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Insect responses to seasonal time
constraints under global change
are facilitated by warming and
counteracted by invasive alien
predators

Szymon Sniegula'™, Robby Stoks? & Maria J. Golab'**

In seasonal environments, organisms with complex life cycles not only contend with seasonal time
constraints (TC) but also increasingly face global change stressors that may interfere with responses

to TC. Here, we tested how warming and predator stress imposed during the egg and larval stages
shaped life history and behavioural responses to TC in the temperate damselfly Ischnura elegans. Eggs
from early and late clutches in the season were subjected to ambient and 4 °C warming temperature
and the presence or absence of predator cues from perch and signal crayfish. After hatching, larvae
were retained at the same thermal regime, and the predator treatment was continued or not up to
emergence. The late eggs decreased their development time, especially under warming and when not
exposed to predator cues. However, the late eggs increased their development time when exposed to
predator cues, especially to crayfish cues. The TC decreased survival of late larvae that were as eggs
exposed to crayfish cues, indicating a carry-over effect. The TC and warming additively reduced late
larvae development time to emergence. Independent of the TC, predator cue effects on development
time were stronger during the egg than during the larval stage. The late individuals expressed lower
mass at emergence, which mirrored the size difference between field-collected mothers. Warming
caused a higher mass at emergence. The late individuals increased their boldness and showed a higher
number of moves, whereas warming caused a decreased boldness. There was no predator cue effect on
larval behaviour. The results indicate that late individuals compensate for late season egg laying, which
is facilitated under warming but counteracted under predation risk, especially when imposed by the
crayfish.

Keywords Biological invasions, Carry over effects, Complex life cycle, Ecological interactions, Non-
consumptive effects, Time constraints

In regions with temperate climates, the evolution of developmental traits in ectotherms may be influenced by time
constraints (TC) that are driven by seasonal variation in temperature!. Changes in ectotherms’ developmental
traits often affect body size and age at metamorphosis—traits closely related to fitness®. Theory and empirical
evidence indicate a trade-off between both traits®*. With some exceptions®, an early metamorphosis often comes
with the cost of a smaller size®. This trade-off can be (partly) offset by an increased growth rate, enabling a
short development to be combined with a large size at metamorphosis’~. Yet, behavioural and physiological
responses that underlie an increased growth rate may produce developmental and ecological costs, which may
eventually decrease ectotherms’ juvenile and adult survival*'®!!. For instance, it was reported that increased
larval activity rates in time-stressed insects lead to more effective food acquisition'®!3, yet this comes with an
increased predator encounter rate, leading to a trade-off between prey activity and predation risk!*!>. As a result,
measuring egg-to-adult developmental traits with associated costs is essential for unravelling the link between
age and size at emergence under time stress.
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Life history trade-offs related to seasonal TC can be further mediated by other ecological factors, such as
warming and predation risk. Similarly as with time stress, warming is generally expected to increase ectotherms’
developmental parameters and decrease size at metamorphosis'®. Predation risk may, however, alter these
responses®. For instance, while warming decreased, predator cues increased larval development time until
metamorphosis in a temperate damselfly’. As the effects of TC can be strongly modified and even reversed by
warming and predation risk, it is important to evaluate responses to TCs under these widespread stressors.

Predators play a key role in shaping prey responses to TCs and warming®'’, but this may vary depending on
predator species, which employ different hunting strategies, such as feeding on sedentary prey versus actively
hunting moving prey'®!°. For example, a number of crayfish species use sedentary aquatic organisms such as
gastropods and bivalves as prey?*?!, whereas predatory fish hunt actively moving invertebrates and vertebrates?2.
The hunting strategy may also affect which prey life stage is more vulnerable. For example, the egg stage is likely
more vulnerable to predators feeding on sedentary prey as compared to predators feeding on moving prey.
Overall, based on the prey sensitivity hypothesis?*, the more dangerous a predator is, the more capable the prey
should be at recognizing and responding to it.

