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Tadpoles show various behavioural, morphological and life-history adaptations to evade predators or

escape their attacks. These traits are costly and their expression involves trade-offs, resulting in pre-
dictable patterns of phenotypic integration. Within individuals, these patterns arise from plastic ad-
justments in traits in response to extrinsic factors, such as predation risk. In contrast, among individuals,
they reflect differences in both extrinsic and intrinsic factors, such as resource availability or genetic
quality. Here, we tested the hypothesis that these patterns of integration, both within and among in-
dividuals, directly depend on how tadpoles manage their energy budgets. Our approach was both
theoretical and empirical. We created an optimality model for tadpole life history. This model examined
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caged predators. We observed a consistent relationship between theoretical and empirical findings at the
individual level. Tadpoles that were raised with predators showed reduced activity, developed larger
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metamorphose than their control siblings. In both ontogenetic treatments, the observed among-
individual covariation pattern supported the idea that tadpoles differed in metabolic efficiency rather

than metabolic capacity.
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Adaptive phenotypic integration refers to the coordinated
covariation among functionally related traits (Murren, 2012;
Pigliucci, 2003). This phenomenon is evident across multiple levels
of biological organization (Klingenberg, 2014). At higher levels,
such as species or above, genetic mechanisms primarily drive
integration, as phenotypic covariation often mirrors long-term
evolutionary processes and underlying genetic correlations
(Cheverud, 1996; Dingemanse et al., 2020). At the within- and
among-individual levels, however, epigenetic mechanisms play a
more prominent role (Lancaster et al., 2010). Within individuals,
phenotypic integration arises from plastic responses to
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environmental conditions (Gaona-Gordillo et al., 2023; Sheehy &
Laskowski, 2023), while among individuals, integration reflects
variation in both extrinsic and intrinsic factors, such as resource
availability or genetic quality (DiRienzo & Montiglio, 2016). Despite
considerable research, it remains unclear whether differences in
integration patterns arise from variations in resource acquisition,
management or both (Campos-Candela et al.,, 2019; Laskowski
et al,, 2021; Niemela & Dingemanse, 2018).

Within individuals, phenotypic integration often manifests as
coordinated plastic responses to external stressors, such as preda-
tors. These responses frequently involve simultaneous changes in
behaviour, morphology and life history traits (Nielsen & Papaj,
2022). For example, Hoverman et al. (2005) demonstrated
predator-specific plasticity in freshwater snails. In response to
benthic predators (crayfish), snails spent more time on the surface,
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developed narrow, high shells and experienced reduced fertility.
Conversely, in response to natant predators (water bugs), snails
developed wide shells without a corresponding fertility reduction.
Across all predator types, snails delayed reproduction and grew to
larger sizes compared to those not exposed to predators. These
coordinated responses exemplify two distinct modes of phenotypic
integration: functional and compensatory integration. Functional
integration occurs when multiple traits jointly confer benefits, such
as enhanced protection, as seen in the narrow, high shells and
surface habitat use of snails exposed to crayfish. In contrast,
compensatory integration reflects trade-offs, where the benefits of
one trait impose costs offset by adjustments in another. For
instance, snails investing in larger shells for protection allocate
fewer resources to growth and reproduction, delaying reproduction
to balance the increased protection (DeWitt et al., 1999).

Phenotypic integration among individuals reveals regular pat-
terns of trait relationships, influenced by genetics or other internal
factors. For instance, in crickets, individuals genetically predisposed
to grow larger were more aggressive, less explorative and lived
longer than smaller individuals (Santostefano et al., 2017). Simi-
larly, in male great tits, body mass positively correlated with
aggressiveness and exploration, while body condition was nega-
tively associated with these traits (Moiron et al., 2020). To explain
these patterns, two hypotheses have been proposed: the pace-of-
life syndrome (POLS) hypothesis (Laskowski et al., 2021; Réale
et al., 2010) and the state-dependent hypothesis (Sih et al., 2015).
The POLS hypothesis suggests that economic strategies vary along a
fast—slow continuum, with ‘fast’ strategies prioritizing rapid
growth and reproduction at the expense of long-term yield, while
‘slow’ strategies prioritize resource efficiency and longevity. In
contrast, the state-dependent hypothesis proposes that individual
quality influences phenotypic integration, with high-quality in-
dividuals having better metabolic rates and efficiency, leading to
improved life history productivity. These hypotheses provide con-
trasting perspectives on the mechanisms driving phenotypic inte-
gration at the among-individual level.

In this study, we focused on compensatory phenotypic integra-
tion and investigated how predator presence or absence shapes
covariation between behaviour, morphology and life-history traits.
We hypothesized that these patterns result from trade-offs reflect-
ing the optimal allocation of limited resources among costly traits.
We assumed that behaviour plays a pivotal role in mediating the
trade-off between resource acquisition and mortality risk
(Laskowski et al., 2021; Sih et al., 2015) and that this optimal trade-
off varies both within and among individuals. Within an individual,
the trade-off shifts in response to changing environmental condi-
tions, such as resource abundance and predation risk, which alter
the costs and values of resources and prompt plastic adjustments in
allocation tactics. Among individuals, these trade-offs reflect dif-
ferences in resource acquisition strategies or individual quality, as
proposed by the PLOS and state-dependent hypotheses. To explore
these hypotheses, we adopt a dual approach. We developed a
theoretical model specifically tailored to tadpole development,
incorporating their energy budgets and plastic responses to preda-
tion. This model examines how variation in metabolic efficiency and
capacity affects phenotypic integration. The theoretical predictions
are then tested empirically using a model tadpole of Rana dalmatina,
a species known for its pronounced plasticity in response to pred-
ators (Castellano et al., 2023; Urszan et al., 2018).

THE MODEL
The model is based on a daily energy budget for tadpoles, where

the resources they acquired depend on the time spent feeding each
day. Let A; be the time spent feeding by the tadpole i within a day,

a; = A; /max(A) be the scaled function of A by its maximum value,
and ry(a;) be the resources acquired by that tadpole daily. A portion
of these resources rg(a;) are consumed for self-maintenance,
digestion and activity, whereas the remaining portion
re(a;) = rr(a;) — re(a;) is converted into biomass. We define the
ratio rg(a;)/a; as the metabolic efficiency of the tadpole i, in that it
describes the amount of stored biomass per unit of activity.

The model assumes that both r; and r¢ are sigmoid functions of
a. We write them in the form:

Kq
rr(a) 11 esS@IDS (1a)

and:

Ka

rE(a):m- (1b)

The functions share the same asymptote (K,;, maximal daily
metabolic capacity) and have equal steepness S. They are displaced
from each other by a constant distance of 2 x D/S, and their
inflexion points occur at I — D/S and I + D/S, respectively (Fig. 1a).
Tadpoles with low feeding activity are expected to show high
digestive efficiency because their guts remain largely unfilled,
resulting in a higher rate of energy intake compared to energy
expenditure. As activity increases, the difference between energy
gains and losses decreases, reaching a point at a = I, where they
balance each other. This is the activity level that maximizes the
amount of resources that tadpoles could convert into biomass daily
(Fig. 1b). This maximal amount of resources defines the tadpole’s
metabolic capacity. It depends on D:

1)/(eD+1) (1c)

While K, represents the maximal metabolic capacity in theory
(e.g. the maximal amount of energy a tadpole could process if there
were no energy expenditure), Rmax represents the maximum en-
ergy production achievable in practice, and it would be the optimal
strategy if growth were the only factor affecting tadpole fitness.

