in evolution and ecology. 

Hystrix, 24(1),	75–83.	https://	doi.	org/	10.	4404/	hystr	ix-		24.	1-		6298
Collyer,	M.	L.,	&	Adams,	D.	C.	(2018).	RRPP:	An	r	package	for	fitting	lin-

ear models to high- dimensional data using residual randomization. 

Methods in Ecology and Evolution, 9(7), 1772–1779. https:// doi. org/ 

10. 1111/ 2041-  210X. 13029 

Collyer, M. L., & Adams, D. C. (2021). RRPP: Linear Model Evaluation with 
Randomized Residuals in a Permutation Procedure.

Day, T., & Rowe, L. (2002). Developmental thresholds and the evolu-

tion of reaction norms for age and size at life- history transitions. 

American Naturalist, 159(4),	 338–350.	 https://	doi.	org/	10.	1086/	
338989

Dennis,	S.	R.,	Carter,	M.	 J.,	Hentley,	W.	T.,	&	Beckerman,	A.	P.	 (2011).	
Phenotypic convergence along a gradient of predation risk. 

Proceedings of the Royal Society B: Biological Sciences, 278(1712), 

1687–1696.	https://	doi.	org/	10.	1098/	rspb.	2010.	1989
Díaz-	Gil,	 C.,	 Alós,	 J.,	 Arechavala-	Lopez,	 P.,	 Palmer,	 M.,	 Riera-	Batle,	 I.,	

Grau, A., & Catalán, I. A. (2020). Reversible morphological changes 

in a juvenile marine fish after exposure to predatory alarm cues. 

Royal Society Open Science, 7(5), 191945. https://	doi.	org/	10.	1098/	
rsos. 191945

Dicke, M., & Hilker, M. (2003). Induced plant defences: From molecu-

lar biology to evolutionary ecology. Basic and Applied Ecology, 4(1), 

3–14. https://	doi.	org/	10.	1078/	1439-		1791-		00129	
Dijk,	B.,	Laurila,	A.,	Orizaola,	G.,	&	Johansson,	F.	(2016).	Is	one	defence	

enough? Disentangling the relative importance of morphological 

and behavioural predator- induced defences. Behavioral Ecology 

and Sociobiology, 70(2), 237–246. https:// doi. org/ 10. 1007/ s0026 

5-		015-		2040-		8
Dmitriew, C. M. (2011). The evolution of growth trajectories: What limits 

growth rate? Biological Reviews, 86(1), 97–116. https:// doi. org/ 10. 

1111/j.	1469-		185X.	2010.	00136.	x
Dodson, S. I., Hanazato, T., & Gorski, P. R. (1995). Behavioral responses 

of Daphnia pulex exposed to carbaryl and Chaoborus kairomone. 

Environmental Toxicology and Chemistry, 14(1), 43–50. https:// doi. 

org/ 10. 1002/ etc. 56201 40106 

Domenici,	 P.,	 Turesson,	 H.,	 Brodersen,	 J.,	 &	 Brönmark,	 C.	 (2008).	
Predator- induced morphology enhances escape locomotion in 

crucian carp. Proceedings of the Royal Society B: Biological Sciences, 

275(1631), 195–201. https://	doi.	org/	10.	1098/	rspb.	2007.	1088
Du, T. Y., Tissandier, S. C., & Larsson, H. C. E. (2019). Integration and 

modularity of teleostean pectoral fin shape and its role in the di-

versification of acanthomorph fishes. Evolution, 73(2), 401–411. 

https:// doi. org/ 10. 1111/ evo. 13669 

Duffy,	M.	A.,	Tessier,	A.	J.,	&	Kosnik,	M.	A.	(2004).	Testing	the	ecologi-
cal relevance of Daphnia species designations. Freshwater Biology, 

49(1), 55–64. https:// doi. org/ 10. 1046/j. 1365-  2426. 2003. 01164. x

Florencio, M., Burraco, P., Rendón, M. Á., Díaz- Paniagua, C., & Gomez- 

Mestre, I. (2020). Opposite and synergistic physiological responses 

to water acidity and predator cues in spadefoot toad tadpoles. 

Comparative Biochemistry and Physiology Part A: Molecular & 
Integrative Physiology, 242, 110654. https:// doi. org/ 10. 1016/j. cbpa. 