The potential responses of organisms to ecological stressors may strongly depend on the developmental stage,
especially when dealing with species showing a complex life cycle characterized by discrete egg, larval, and adult
stages®*. Furthermore, it is important to consider whether the effects of stressors experienced within a particular
stage carry over to the subsequent stage. Such carry-over effects can have implications for overall fitness?>?°. For
example, stressors such as TC?’~2?°, predation risk®*->* and warming® may affect growth and development rates in
the juvenile stage, resulting in delayed metamorphosis and/or a smaller adult size. In this context it is important
to note that the egg stage is much less considered. Nevertheless, stressors imposed in the egg stage may affect
the juvenile and even the adult stage. As an example, frog eggs that were exposed to predator cues underwent
metamorphosis earlier and exhibited a larger body size**. Hence, to obtain a more complete understanding of the
costs of responses to TC and how these are modulated by other stressors, a focus on multiple life stages is needed.

Here, we tested to what extent warming and predation risk shape the behavioural and life history responses
to seasonal TC in an insect with a complex life cycle. Special attention is going to the differential impact of
predation risk imposed by a crayfish versus a fish predator, feeding on sedentary benthic vs actively moving
prey, respectively. We studied the blue-tailed damselfly Ischnura elegans, a semi-aquatic ectotherm which goes
through aquatic egg and larval stages separated by metamorphosis from a terrestrial adult stage. We manipulated
TC by comparing offspring from mothers caught early or late (less and more time constrained, respectively) in
the breeding season. It has been shown that damselflies react to seasonal TC, predation risk and warming both
by changing behaviour and life history®3*3>-38. We hypothesise that (1) late season eggs and the associated larvae
will take shorter time for their development (time need to complete a life stage) than early season eggs and larvae,
leading to a smaller size at metamorphosis, unless larval growth rate (mass accumulation within a life stage) is
increased’. To accelerate life history, we also expect late larvae to show a higher activity and boldness'>¥. (2)
While warming is expected to increase the life history response to TC*, predation risk is expected to decrease
the life history response to TC*!. (3) Because of the different predator hunting strategies, we expected the effect of
predation risk on immobile damselfly eggs to be stronger when imposed by a substrate-feeding crayfish predator
and the effect of predation risk on mobile damselfly larvae to be stronger when imposed by the fish predator.

Material and methods

Study species

Ischnura elegans is a common Eurasian damselfly, neither protected nor endangered in Europe*2. Adult females
oviposit eggs into plants and debris at the water surface. Oviposition happens in late spring and summer, and
hatching takes place a couple of weeks after eggs have been laid. Overwintering occurs as a diapausing larva. In
central Europe, the species can complete either one or two generations within a year, i.e. shows a uni- or bivoltine
life cycle, respectively, and variable voltinism has been reported within the same population®*~*°. Voltinism is
determined by genetic and environmental factors*® and in seasonal environments might depend on hatching
date within a growth season, thermal conditions and photoperiod experienced by larvae and other ecological
factors such as predation risk®>1%%7. Late-season egg laying and hatching impose TC on individuals to attain
a threshold larval size (or instar) for successful overwintering (in univoltine cohorts) or to achieve emergence
before the end of the same season in which the eggs were laid (in bivoltine cohorts)*.

Eggs and larvae commonly share water bodies with top predators such as fish and crayfish to which they
respond with changes in life history traits®*>**>%7, Cues from two different predators were used to induce non-
consumptive effects (NCEs). The first predator species was the native European perch (Perca fluviatilis) which is
a common fish species in Europe. The juveniles feed on moving prey such as zooplankton, invertebrates and
other perch fry, whereas adults feed on moving invertebrates and fish?>*. Based on the perch feeding tactic, we
expect that this fish poses greater danger to the active damselfly larvae than the inactive eggs. The study pond
where eggs of 1. elegans were collected contained perch. The second omnivorous but preferentially predator
species was the invasive alien signal crayfish (Pacifastacus leniusculus) that has not co-occurred with I. elegans
in the study pond. Yet, at least until 2015 the study pond contained another crayfish species, namely Danube
crayfish (Astacus leptodactylus) (Bonk M., pers. comm.). Signal crayfish is native to North America. The crayfish
was introduced to Europe, and Scandinavia specifically, in the 1960s. In the following years, the species was
introduced in other European countries, including Poland (mainly northern regions)*°, where it often co-occurs
with I. elegans. P, leniusculus has a negative impact on local biodiversity. The crayfish has a significant potential
to affect freshwater ecosystems, mainly through their consumption of invertebrates (preferentially slow moving
or immobile prey) and plants. The crayfish tend to reach high population densities, exhibit greater consumption
rates than native European crayfish, and colonize new areas more rapidly than native crayfish species, increasing
their negative ecological effects®*2. The crayfish expressed faster growth rate when the substrate contained
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invertebrates®. Because the crayfish preferentially feeds on slow moving or immobile benthic prey, we expect that
P, leniusculus poses greater danger to damselfly inactive eggs than active larvae. The nearest crayfish population
is situated ca. 200 km from the damselfly study pond (Maciej Bonk and Rafat Maciaszek, pers. communication).