When predators are around, however, tadpole fitness depends
not only on growth rate but also on the ability to avoid and escape
predator attacks. The model considers two tactics that tadpoles can
adopt to reduce predation risk. First, they can decrease activity to
make predator encounters less likely. Second, they can allocate a
portion of their growth resources for the development of defensive
traits, such as large tails with strong muscles, which increase the
probability of surviving predator attacks.

Given an activity level of a = B and several growth resources
rc(B), tadpoles can decide to allocate a portion « to the development
and maintenance of defensive traits, and the remaining portion
(1 —a) to increase body size (Fig. 1c). The probability of surviving to
the next day depends on ( and « and it is assumed to be:

Rmax = (eD -

S(B,a)=So — (1—=Pox P x (1-a)) (2)

where Sy is the probability of surviving when there are no preda-
tors and Py is maximum predation risk.

Since B and o influence the amount of available resources, they
also affect the growth rate and the duration of larval development.
The model assumes that the daily growth rate is directly propor-
tional to the amount of resources invested in growth:

g(B, ) = Kgxr6(B) x (1 —a), (3)

where K is the coefficient of proportionality between the amount
of resources allocated to growth and the daily increase in size.
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Figure 1. Energy budget and resource allocation to growth and defence in tadpoles. (a) Tadpole activity affects both the daily energy intake (solid line) and the daily energy
expenditure (dashed line), showing an optimal value where the difference between intake and expenditure (that is, daily acquired resources) is maximized. (b) Two tadpoles with
different activity levels, one performing at its optimum (a*) and the other below the optimum (), acquire different amounts of resources (Rmax and Rg) for growth and defence. (c)
Daily resources are allocated to growth or reproduction. The black line represents the allocation rule, indicating the portion (a) allocated to developing defensive traits.

Tadpoles are assumed to metamorphose when they reach a size
threshold K. The number of days taken to grow to this size is
inversely proportional to growth rate:

t(8, @) =Km x g(B, )" (4)

The expected fitness of a tadpole that adopts the strategy (o, )
is the combined probability of surviving for the t(p, ) days of larval
development, that is:

w(a, B) =s(B, o) PY. (5)

Fig. 2 provides a conceptual representation of the model, illus-
trating the causal relationships between variables that define the
daily energy budget of tadpoles. Since we are interested in the
plastic response to predators, we assume that natural selection
favoured the evolution of a plastic optimal-growth strategy that
allows tadpoles to adjust their growth strategy to the local abun-
dance of predators (i.e. the predation risk, Py).

Among-Tadpole Variation in Optimal Development Strategies

We now assume that the relationship between activity and
energy budget differs among tadpoles, and we analyse the effects of

these differences on optimal development strategies. We aimed to
contrast two mechanisms responsible for phenotypic integration.
The first mechanism assumes that some individuals consistently
outperform others regardless of environmental conditions,
whereas the second mechanism assumes that relative performance
depends on environmental context. These two models are specific
examples of more general hypotheses proposed to explain patterns
of phenotypic integration: the state-dependent hypothesis (Sih
et al, 2015) and the POLS hypothesis (Laskowski et al., 2021;
Réale et al., 2010).

Variation along the high-low—quality continuum

According to the high-low-quality (HLQ) model, variation is
mainly the effect of differences in the metabolic efficiency of tad-
poles. Independent of the environment, more efficient individuals
always have a larger amount of resources to allocate to growth and
defences. This variation in efficiency may result from variations in
genetic quality and epigenetic factors, such as maternal effects,
including differences in yolk provision or other resources trans-
ferred during development. Consequently, the optimal develop-
ment strategy depends on (and co—varies with) the quality and the
state of tadpoles (Fig. 3a).

The HLQ model assumes that there is no variation in the benefits
of being active (i.e. equation 1a), but there is variation in the costs.

Growth
Total 1-a)xrg
resources (r7) \
.. Biomass
Activit
Y (rg=rr—rp) j
Self
maintenance \ Defence
(rg) (00 x 1)
‘Predators’ o | Predation
abundance v risk

Figure 2. Conceptual model illustrating the trade-offs in tadpole energy allocation. Activity determines the total resources acquired (rr) and the energy expended for self-
maintenance (rg). The remaining resources (r¢) are divided between growth and defence. Predator risk, influenced by both predator abundance and tadpole activity, directly
impacts the resources allocated to defence and indirectly affects growth and larval development.
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Figure 3. Exploring individual variation in daily energy budget and optimal activity
levels. (a) When variation is along a high-low-quality (HLQ) continuum (HLQ model),
the effect of activity on the daily energy intake is similar in the two individuals (black
line), but the effect differs on the daily energy expenditure. Independent of the level of
activity, the red individual shows higher energetic expenditure than the blue indi-
vidual. As a consequence, the optimal level of activity (a*) and the maximal energy
intake (Rmax) is lower in the red than in the blue individuals. (b) Along the fast-
slow—paced continuum (fast-slow—paced [FSP] model), two hypothetical individuals
(red and blue lines) experienced different impacts of activity on energy intake (solid
lines) and expenditure (dashed lines). Consequently, the red individual performs better
at low activity levels but worse than the blue individual at higher activity levels. When
both individuals are at their optimum, the blue acquires more resources than the red
individual.

Let Q represent the tadpole quality (or condition), and be g =
Q /max(Q) the scaled function of Q. We assume that the inflection
points of rg occurs at (I(q) — D /S), whereI(q) =Ip+ Dx (2 xq —
1)/S. Here, Iy — D/S represents the inflexion point of the highest-
quality tadpoles. Equation 1b can be rewritten as:

Kq
re(a, q) = 11 e S<@lh-Dx2xq-1)/5)’ (6)

As shown in Fig. 3, the quality of the tadpole affects positively
both the activity at which the energy production, rg;(a) = rr(a) —
rgi(a), is highest,

Dx(q-1)

a(@=lo+——c—, (7a)

and the largest amount of energy production:
eD><q -1 b
Rmax(q) =Ka x D1 (7b)

Variation along the fast—slow continuum

Consistent with the POLS hypothesis, the fast-slow-paced (FSP)
model assumes that trait variation arises from differences in both
metabolic efficiency (ry) and metabolic capacity (K;), and in their
trade-off. Unlike the HLQ model, where high-condition individuals
consistently achieve higher energetic intake than low-condition
individuals regardless of the environment, the FSP model predicts
that the relative value of a strategy depends on environmental
conditions and the associated costs of being active. For instance, a
fast-paced strategy, which prioritizes metabolic capacity (K,) over
metabolic efficiency (rr), is advantageous when the costs of activity
(e.g. predation risk) are low. However, as these costs increase, the
fast-paced strategy becomes disadvantageous, favouring in-
dividuals with slower strategies that prioritize metabolic efficiency
over capacity (Fig. 3b). This dynamic interaction between strategy

and environment implies that, within a given environment, a single
optimal strategy exists. However, temporal and spatial variability in
selection pressures prevents this strategy from dominating the
population, ultimately contributing to within-population variation.