2020. 110654

Forsman, A. (2015). Rethinking phenotypic plasticity and its conse-

quences for individuals, populations and species. Heredity, 115(4), 

276–284.	https://	doi.	org/	10.	1038/	hdy.	2014.	92
Franssen, N. R. (2011). Anthropogenic habitat alteration induces rapid 

morphological divergence in a native stream fish. Evolutionary 

Applications, 4(6),	 791–804.	 https:// doi. org/ 10. 1111/j. 1752-  4571. 

2011. 00200. x

Hammill,	E.,	Rogers,	A.,	&	Beckerman,	A.	P.	(2008).	Costs,	benefits	and	
the evolution of inducible defences: A case study with Daphnia 

pulex. Journal of Evolutionary Biology, 21(3), 705–715. https:// doi. 

org/	10.	1111/j.	1420-		9101.	2008.	01520.	x
Heino, M., Dieckmann, U., & GODø, O. R. (2002). Measuring probabilis-

tic reaction norms for age and size at maturation. Evolution, 56(4), 

669–678.	https://	doi.	org/	10.	1111/j.	0014-		3820.	2002.	tb013	78.	x
Heynen,	M.,	 Bunnefeld,	 N.,	 &	 Borcherding,	 J.	 (2016).	 Facing	 different	

predators: Adaptiveness of behavioral and morphological traits 

under predation. Current Zoology, 63(3), 249–257. https:// doi. org/ 

10. 1093/ cz/ zow056

Hooks, A. P., & Padilla, D. K. (2021). Introduced predator elicits 

population- specific responses from prey. Biological Invasions, 23(2), 

477–490. https:// doi. org/ 10. 1007/ s1053 0-  020-  02376 -  5

Horstmann, M., Tollrian, R., & Weiss, L. C. (2021). Thwarting predators? 

A three- dimensional perspective of morphological alterations in 

the freshwater crustacean Daphnia. PLoS One, 16(7), e0254263. 

https:// doi. org/ 10. 1371/ journ al. pone. 0254263

Imai, M., Naraki, Y., Tochinai, S., & Miura, T. (2009). Elaborate regu-

lations of the predator- induced polyphenism in the water flea 

Daphnia pulex: Kairomone- sensitive periods and life- history 

tradeoffs. Journal of Experimental Zoology Part A: Ecological 
Genetics and Physiology, 311(10),	 788–795.	 https:// doi. org/ 10. 

1002/ jez. 565

Januszkiewicz,	A.	J.,	&	Robinson,	B.	W.	(2007).	Divergent	walleye	(Sander 

vitreus)- mediated inducible defenses in the centrarchid pumpkin-

seed sunfish (Lepomis gibbosus). Biological Journal of the Linnean 

Society, 90(1), 25–36. https://	doi.	org/	10.	1111/j.	1095-		8312.	2007.	
00708.	x

Kishida, O., Trussell, G. C., Mougi, A., & Nishimura, K. (2010). Evolutionary 

ecology of inducible morphological plasticity in predator- prey 

interaction: Toward the practical links with population ecology. 

Population Ecology, 52(1), 37–46. https:// doi. org/ 10. 1007/ s1014 

4-		009-		0182-		0
Klingenberg, C. P. (2005). Developmental constraints, modules, and 

evolvability. In Variation. Elsevier. https://	doi.	org/	10.	1016/	B978-		
01208	8777-		4/	50013	-		2

Klingenberg, C. P. (2014). Studying morphological integration and mod-

ularity at multiple levels: Concepts and analysis. Philosophical 

 2
0
4
5
7
7
5
8
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ece3

.1
0
9
1
3
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

2
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



    |  11 of 12PAPLAUSKAS et al.

Transactions of the Royal Society B: Biological Sciences, 369(1649), 

20130249. https://	doi.	org/	10.	1098/	rstb.	2013.	0249
Klingenberg, C. P., Debat, V., & Roff, D. A. (2010). Quantitative genetics 

of shape in cricket wings: Developmental integration in a functional 

structure. Evolution, 64(10), 2935–2951. https:// doi. org/ 10. 1111/j. 

1558-		5646.	2010.	01030.	x
Krueger,	D.	A.,	&	Dodson,	S.	I.	(1981).	Embryological	induction	and	pre-

dation ecology in Daphnia pulex. Limnology and Oceanography, 26(2), 

219–223. https://	doi.	org/	10.	4319/	lo.	1981.	26.2.	0219
Kruppert,	 S.,	 Deussen,	 L.,	 Weiss,	 L.	 C.,	 Horstmann,	 M.,	 Wolff,	 J.	 O.,	

Kleinteich, T., Gorb, S. N., & Tollrian, R. (2019). Zooplankters' night-

mare: The fast and efficient catching basket of larval phantom 

midges (Diptera: Chaoborus). PLoS One, 14(3), e0214013. https:// 

doi. org/ 10. 1371/ journ al. pone. 0214013

Kruppert, S., Horstmann, M., Weiss, L. C., Witzel, U., Schaber, C. F., Gorb, 

S. N., & Tollrian, R. (2017). Biomechanical properties of predator- 

induced body armour in the freshwater crustacean Daphnia. 