Collection and housing of /. elegans
Part of the data analysed in this article was used in another article where I. elegans originating from different
ponds (each pond with different predator species history and annual temperatures) were compared in terms of
life history traits’. The focus of the previous study was not on TC, and behavioural traits were not examined.
Adult female L. elegans in copula were collected from Plaszowski pond in Krakéw, Poland (50° 02" 26.6” N
19°58’ 15.1” E) on 5 July 2020 (hereafter, the early group; N =14 females) and 8 August 2020 (hereafter, the late
group; N =12 females). After collection, females were placed in plastic containers (10X 10X 7 cm) with wet filter
paper for egg laying. Plastic containers were placed in a Styrofoam box and transported by car to the Institute of
Nature Conservation, Polish Academy of Sciences (INC PAS) where the laboratory experiment was carried out.
Containers with females were kept in a room with a natural photoperiod and at 22 °C until females laid a single
clutch of eggs, which took up to three days. After egg laying, adult females were preserved in 70% ethanol for size
measurements. Experimental eggs and larvae were reared in four climate chambers.

Experimental procedure

To test how warming and predation risk affect the responses to TC, we exposed early and late eggs to each of the
six combinations of temperature (ambient or warming) and predator treatment (no cues, fish cues, crayfish cues)
(Fig. 1). After hatching, larvae were kept at the same thermal regime as the eggs. Larvae that as eggs received the
no cues treatment were maintained in the absence of predator cues in the larval stage; for larvae exposed in the
egg stage to predator cues, one half were exposed to the same cues as the eggs while the other half were no longer
exposed to predator cues. Groups that switched from predator cues to the control during the larval stage allowed
evaluating carry-over effects of exposure to predator cues in the egg stage toward the larval stage.
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Fig. 1. Graphical scheme of the experimental design testing for the effects of warming and predation risk on
the response of eggs and larvae to TC associated with laying date. Early (less time constrained) and late (more
time constrained) clutches of field-collected adult females were exposed to ambient and warming temperatures
crossed with the three levels of predation risk: no predator cues, native perch cues and invasive alien signal
crayfish cues. At hatching, control egg groups continued as control larval groups, whereas half of the perch and
crayfish cue egg groups continued as perch and crayfish cue larval groups and half as control larval groups up
to adult metamorphosis.
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Each egg clutch was divided into six sets and placed in separate plastic containers (15X 11X 7.5 cm) filled
with 600 ml of water. Water consisted of % dechlorinated tap water and % of dechlorinated tap water with and
without predator cues originating from European perch P. fluviatilis or signal crayfish P. leniusculus. Perch and
crayfish cues were never combined, hence damselflies from different predator treatment groups experienced
these predator cues separately. Eggs from each clutch were present in every treatment combination. At hatching,
every predator treatment group during the egg stage was divided into two other groups: a group that continued
experiencing predator cues during the larval stage and a control group that did not experience predator cues
during the larval stage. Water with predator cues was partially changed every second day to keep the predator
cue levels approximately constant, taking into account the time of cue biodegradation®*. This time interval of
two days has been shown to be sufficient to allow the predator cues to affect life history traits in damselfly eggs
and larvae?63855,