Mathematically, the FSP model assumes that the sigmoid func-
tions of energy intake rr and energy expenditure rg vary among
individuals in both the inflexion points and asymptotes, with fast
animals showing higher values in both parameters. Let F be the
maximal metabolic capacity and f = F /max(F) the scaled function.
Let Iy be the inflexion point of the sigmoid curves of the fastest
tadpoles. The energy intake of an individual of fast-pacedeness f
and activity a is assumed to be:

_ f
rT(aaf)_I<a X 1 +e—5,vxf><(a—lo><f+D/(S><f)) ) (8)
and the expenditure function:
_ f
re(a.f) =Ka x 1+ e Sxfx(@loxfD/S<) " ©)

As shown in Fig. 3b, fast individuals (i.e. f=1) show higher
energy production, but only at high activity levels. Specifically, the
activity level for which energy production is highestis ata = Iy x f,
and the maximum energy production is:

Rmax (f) =K, ><f><eD—_l (10)
max — I\a eD+1~

Model Predictions

Within-tadpole (co)variation of plastic traits

Tadpoles are predicted to modify their strategy by initially
decreasing their feeding activity as the perceived predatory risk
increases. This action functions as a preventative measure to reduce
the likelihood of predator detection. At low predation risk, each
small increase in risk prompts further reductions in activity.
However, at sufficiently high predation risk, prevention becomes
too costly, as tadpoles cannot afford to reduce their activity any
further. At this point, they begin diverting resources towards
defensive traits, such as developing morphological defences, to
increase their chances of survival. Investing in defences comes with
a cost: resources allocated to defensive traits are no longer available
for growth and development. Consequently, as predation risk in-
creases, growth rates are expected to decrease, and the age at
metamorphosis increases. Fig. 4 illustrates the pattern of associa-
tion between predation risk, activity, defence and growth among
individuals, as determined by the general model and the sigmoid
functions defined in equations 1a and 1b.

Among-tadpole (co)variation of plastic traits

When a variation occurs along the high—low quality axis, high-
quality tadpoles are expected to be more active (Fig. 5a) both in the
presence and in the absence of predators. Moreover, high-quality
tadpoles are expected to develop larger defensive traits (Fig. 5b),
grow faster (Fig. 5¢) and metamorphose earlier (Fig. 5d), but only
when predators are around. Independent of predators, the relative
fitness of tadpoles is expected to covary positively with their
quality, and variation in fitness is larger at high than at low pre-
dation risk (Fig. 5e).

When variation occurs along a fast—slow axis, the FSP model
predicts that fast-paced tadpoles will be more active than slow-
paced tadpoles in both the presence and absence of predators
(Fig. 5f). In environments with predators, fast-paced tadpoles are
expected to develop larger defensive traits than slow-paced
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Figure 4. Individual plastic responses to predators. (a) Increasing predator intensity
(that is, the probability of encountering predators, Py, see equation (2)) forces in-
dividuals to reduce their activity (p) and to allocate more resources to defensive traits
(). (b) As predator intensity increases, tadpoles are expected to grow more slowly and
metamorphose later. (Results based on equations (1)-(5) with parameters: S = 10;
D=2,1=05;Sy =0.95; Kn =40; Kg =5,K; = 1.).

tadpoles (Fig. 5g), grow at similar rates, and metamorphose at a
similar age. However, in predator-free environments, fast-paced
tadpoles are predicted to grow faster (Fig. 5h) and metamorphose
earlier (Fig. 5i).

Importantly, the FSP model also predicts that relative fitness
depends on environmental conditions (Fig. 5j). At low predation
risk, fast-paced tadpoles achieve higher relative fitness than slow-
paced individuals, while the opposite occurs under moderate or
high predation risk. This distinction highlights a key difference in
the factors assumed to maintain variation within populations. In
the HLQ model, variation is driven by genetic or epigenetic differ-
ences among individuals that persist independently of environ-
mental conditions. In contrast, the FSP model attributes variation to
temporal and spatial fluctuations in environmental conditions,
such as predation risk, which shape the selection pressures acting
on the population. A summary of the models' predictions is pre-
sented in Table 1.

THE EXPERIMENT
The Study System

Rana dalmatina is a brown frog widespread in the low-plain
territories of much of Central and Western Europe. As in most an-
urans, tadpoles of this species are highly plastic. In the presence of
predators, tadpoles decrease activity (Castellano et al., 2023;
Urszan et al., 2018), increase swimming speed (Castellano et al.,

2023) and develop deeper tails. Moreover, tadpoles take longer to
metamorphose with predators; less active tadpoles take even
longer (Urszan et al., 2015). This conclusion implies that the delay
in metamorphosis is the long-term cost paid by tadpoles for the
short-term benefits of an effective defence (Castellano et al., 2024).
The magnitude of these responses varies with the type of predator,
being higher in the presence of dragonfly larvae (Hettyey et al.,
2011).

METHODS
Rearing Experiment and Morphological Analyses

On 24 March 2023, we collected eight freshly laid clutches of
R. dalmatina in a breeding site near our field research station at
Roppolo (Northwest Italy) and placed them in separate 60 litres
tanks of well water until hatching. We placed the aquaria outdoors
on a lawn, sheltering them from full sunlight with 50% knitted
shade cloth material. On 30 March 2023, when hatchings were at
Gosner stage 23—24 (Gosner, 1960), a haphazard sample from each
clutch was collected and individuals were photographed with a
Leica EZ4W stereo zoom microscope. From the pictures, we
measured the hatchling’s total length (starting size). Larvae do not
actively feed at this developmental stage; instead, they rely on the
mother’s yolk stores. As a result, we hypothesized that variations in
early size were primarily due to genetic and epigenetic factors,
particularly maternal influence. These hatchlings were then
returned to their tank and allowed to grow with their siblings for 1
week, until 6 April 2023, when the experiment began. In this phase
and during the experiment, tadpoles were fed fish vegetable flakes
ad libitum.