Scientific Reports, 7(1), 1–13. https://	doi.	org/	10.	1038/	s4159	8-		017-		
09649 -  5

Laforsch, C., Ngwa, W., Grill, W., & Tollrian, R. (2004). An acoustic mi-

croscopy technique reveals hidden morphological defenses in 

Daphnia. Proceedings of the National Academy of Sciences, 101(45), 

15911–15914. https://	doi.	org/	10.	1073/	pnas.	04048	60101	
Laforsch, C., & Tollrian, R. (2004). Embryological aspects of inducible 

morphological defenses in Daphnia. Journal of Morphology, 262(3), 

701–707. https:// doi. org/ 10. 1002/ jmor. 10270 

Lagergren,	 R.,	 Lord,	 H.,	 &	 Stenson,	 J.	 A.	 E.	 (2000).	 Influence	 of	 tem-

perature on hydrodynamic costs of morphological defences in 

zooplankton: Experiments on models of Eubosmina (Cladocera). 

Functional Ecology, 14(3),	380–387.	https:// doi. org/ 10. 1046/j. 1365-  

2435. 2000. 00433. x

Lord,	H.,	Lagergren,	R.,	Svensson,	 J.	E.,	&	Lundqvist,	N.	 (2006).	Sexual	
dimorphism in Bosmina: The role of morphology, drag, and swim-

ming. Ecology, 87(3),	788–795.	https://	doi.	org/	10.	1890/	05-		0082
Lürig,	M.	D.,	Best,	R.	J.,	Svitok,	M.,	Jokela,	J.,	&	Matthews,	B.	(2019).	The	

role of plasticity in the evolution of cryptic pigmentation in a fresh-

water isopod. Journal of Animal Ecology, 88(4), 612–623. https:// doi. 

org/ 10. 1111/ 1365-  2656. 12950 

Martinez,	C.	M.,	&	Sparks,	J.	S.	(2017).	Malagasy	cichlids	differentially	limit	
impacts of body shape evolution on oral jaw functional morphology. 

Evolution, 71(9), 2219–2229. https://	doi.	org/	10.	1111/	evo.	13298	
Martín- Serra, A., Nanova, O., Varón- González, C., Ortega, G., & 

Figueirido, B. (2019). Phenotypic integration and modularity drives 

skull shape divergence in the Arctic fox (Vulpes lagopus) from the 

Commander Islands. Biology Letters, 15(9), 20190406. https:// doi. 

org/	10.	1098/	rsbl.	2019.	0406
Martín-	Serra,	A.,	Pérez-	Ramos,	A.,	Pastor,	F.	J.,	Velasco,	D.,	&	Figueirido,	

B. (2021). Phenotypic integration in the carnivoran backbone and 

the evolution of functional differentiation in metameric structures. 

Evolution Letters, 5(3), 251–264. https:// doi. org/ 10. 1002/ evl3. 224

Mullin,	S.	K.,	&	Taylor,	P.	J.	(2002).	The	effects	of	parallax	on	geometric	
morphometric data. Computers in Biology and Medicine, 32(6), 455–

464. https://	doi.	org/	10.	1016/	S0010	-		4825(02)	00037	-		9
Naraki, Y., Hiruta, C., & Tochinai, S. (2013). Identification of the precise 

kairomone- sensitive period and histological characterization of 

necktooth formation in predator- induced polyphenism in Daphnia 

pulex. Zoological Science, 30(8),	619–625.	https://	doi.	org/	10.	2108/	
zsj. 30. 619

Ower,	G.	D.,	&	 Juliano,	 S.	A.	 (2019).	The	demographic	 and	 life-	history	
costs of fear: Trait- mediated effects of threat of predation on Aedes 

triseriatus. Ecology and Evolution, 9(7),	3794–3806.	https:// doi. org/ 

10. 1002/ ece3. 5003

Parejko, K., & Dodson, S. I. (1991). The evolutionary ecology of an anti-

predator reaction norm: Daphnia pulex and Chaoborus americanus. 