On 6 April 2023, when tadpoles reached the Gosner stages
25—-27 (Gosner, 1960), we started the experiment. From each
clutch, we blindly collected 16 tadpoles and placed them in sepa-
rate containers (33.5 x 19 x 12 cm) with about 5 litres of water. The
128 containers/tadpoles were divided into 16 fibreglass troughs
(217 x 40 x 15 cm; Lamar, Udine s.r.l.), organized in four blocks,
with four troughs per block and eight tadpoles per trough (see
Fig. 6). In each block, we used tadpoles of two distinct clutches. Two
troughs of a block had predators, whereas the other two were used
as controls. To facilitate homogeneous water flow through the
containers within a trough, we cut two windows into the large
sides of the containers (window size in large containers:
25 x 10 cm; window size in small containers: 16 x 6 cm) and sealed
them with 1 mm plastic mesh. In the troughs with predators, four
dragonfly larvae (gen. Aeshna) were individually kept in perforated
plastic cages (base diameter, 15 cm; Hettyey et al., 2012). These
cages were placed outside the containers but in close contact with
one of the two windows so that tadpoles could perceive the
predator’s presence both visually and chemically (Hettyey et al.,
2012). Dragonfly larvae were fed twice a week with small tad-
poles to produce digestion-released alarm cues (Hettyey et al.,
2015). All troughs were on a lawn under a shelter of 50% knitted
shade cloth material to avoid full sunshine.

When tadpoles approached metamorphosis (i.e. Gosner stage
42: Gosner, 1960), they were transferred from the troughs to new
containers closed with a perforated cover to prevent escape and
with a small amount of water to prevent drowning. They were kept
there for a few days until the tail was completely reabsorbed.

Tadpoles were photographed four times: at the beginning of the
experiment, day before the first recording session (see below), day
after the last recording session and when they completed meta-
morphosis. We used a Raspberry Pi v2.1 8MP camera on a Raspberry
Pi model 3B+ to take pictures. Both tadpoles and froglets were
placed on a petri dish, lined with graph paper. Tadpoles were
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Figure 5. Among-individual variation in the plastic response when predator risk is low (red line, maximum predation risk, Py = 0.1, see equation (2)), when it is intermediate (blue
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individuals are assumed to vary along a fast-slow—paced (FSP) continuum (FSP model).

photographed from their lateral view, and with a custom-designed anaesthetized in a 0.1% MS222 solution and placed ventrally with
program written in Python 3, we measured three morphometric femurs and humerus perpendicular to the animal sagittal plane. In
traits: body length (BL; the distance between the tip of the head these pictures, we measured the snout—vent length. Besides these
and the tip of the tail), tail area (TA) and body area. Froglets were morphometric traits, we measured the age at metamorphosis,
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Table 1
Summary of the assumptions and the predictions of HLQ and FSP models
Model assumptions and predictions HLQ FSP
Predators Predators
No Yes No Yes
Assumptions
Energetic capacity Constant Variable
Energetic efficiency Variable Variable
Predictions
Relative fitness HQ > LQ HQ > LQ Fast > slow Slow > fast
Association between activity and defensive traits NO Positive NO Positive
Association between activity and growth Positive Positive Positive NO
FSP: fast-slow—paced; HLQ: high-low—quality; HQ: high-quality individuals; LQ: low-quality individuals.
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Figure 6. Rearing design. There were four blocks, each with four troughs. Within each block, two troughs contained caged predators (dragonfly larvae, grey ‘D’ circles) and two
(controls) were without predators. Within each trough, there were eight containers, each housing one tadpole. The containers were coded based on clutch (a—h), replicate number
(1-8) and ontogenetic treatment (D for dragonfly; C for control). Tadpoles of the same clutch, with the same replicate number but different ontogenetic treatments, formed sibling
pairs. In open-field experiments, paired tadpoles were tested simultaneously in the same tank (see Methods).

defined as the number of days from hatching to completion of
larval development. To minimize observer bias, blinded methods
were used when all the data were analysed.

After recovery from the anaesthesia, froglets were released close
to their pond of origin.

Behavioural Recording and Analyses

Between 6 and 15 May 2023 we conducted the videorecording
experiment, totalling nine daily recording sessions. We used a
paired design for this experiment. Each tadpole that received the
predator-free treatment (OT = C, control ontogenetic treatment)
was matched with a sibling that received the predator-exposed
treatment (OT = P, Aeshna dragonfly-larva ontogenetic treatment)
and both tadpoles were always tested at the same time in the same
tank. We randomly divided the full sample of 64 pairs of tadpoles

into two subsamples, each containing 32 pairs and tested them on
two consecutive days. Tadpoles were tested three times within a
single day: first without predators (control acute treatment), then
with predators present in the arena (Aeshna dragonfly-larva acute
treatment) and finally in a labyrinth. The tests followed this fixed
sequence, with a 10 min interval between the end of one test and
the start of the next. The order in which the 32 pairs of tadpoles
were tested during the day was randomly assigned and varied
across the first, second and third recording sessions. In total, each
tadpole underwent nine tests over three recording sessions, spaced
two days apart. Since this study focuses on tadpole responses to
predators, the results of the labyrinth tests are not presented.

We used 16 tanks (60 x 40 x 15 cm), each half-filled with well
water. We divided each tank into three distinct zones using two
sheets of Plexiglas. The left and right zones (28 x 40 x 15 cm)
served as testing arenas and housed the two paired tadpoles. One
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tadpole was from the ontogenetic predator-free treatment (OT = C)
while its sibling was from the ontogenetic predator-exposed
treatment (OT = D). The central zone (4 x 40 x 15 cm) housed
the experimental stimulus. In eight tanks, the central zone was
empty and served as a control, whereas the remaining eight tanks
contained the acute predator stimulus. To allow tadpoles to
perceive the stimulus both visually and chemically, three circular
windows were cut into the Plexiglas sheets and covered with 1 mm
plastic mesh. Tadpoles exposed to predators received visual,
chemical and digestion-derived cues. We achieved the latter by
feeding tadpoles to dragonfly larvae in the experimental tanks the
night before the experiment. Throughout each daily session, water
in the tanks was not changed between successive trials.

We recorded tadpoles for 40 min. They were first acclimatized
inside a plastic cage at the centre of the arena for about 5 min
before the cage was lifted, allowing them to move freely. All video
recordings were carried out at a 1280 x 720 resolution and a 10 Hz
frame rate. They were conducted with a Raspberry Pi 3 single board
B3+ computer with a Raspberry Pi v2.1 8 MP camera, placed 80 cm
above each tank. The Raspberries were connected via the internet
to a laptop computer, which used custom-designed software
written in Python 3 to control the recording activity of the
16 cameras (https://github.com/olivierfriard/raspberry_video-
recording_coordinator).

In total, we recorded 768 videos. We split each video into left-
and right-side halves, ensuring that each split video featured only
one of the two arenas. We analysed the split videos with the
DeepLabCut software package v. 2.3.8 (Mathis et al, 2018),
following the standard protocol. The system was trained with
manually labelled frames that were automatically extracted from
our videos. Five points were labelled: the tadpole and the four
angles at the bottom of the arena. The generated model was used to
extract the coordinates of the five points for each frame of each
video.

From the entire set of coordinates, we computed two new var-
iables: the interframe speed, which is the Euclidean distance be-
tween the tadpole positions in frames f and frame f + 1, multiplied
by the video frame rate and the activity state, a binary variable that
scores ‘1’ (‘moving state’) if the interframe speed is greater than or
equal to 2 cm/s and ‘O’ (‘resting state’) otherwise. We used this
binary variable to compute movement-bout durations. In this case,
we considered a bout of movement only when the tadpole was
moving in at least five consecutive frames (i.e. we considered only
bouts longer than 0.5 s). From these variables, we derived the seven
descriptors of tadpole activity. The first three descriptors were
computed on the entire sample of frames and were (1) the mean
speed, (2) its standard deviation and (3) the activity index, defined
as the proportion of frames with tadpoles in a ‘moving state’. The
remaining five descriptors were computed on the subsample of
frames that described the bouts of movements and included (4) the
number of bouts, (5) their mean duration, (6) the mean speed
within a bout and (7) the mean acceleration.

Statistical Analyses

Pearson'’s bivariate correlation analyses were used to analyse the
pattern of associations between the seven descriptors of tadpole
behaviour. Because of their high correlations, a principal compo-
nent analysis was carried out, and the first two components (ac-
tivity and swiftness, see results) were used as the dependent
behavioural variables in successive analyses.

We conducted four sets of statistical analyses. In the first set of
analyses, we tested our model assumption that predators exert
both short-term (acute) and long-term (ontogenetic) effects on
tadpole behaviour. These analyses served a confirmatory purpose,

aiming to verify whether these effects were consistent with find-
ings from a prior study (Castellano et al.,, 2024). We conducted
generalized linear mixed models (GLMMs) on the full data set of
N = 748 observations, comprising 128 tadpoles, each tested across
six trials. Ontogenetic treatment, acute treatment and block were
included as fixed factors, while clutch and tadpole identity (nested
within-clutch) were specified as random factors. The trial number
was incorporated as a covariate.

The second set of analyses focused on the pattern of phenotypic
integration, investigating the ontogenetic effects of predators on
three sets of phenotypic traits. We conducted GLMMSs on a data set
consisting of N = 64 observations, where each row represented the
behavioural, morphological and life history variables of two paired
siblings raised either with or without predators. To describe indi-
vidual behaviours, we calculated mean values across both the
predator and control acute treatments, as these behavioural vari-
ables were positively correlated at both the within- and among-
individual levels (see Table S1). For tadpole morphology, we used
two parameters: log-transformed total BL and size-adjusted TA.
The size-adjusted TA was calculated as the residuals from a linear
regression of log-transformed TA (dependent variable) on log-
transformed BL (independent variable). For each sibling pair and
phenotypic trait, we computed the difference between the tadpole
raised without predators and its sibling raised with predators.
These differences served as the dependent variables in a multi-
variate GLMM, with clutch included as a random factor.

The rationale behind this approach is as follows: consider a
phenotypic trait, X. It results from a genetic factor (G), the
controlled ontogenetic treatment (OT) and some uncontrolled
environmental factors (E).

For a tadpole pair indexed by i, we have:

Xci=Gx +O0Tcg, +Exc;

Xp,i=Gx + OTpc, +Exp,

Since pairs consist of full siblings, we can reasonably assume
that (1) the difference between X ; and X ; does not depend on Gy,
(2) the difference between OTcg, and OTp;, may vary among
clutches, but not within clutches and (3) within-clutch variation of
this difference depends mainly on Ex ¢ ;. Therefore, if the intercepts
of the multivariate GLMM significantly differ from zero, there is
evidence for an ontogenetic effect of predators on the traits. Sig-
nificant among-clutch variance indicates variation in predator ef-
fects among families. Lastly, significant within-clutch covariations
between trait differences (e.g. between (Xc; —Xp;) and (Y¢; — Yp;))
suggest phenotypic integration at this level, attributable to
covariation between uncontrolled factors affecting tadpole devel-
opment (e.g. between (Ex c; —Exp;) and (Eyc; — Yy pi))-

The third and fourth sets of analyses were designed to differ-
entiate between the HLQ and FSP models of phenotypic integration.
The third series used the same data set of N = 64 records as the
second series but analysed the predator and control ontogenetic
samples separately. Since the HLQ and FSP models predict different
associations between activity and the other sets of traits, these
GLMMs included activity as a covariate, clutch as a random factor
and the other phenotypic traits as dependent variables.

The fourth series of analyses aimed to test the HLQ model’s
assumption that the pattern of phenotypic integration arises as a
byproduct of among-individual variation in quality. To evaluate
this, we computed an individual fitness score based on activity, TA,
BL and age at metamorphosis. For each trait, individuals were
ranked from lowest to highest (assigning average ranks for ties) and
these ranks were scaled from zero to one. The scaled ranks were
then multiplied to calculate a composite fitness score for each
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individual, reflecting the assumption that all traits contribute
multiplicatively to fitness. This approach avoids arbitrary weighting
by treating all traits equally and reflects potential trade-offs among
them, where optimal fitness is achieved through the integration of
multiple phenotypic traits. Differences in fitness scores among
clutches were tested and when significant differences were
detected, Spearman’s rho was used to examine whether fitness
scores were positively associated with the mean BL of hatchlings,
which served as a proxy for maternal investment (Cadeddu &
Castellano, 2012).

All GLMMs were used using the brms package in R (Burkner,
2017, 2018). This package leverages Bayesian inference based on
STAN. For all models, we used default noninformative priors and
ran four chains, each with 4000 iterations (including a warmup of
1000 iterations). We visually inspected the trace and distribution of
all models to assess autocorrelation and sampling stationarity
(Faraway, 2016). Additionally, we checked chain convergence using
Rhat values (Burkner, 2017). To estimate the expected values of
both fixed and random factors, we examined their posterior dis-
tributions along with their 95% credible intervals (95% Cls). A fixed
factor was assumed to have a statistically significant effect on the
dependent variable if its credible interval did not encompass zero.

Ethical Note

The experiment followed the ASAB/ABS ‘Guidelines for the
ethical treatment of nonhuman animals in behavioural research
and teaching’ and complied with Italian national and Piedmont
regional laws.

No special permission was needed from the local authorities to
collect eggs. During the rearing experiment, 50% of the water was
changed twice a week and food in excess was removed to optimize
rearing conditions. Before video recording, tadpoles were captured
using hand nets and moved using water-filled containers. After the
start of the experiment, tadpole mortality was nil, and all tadpoles
successfully completed metamorphosis. At the experiment’s
conclusion, all froglets were released near their parents' pond.