Evolution, 45(7), 1665–1674. https://	doi.	org/	10.	1111/j.	1558-		5646.	
1991. tb026 71. x

Pastorok,	R.	A.	(1981).	Prey	vulnerability	and	size	selection	by	Chaoborus	
larvae. Ecology, 62(5), 1311–1324. https:// doi. org/ 10. 2307/ 1937295

Pedraza-	Pohlenz,	 R.	 M.,	 Balart,	 E.	 F.,	 Tortolero-	Langarica,	 J.	 J.	 A.,	
Rodríguez- Troncoso, A. P., Hellberg, M. E., Norzagaray- López, O., 

Cabral- Tena, R. A., Cupul- Magaña, A. L., & Paz- García, D. A. (2023). 

Sexual dimorphism in corallite size and modularity of a broad-

cast spawning coral, Porites lobata. Frontiers in Marine Science, 9, 

1068391.	https://	doi.	org/	10.	3389/	fmars.	2022.	1068391
Plaistow,	 S.	 J.,	&	Collin,	H.	 (2014).	 Phenotypic	 integration	 plasticity	 in	

Daphnia magna: An integral facet of G × E interactions. Journal of 

Evolutionary Biology, 27(9), 1913–1920. https:// doi. org/ 10. 1111/ 

jeb. 12443 

Preisser,	E.	L.,	&	Orrock,	J.	L.	(2012).	The	allometry	of	fear:	Interspecific	
relationships between body size and response to predation risk. 

Ecosphere, 3(9), 77. https://	doi.	org/	10.	1890/	ES12-		00084.	1
Rabus, M., & Laforsch, C. (2011). Growing large and bulky in the pres-

ence of the enemy: Daphnia magna gradually switches the mode of 

inducible morphological defences. Functional Ecology, 25(5), 1137–

1143. https://	doi.	org/	10.	1111/j.	1365-		2435.	2011.	01840.	x
Reger,	 J.,	 Lind,	 M.	 I.,	 Robinson,	 M.	 R.,	 &	 Beckerman,	 A.	 P.	 (2018).	

Predation drives local adaptation of phenotypic plasticity. Nature 

Ecology & Evolution, 2(1), 100–107. https://	doi.	org/	10.	1038/	s4155	
9-  017-  0373-  6

Relyea, R. (2001). Morphological and behavioral plasticity of larval an-

urans in response to different predators. Ecology, 82(2), 523–540. 

https://	doi.	org/	10.	1890/	0012-		9658(2001)	082[0523:	MABPOL]	
2.0. CO; 2

Reuben,	P.	L.,	&	Touchon,	J.	C.	(2021).	Nothing	as	it	seems:	Behavioural	
plasticity appears correlated with morphology and colour, but 

is not in a neotropical tadpole. Proceedings of the Royal Society B: 
Biological Sciences, 288(1948),	20210246.	https://	doi.	org/	10.	1098/	
rspb. 2021. 0246

Roff, D. (1999). Phenotypic evolution — A reaction norm perspective. 

Heredity, 82(3), 344. https://	doi.	org/	10.	1038/	sj.	hdy.	6885352
Rohlf,	F.	J.	(1998).	On	applications	of	geometric	morphometrics	to	stud-

ies of ontogeny and phylogeny. Systematic Biology, 47(1),	147–158.	
https://	doi.	org/	10.	1080/	10635	15982	61094	

Ruehl,	C.	B.,	Vance-	Chalcraft,	H.,	&	Chalcraft,	D.	R.	(2018).	Cooccurrence	
of prey species alters the impact of predators on prey performance 

through multiple mechanisms. Ecology and Evolution, 8(17),	8894–
8907.	https:// doi. org/ 10. 1002/ ece3. 4413

Sanger,	 T.	 J.,	Mahler,	 D.	 L.,	 Abzhanov,	 A.,	 &	 Losos,	 J.	 B.	 (2012).	 Roles	
for modularity and constraint in the evolution of cranial diversity 

among anolis lizards. Evolution, 66(5), 1525–1542. https:// doi. org/ 

10.	1111/j.	1558-		5646.	2011.	01519.	x
Solas, M., Hughes, R., Márquez, F., & Brante, A. (2015). Early plastic re-

sponses in the shell morphology of Acanthina monodon (Mollusca, 

Gastropoda) under predation risk and water turbulence. Marine 

Ecology Progress Series, 527, 133–142. https:// doi. org/ 10. 3354/ 

meps1 1221

Swift, M. C. (1992). Prey capture by the four larval instars of Chaoborus 

crystallinus. Limnology and Oceanography, 37(1), 14–24. https:// doi. 