A critical aspect of our experiment requiring ethical justification
is the decision to use living tadpoles to feed dragonfly larvae. This
decision was carefully evaluated based on the three guiding prin-
ciples of replacement, reduction and refinement (‘the three Rs’).
Predator replacement was excluded because it would compromise
the quality of the research. Previous studies have shown that
predator kairomones, in combination with pre- and postdigestion
alarm cues, are essential to elicit tadpoles' defensive responses
(Gazzola et al., 2018; Hettyey et al., 2015). Since dragonfly larvae are
primarily visual predators, the use of live prey was deemed
necessary. We explored the possibility of feeding the predators
with invertebrate larvae (e.g. chironomids) while using artificial
postdigestion alarm cues, which would allow humane euthanasia
of tadpoles through prolonged anaesthesia. However, this approach
conflicted with the reduction principle, as it would require a
significantly higher number of prey, including both tadpoles and
invertebrates. Having decided to feed predators with living tad-
poles, we applied the reduction and refinement principles to
minimize the number and suffering of tadpoles while ensuring
predators received adequate nutrition for development. Based on
previous studies (Castellano et al., 2023, 2024; Castellano & Friard,
2021), we selected tadpoles measuring 15—20 mm (Gosner stages
26—28: Gosner, 1960) as prey. This size was preferred over smaller
alternatives (e.g. hatchlings measuring 9—10 mm) because it
allowed predators to be fed with a single tadpole twice per week,
reducing the total number of prey used. Furthermore, at this
feeding rate, predation occurs shortly after prey introduction,
thereby minimizing the duration of tadpole suffering. This feeding

protocol ensured a balance between maintaining research integrity
and adhering to ethical standards. We consulted the ethical com-
mission of our university regarding the need for ethical review.
Since our study involved a rearing experiment under quasi-optimal
conditions for tadpoles (low density, abundant food), without any
invasive treatment, the commission confirmed that ethical
approval was not required. Additionally, the feeding of dragonfly
larvae with tadpoles was considered a natural and necessary aspect
of their husbandry rather than an ethical concern.

RESULTS

Confirmatory Analyses on the Effects of Predators on Tadpole
Behaviour

All seven descriptors of tadpole behaviour were highly inter-
correlated (Table S2), and the first two principal components
explained 90.56% of their total variance. The first component (ac-
tivity) was a size factor, and tadpoles that moved more scored high
on it (Table S3). The second component (swiftness) was a shape
factor that describes variation in speed and acceleration within
bouts of movement (Table S3).

In our confirmatory analysis, we regressed activity and swiftness
against the ontogenetic and acute treatments, accounting for trial
number, block, clutch and tadpole identity (Table 2). Within the
testing arena, tadpoles from both ontogenetic treatments showed
reduced activity and greater swiftness when predators were pre-
sent compared to when no predators were around. Tadpoles raised
with predators consistently displayed lower activity levels than
their control siblings, regardless of predator presence (Fig. 7a).
However, tadpoles raised with predators moved more swiftly than
their control counterparts, but only in the absence of other pred-
ators (Fig. 7b).

Testing Model Predictions: The Ontogenetic Effects of Predators

Table 3 shows the results of the multivariate GLMM, in which
the dependent variables were the mean differences in behavioural,
morphological and life history traits between paired siblings raised
either with or without predators. Results indicated intercepts
significantly different from zero for all six dependent variables,
confirming the ontogenetic effects of predators on these traits.
Among-clutch variation in the ontogenetic plastic responses was
observed in the behavioural traits (activity and swiftness), but not
in the morphological and life history traits. Within-clutch (i.e.
among-pair) correlations provided evidence for an integrated
plastic response to predators. In particular, within-pair differences
in activity were positively correlated with differences in tadpole BL
and negatively with differences in age at metamorphosis, sug-
gesting that more active tadpoles grew and developed faster.
However, we did not find clear evidence for a cost associated with
this rapid growth and development. Although the size-adjusted TA
was negatively associated with activity and age at metamorphosis,
the association was weak and statistically not significant (Table 3).

Testing Model Predictions: Patterns of Covariation Between Activity
and Predator-Induced Plastic Traits

As predicted by both the HLQ and the FSP models, activity was
positively associated with swiftness in tadpoles raised with pred-
ators, whereas, in tadpoles raised without predators, it showed a
negative association, although not statistically significant (Table 4).
The activity was also positively associated with the size-adjusted
TA, but the association was observed in both control and predator
treatments and it was not statistically significant (Table 4).
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Table 2
Summary of the fixed and random effects on tadpole behaviour, estimated from the posterior distributions of Bayesian GLMMs
Source of variation Parameter Activity 95% CI Swiftness 95% CI
Estimate Estimate
Fixed factors
Intercept 0.74 (0.01, 1.49) —0.81 (—1.27, —0.36)
AT = dragonfly —0.66 (—0.82, —0.49) 1.21 (1.05, 1.37)
OT = dragonfly —0.69 (~0.88, —0.50) 034 (0.14, 0.53)
AT x OT 0.13 (-0.11, 0.36) —0.39 (—0.62, —0.17)
Trial —0.14 (-0.21, —0.07) 0.06 (—0.01, 0.13)
Random factors
Clutch 0.44 (0.16, 1.13) 023 (0.02, 0.71)
Tadpole 0.28 (0.19,0.37) 0.31 (0.22, 0.40)
Sigma 0.82 (0.78, 0.87) 0.80 (0.76, 0.84)
Residual correlation
Activity 0.29 (0.22, 0.36)

CI: credibility interval; GLMM: generalized linear mixed model; OT: Aeshna dragonfly-larva ontogenetic treatment. Statistically significant effects are those that do not include

zero in their 95% credibility intervals (CIs) and are shown in bold.
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Figure 7. Individual variations in the activity (a) and swiftness (b) in the control (c) and predator (d) acute treatments. Small solid circles, connected by thin transparent lines,
represent individual means across three trials. Large solid circles, connected by thick coloured lines, indicate the sample means for the two ontogenetic treatments. Red colours
correspond to tadpoles raised with predators (OT = D) and black colours represent those from the control ontogenetic treatment. OT: Aeshna dragonfly-larva ontogenetic treatment.

Table 3
Within-clutch standard deviations and correlation coefficients between the ontogenetic plastic responses to predators
CD_ACT CD_Swift CD_BL CD_Tail CD_Age CD_SVL
CD_ACT Parameter 0.14 0.14 0.31 —-0.05 -03 0.02
95% CI 0.01, 0.42 -0.12,0.37 0.08,0.51 —-0.30, 0.21 -0.52, —-0.07 -0.28,0.23
CD_Swift Parameter 0.17 0.15 0.15 -0.09 0.06
95% CI 0.01, 0.48 —0.08, 0.38 -0.10, 0.39 -0.33,0.15 -0.20, 0.31
CD_BL Parameter 0.01 —0.22 —0.67 0.28
95% CI 0, 0.04 —-0.45, 0.0.02 -0.79, —-0.51 0.05, 0.49
CD_Tail Parameter 0.02 0.10 -0.09
95% CI 0, 0.06 -0.15, 0.35 -0.35, 0.17
CD_Age Parameter 0.01 —0.02
95% CI 0, 0.02 —-0.26, 0.23
CD_SVL Parameter 0.02
95% CI 0, 0.05
Intercept Parameter 0.61 -0.12 0.08 —-0.05 —-0.05 0.02
95% CI 0.41, 0.81 —0.33, 0.09 0.05,0.11 —0.08, —0.03 —0.06, —0.03 0.00, 0.05
Residual Parameter 0.61 0.6 0.11 0.06 0.04 0.06
95% CI 0.51,0.73 0.50, 0.73 0.09, 0.13 0.05, 0.07 0.03, 0.04 0.05, 0.07