org/ 10. 4319/ lo. 1992. 37.1. 0014

Taylor, B. E., & Gabriel, W. (1992). To grow or not to grow: Optimal re-

source allocation for Daphnia. The American Naturalist, 139(2),	248–
266. https://	doi.	org/	10.	1086/	285326

Terry, C. H., & Duda, T. F. (2021). Consequences of captive- rearing and 

exposure to cues from potential predators on shell sizes and shapes 

of North American Stagnicoline gastropods (family Lymnaeidae). 

American Malacological Bulletin, 38(2), 1–9. https:// doi. org/ 10. 

4003/	006.	038.	0203
Tollrian, R. (1993). Neckteeth formation in Daphnia pulex as an exam-

ple of continuous phenotypic plasticity: Morphological effects 

of Chaoborus kairomone concentration and their quantification. 

Journal of Plankton Research, 15(11),	 1309–1318.	 http:// plankt. 

oxfor djour nals. org/ conte nt/ 15/ 11/ 1309. short 

 2
0
4
5
7
7
5
8
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ece3

.1
0
9
1
3
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

2
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



12 of 12  |     PAPLAUSKAS et al.

Tollrian, R. (1994). Fish- kairomone induced morphological changes in 

Daphnia lumholtzi (SARS). Archiv für Hydrobiologie, 130(1), 69–75. 

https:// doi. org/ 10. 1127/ archi v-  hydro biol/ 130/ 1994/ 69

Tollrian, R. (1995). Predator- induced morphological defenses: Costs, life 

history shifts, and maternal effects in Daphnia pulex. Ecology, 76(6), 

1691–1705. https:// doi. org/ 10. 2307/ 1940703

Tollrian, R., & Harvell, C. D. (1999). Inducible Defenses in Cladocera: 

Constraints, Costs, and Multipredator Environments. In R. Tollrian 

& C. D. Harvell (Eds.), The ecology and evolution of inducible de-

fenses. Princeton University Press. https://	doi.	org/	10.	1515/	97806	
91228198

Wagner,	G.	P.,	Pavlicev,	M.,	&	Cheverud,	J.	M.	(2007).	The	road	to	modu-

larity. Nature Reviews Genetics, 8(12), 921–931. https:// doi. org/ 10. 

1038/	nrg2267
Weiss, L. C., Heilgenberg, E., Deussen, L., Becker, S. M., Kruppert, S., 

& Tollrian, R. (2016). Onset of kairomone sensitivity and the de-

velopment of inducible morphological defenses in Daphnia pulex. 

Hydrobiologia, 779(1), 135–145. https:// doi. org/ 10. 1007/ s1075 

0-		016-		2809-		4

West-	Eberhard,	 M.	 J.	 (2003).	 'Plasticity', Developmental Plasticity and 
Evolution. Oxford Academic. https://	doi.	org/	10.	1093/	oso/	97801	
95122	343.	003.	0008

Zelditch, M., Swiderski, D. L., & Sheets, H. (2004). Geometric morphomet-
rics for biologists: A primer. Elsevier. https://	doi.	org/	10.	1016/	B978-		
0-		12-		77846	0-		1.	X5000	-		5

Zelditch, M. L., & Goswami, A. (2021). What does modularity mean? 

Evolution and Development, 23(5), 377–403. https:// doi. org/ 10. 

1111/ ede. 12390 

How to cite this article: Paplauskas, S., Morton, O., Hunt, M., 

Courage, A., Swanney, S., Dennis, S. R., Becker, D., Auld, 

S.	K.	J.	R.,	&	Beckerman,	A.	P.	(2024).	Predator-	induced	
shape plasticity in Daphnia pulex. Ecology and Evolution, 14, 

e10913. https://doi.org/10.1002/ece3.10913

 2
0
4
5
7
7
5
8
, 2

0
2
4
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ece3

.1
0
9
1
3
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

2
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se


	Predator-­induced shape plasticity in Daphnia pulex
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study system
	2.2|Study design
	2.3|Digitisation
	2.4|Data analysis
	2.5|Ethics statement

	3|RESULTS
	3.1|Repeatability
	3.2|Predation risk alters shape
	3.2.1|Neckteeth, head height and carapace bulge

	3.3|Head and body shape is modular, but there is integration across all body regions

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