ACT: activity; BL: body length; CI: credibility interval; Swift: swiftness; SVL: snout—vent length; TA: tail area. Estimates were derived from a multivariate GLMM, where the
clutch was included as a random factor and the dependent variables were the differences in behavioural (CD_ACT, CD_Swift), morphological (CD_BL, CD_Tail) and life history
(CD_Age, CD_SVL) between paired siblings raised either without (C) or with (D) predators. The intercept of the model and residual standard deviations are shown below the
square matrices. Statistically significant coefficients (in bold) are those whose credibility interval (95% CI) does not include zero.
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Table 4
Effect of activity on plastic traits in tadpoles raised either without predators (OT = C) or with predators (OT = D)
Variables Activity
oT=C oT=D be_bp
bc 95% ClI Clutch 95% Cl bp 95% Cl Clutch 95% ClI 95% ClI
Swiftness -0.19 —0.40, 0.02 0.17 0.01,0.43 0.41 0.16, 0.67 0.18 0.01, 0.45 —0.93, -0.26
TA 0.01 -0.01, 0.03 0.03 0.01, 0.06 0.02 0.00, 0.05 0.03 0.01, 0.06 —0.02, 0.03
BL 0.04 0.00, 0.07 0.03 0.00, 0.07 0.07 0.02, 013 0.04 0.00, 0.09 —-0.10, 0.02
Age -0.02 —-0.04, —-0.01 0.01 0.00, 0.03 -0.03 —0.05, —-0.01 0.02 0.00, 0.04 -0.02, 0.04
SVL -0.01 —0.04, 0.02 0.05 0.02, 0.09 0.01 —0.02, 0.03 0.03 0.01, 0.06 —0.06, 0.02

BL: body length; OT: Aeshna dragonfly-larva; SVL: snout—vent length; TA: tail area. Results were obtained from univariate generalized linear mixed models (GLMMs), with the
clutch as a random factor. Statistically significant coefficients (indicated in bold) are those whose 95% credibility interval (CI) did not encompass zero. Similarly, significant
differences between coefficients in the two ontogenetic treatments are those whose 95% CI of the differences between posterior distributions does not include zero.

In both control and predator treatments, activity was positively
associated with tadpole size (BL) and negatively associated with
age at metamorphosis (Table 4). These results align with the pre-
dictions of the HLQ model, which suggests that more active tad-
poles show faster growth and metamorphose earlier than their less
active counterparts, regardless of predation risk. In contrast, these
findings are inconsistent with the predictions of the FSP model,
which posits that faster growth and earlier metamorphosis should
occur only under low predation risk, while such associations should
weaken or disappear under strong predation risk.

Except for swiftness (in both treatments) and TA (in the controls
only), the clutch did not explain a significant amount of residual
variance (Table 4). However, the effect of clutch on fitness scores
was statistically significant both in the controls (SD = 0.09,
error = 0.05, 95% CI 0.02, 0.22) and in the predator treatment
(SD = 0.13, error = 0.09, 95% CI 0.02, 0.36). Moreover, as predicted
by the HLQ model, the clutches that scored higher in the absence of
predators were also those that performed better in the presence of
predators (Spearman’s rho = 0.762, one-tailed P = 0.018). Although
hatching body length differed significantly among clutches (see
Table S4 in the supplementary material), we found no evidence of a
correlation between the clutch average fitness scores and the mean
total lengths of hatchings in both controls (Spearman’s
rho = —0.190, one-tailed P = 0.690) and predator treatment
(Spearman’s rho = 0.310, one-tailed P = 0.231).

DISCUSSION

In this study, we have explored the hypothesis that, at the pop-
ulation and individual levels, the integration of morphological,
behavioural and life history traits directly depends on how tadpoles
manage their energy budgets. We based this hypothesis on three
assumptions: (1) total resource allocation for survival and growth is
limited; (2) natural selection has favoured an optimal trade-off
among traits promoting growth and survival (White et al., 2022);
and (3) tadpoles differ in several aspects of their energy metabolism
and, consequently, show different optimal trade-offs. We investi-
gated this hypothesis theoretically by developing a mathematical
model of resource allocation and by testing its predictions using the
antipredator responses of R. dalmatina tadpoles as the study system.

Before discussing the outcomes of our model, it is important to
highlight some key differences between our approach and other
studies on animal energy management. Over the past two decades,
behavioural ecologists have explored the role of metabolism in
explaining among-individual variation in behaviour, aiming to
uncover the proximate mechanisms underlying animal personal-
ities (Abdeen et al., 2022; Biro & Stamps, 2008, 2010; Careau et al.,
2008). Two prominent models have emerged from this research:
the ‘performance’ model and the ‘allocation’ model (Mathot &
Dingemanse, 2015).

The performance model assumes that animals with higher en-
ergetic demands, such as ‘fast’ individuals who are more active or
aggressive, develop more powerful metabolic machinery to meet
their needs. This model predicts a positive association between
resting metabolic rate (the cost of living) and levels of activity or
aggressiveness (Careau et al.,, 2008). In contrast, the allocation
model is based on trade-offs, assuming that animals have fixed
energy reserves that must be distributed among competing pro-
cesses, such as activity and resting metabolic rate. This model
predicts a negative association between costly behaviour (activity
and aggression) and resting metabolic rates (Biro et al., 2020).

While these models superficially resemble the FSP and HLQ
models, there are important distinctions. First, the performance
and allocation models treat resting metabolic rate as a central
determinant of activity. For example, in the performance model,
fast individuals are more active because they have faster metabolic
machinery. Conversely, in the FSP model, activity itself drives en-
ergetic intake; fast individuals are more active and, as a result,
acquire more energy.

Second, both the performance and FSP models predict that fast
individuals outperform slow individuals when survival costs of
activity are low but are disadvantaged when those costs are high.
However, the performance model assumes that optimal perfor-
mance is similar for fast and slow individuals, whereas the FSP
model predicts different optimal performances depending on
environmental conditions.

Finally, both the allocation and HLQ models assume that in-
dividuals' overall energy budgets are constant, and they predict a
negative relationship between activity and resting metabolic rate.
However, their underlying mechanisms differ. In the allocation
model, this association reflects a trade-off between activity and
maintenance expenses (that is, resting metabolic rate). In contrast,
the HLQ model attributes the negative association to the marginal
costs of activity, which are lower for high-quality individuals.
Similar to the condition-dependent expression of secondary sexual
traits in sexual selection theory (Grafen, 1990), high-quality in-
dividuals can sustain high activity levels while incurring relatively
lower metabolic expenses. Consequently, activity correlates posi-
tively with quality and negatively with maintenance expenses (that
is, resting metabolic rate).

Empirical tests of the performance and allocation models have
yielded mixed results (Abdeen et al., 2022; Biro et al., 2020; Mathot
& Dingemanse, 2015). These studies focused on associations be-
tween behavioural traits (such as activity and aggressiveness) and
resting metabolic rates (such as a proxy for maintenance and repair
expenses). While evidence for the performance model is limited,
some studies support the allocation model, reporting a negative
association between activity and resting metabolic rate. Unlike
these models, HLQ and FSP do not predict links between resting
metabolic rates and behaviours. Instead, they focus on examining
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how daily energy use varies with activity. Here, we tested these
models by predicting patterns of phenotypic integration. The
following sections explore the congruencies and inconsistencies
between predictions and experimental results.

Phenotypic Integration within Individuals

Under predation risk, prey has two main strategies: prevention
and reaction. Prevention involves reducing movements, enhancing
crypsis or moving to new habitats to minimize predator encoun-
ters, while reaction involves the development of defensive traits to
increase survival chances during predatory attacks (Lima & Dill,
1990). A positive association between these traits implies func-
tional cospecialization and among-individual variation in the in-
tensity of antipredator responses. Conversely, a negative
association suggests functional compensation between traits,
indicating among-individual variation in the type of antipredator
responses (DeWitt et al., 1999). Our theoretical model supports the
cospecialization hypothesis, albeit with certain nuances. According
to our model, prevention is the preferred strategy at low predation
risk. However, as predation risk increases, prevention becomes less
effective, making it more advantageous for tadpoles to stop
investing in it and start developing effective reactions. Conse-
quently, our model suggests that while traits preventing predator
encounters can function independently, at high predation risk, they
are reinforced by defensive traits, which invariably coexist with
preventive responses. Therefore, our model does not necessarily
predict a positive association between preventive and reactive
antipredator traits but rather suggests that prey will prioritize
preventive responses over defensive responses.

In our experiment, tadpoles showed both preventive and reac-
tive predator responses. Tadpoles reduced activity in the presence
of predators, and the response was more pronounced in those
raised with predators. This behaviour mirrors findings from Hyla
intermedia (Castellano et al., 2021) and Dendropsophus ebraccatus
(Reuben & Touchon, 2021) but contrasts with two previous studies
on R. dalmatina (Castellano et al., 2023; Urszan et al., 2018), sug-
gesting a potentially weaker ontogenetic effect on activity in this
species. Our experiment also revealed that tadpoles raised with
predators developed proportionally larger tails relative to their
control siblings. As predicted by the model, we found no correlation
between sibling differences in activity and tail shape. However,
contrary to model predictions, we failed to find any evidence that
tadpoles prioritized preventive, overreactive responses. Interest-
ingly, a study on rotifers (He et al., 2023) did find such evidence.
Rotifers responded to predators by altering their habitat, floating at
the surface where predators are scarce and developing long pro-
tective spines. Floating behaviour was observed in both individuals
with and without spines, while spines were exclusively associated
with floating behaviour, supporting the prioritization hypothesis of
preventive overreactive responses.

Both preventive and reactive antipredator behaviours have
significant costs. Prevention behaviours result in opportunity costs,
while reactive responses lead to investment costs. Our model
suggests that these costs manifest in the same way: a decrease in
growth and development. Given that our model assumes tadpoles
completed metamorphosis upon reaching a specific size threshold,
these costs were expressed in terms of an increased duration of the
larval stage. Alternative assumptions, such as imposing a fixed time
threshold for metamorphosis, would yield different outcomes. Our
assumption was partly driven by a previous study (Castellano et al.,
2024) that showed that R. dalmatina delayed metamorphosis in the
presence of predators, as also observed in other studies (Laurila
et al,, 1998; Laurila & Kujasalo, 1999; Nicieza, 2000). The present
experiment confirmed our previous findings. Interestingly, it also

indicated that tadpoles that metamorphosed earlier were larger
than those that metamorphosed later. This finding contradicts the
assumption of a fixed size threshold for metamorphosis and sug-
gests that the delaying effects of predators were stronger on growth
than on development rates.

In conclusion, our model predicts, and the experiment supports,
the hypothesis that phenotypic integration at the within-individual
level arises from a suite of physiological mechanisms that permit
flexible resource allocation among defence, growth and develop-
ment functions. We now turn our attention to the hypothesis that
these same mechanisms can explain phenotypic integration at the
among-individual level as well. Put differently, we examine the
hypothesis that the observed variation among individuals is pri-
marily due to differences in the conditions in which these mecha-
nisms operate (the individual state), rather than differences in the
mechanisms themselves (the allocation strategy).

Phenotypic Integration Among Individuals

The foundation of our model is built upon the two functions that
describe the relationships between daily energy intake, daily en-
ergy expenditure and activity. These functions define the ‘state’ of
an individual, as they are contingent upon certain unique charac-
teristics of the individual (that is, its physiology) and the environ-
ment it inhabits (that is, resource abundance; Houston &
McNamara, 1999; Niemela & Dingemanse, 2018). Since in-
dividuals are assumed to allocate optimally their available re-
sources, phenotypic integration arises from their differences in
these two functions, which may be in either the metabolic capacity
(FSP model) or metabolic efficiency (HLQ model).

The FSP model predicts that ‘fast’ individuals, characterized by
high metabolic capacity, will perform better in predator-free en-
vironments by being more active, achieving larger size and un-
dergoing earlier metamorphosis than ‘slow’ individuals. However,
these ‘fast’ individuals are predicted to perform poorly in the
presence of predators. In contrast, the HQL model predicts that
high-quality individuals, those with high metabolic efficiency, will
consistently outperform low-quality individuals, regardless of
environmental conditions. While both models agree in predicting
positive associations between activity and defensive traits, they
differ in their predictions regarding the relationship between ac-
tivity and life history traits.

Our results are consistent with the predictions of the HLQ
model. Independent of the predator presence, activity correlates
positively with both body length and age at metamorphosis. Tad-
poles that were more active also swam faster and developed rela-
tively larger tails. However, in the latter case, the association was
positive, albeit weak and was evident in both the predator and
control ontogenetic treatments. These findings suggest that
phenotypic integration may be due to intrinsic components of in-
dividual states, primarily body conditions. Studies on the dragonfly
Pachydiplax longipennis provide evidence supporting the effect of
physiological conditions on larval life history (Moore et al., 2018b).
The anticipation of emergence was more pronounced in larvae in
better conditions than in those in poorer conditions (Moore et al.,
2018b). Moreover, larvae that were experimentally induced to
mount strong immune responses showed less effective antipred-
ator traits, with the effects being stronger in the presence of
predators (Moore et al., 2018a).

In the scenario described by the HLQ model, consistent
directional selection acts on tadpoles, favouring those with
above-average metabolic efficiency. Theory predicts that strong
directional selection depletes the genetic variation of a trait unless
the trait is condition-dependent and there is substantial genetic
variation in the condition (Rowe & Houle, 1996). Our study found
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that sibling tadpoles were more similar to each other in activity and
swiftness than to other nonsibling tadpoles in both ontogenetic
treatments. This finding suggests the intriguing hypothesis that the
expression of condition-dependent traits could not only be an
important mechanism of phenotypic integration but also an
important driver of the evolution of fitness-related traits (De Lisle &
Rowe, 2023).
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