Hatching took place a couple of weeks after eggs had been laid. Upon hatching, the larvae were moved into
separate containers (19X 12x9 cm) holding 1 1 of water. Two of these containers were installed per initial egg
treatment and each container contained 15 individuals (early group) and 20 individuals (late group), totalling
30 (early group) and 40 (late group) individuals per treatment at the start of the larval growth period. For
the initial 14 days, larvae were kept in groups to increase larval survival®. After this time, every larva was
individually placed in a plastic cup (height 9 cm, diameter 4 cm, volume 200 ml) filled with 100 ml of water.
Water refills were analogous as in the egg stage (% of dechlorinated tap water and % of dechlorinated tap water
with and without predator cues; % changed every second day). The larvae were fed twice a day (morning and
afternoon) during weekdays and once a day during weekend days with 1 ml of laboratory cultured Artemia sp.
nauplii (mean =198.5, SD =92.4 nauplii/1 ml, N =38). During the first 14 days, larvae in groups received 10 ml
of Artemia solution. Larvae kept in individual cups received 1 ml of solution. During the simulated winter (see
description below) the larvae were fed once a day. When larvae reached the pre-final instar before emergence,
they were additionally provided with one living chironomid larva three times a week (Monday, Wednesday and
Friday). This supplementary food was given to each larva until adult emergence. The experiment ended one day
after the last individuals emerged. The experimental design in a graphical format is presented in Fig. 1.

The temperatures at which eggs and larvae were reared were adjusted once a week to follow seasonal
changes of mean weekly temperatures in the shallow part of ponds which are optimal for damselfly larvae®s.
The experiment consisted of two temperature treatments: the ambient temperature to mimic the ambient
thermal conditions in the collection pond, and a+4 °C higher temperature to mimic the predicted temperature
change by 2100 under IPCC*” scenario RCP8.5 (Fig. 2a). The ambient temperatures were modelled with FLake
model®. The simulated water temperature was estimated over the period 1998-2009 and included the following
meteorological and pond-specific parameters: wind components, air temperature, humidity, cloud cover, solar
and thermal radiations, geographic location (= coordinates), pond depth and water transparency. We followed
weekly changes in day light (photoperiod) according to civil twilight length in Krakéw (Fig. 2b). Because in
nature I elegans overwinters in the larval stage (second generation of the bivoltine cohort or first generation
of the univoltine cohort), and so larvae experience a winter diapause we simulated winter conditions. During
winter, we set a constant temperature of 6 °C (ambient temperature treatment) and 10 °C (warming temperature
treatment). The light during winter was switched off. We acknowledge that the simulated winter in our laboratory
experiment was significantly shorter than the actual winter period experienced in nature (Supplementary Fig.
S1, Supplementary Table S1). During winter conditions, coenagrionid larvae continue feeding, and as a result
have been shown to increase in mass (for the study species®®). The shorter winter duration in our lab experiment
could potentially result in larvae showing less mass gain during winter compared to their counterparts in nature.
However, it is important to note that during the wintering period, any mass increases are small, likely because of
the reduced metabolic rates*.

To compare modelled water temperatures to the actual temperatures that I. elegans eggs and larvae experience
in the study pond, we installed a datalogger at a depth of 40 cm (Hobo' Pendant” Data Logger UA-001-64). The
datalogger recorded water temperatures four times per day between February and November 2023. These data
revealed that during the first growth season, i.e., before the simulated winter, 3 July-30 October (experimental
weeks 0-16) the actual field temperatures overlapped more with the experimental warming treatment than with
the experimental ambient temperature treatment. The opposite pattern was found during the second growth
season, i.e. after simulated wintering, 2 April-16 July (experimental weeks 3045, including the simulated winter
weeks). Plots and numerical tables with the mentioned temperatures are in Supplementary Figs. S1, S2 and
Supplementary Table S1.

Collection and housing of the predators

For a detailed description of collection and housing of the predators see Supplementary Methods. Briefly,
perch and crayfish were collected a couple of weeks before we started the experiment. Perch was collected
from Dobczyce Lake in southern Poland and signal crayfish from Harncza Lake in northern Poland. Animals
were transported to the INC PAS, separated by species and kept in aquaria with 52 | of tap water at a constant
temperature of 20 °C. The densities of predators in aquaria were based on the basal metabolic rate equations®":2.
Predators were fed with unfrozen chironomid larvae every second day and live earthworms once a week. Perch
were collected and housed with permission from the Local Ethical Committee (ref. 394/2020). Signal crayfish
were collected with permission from the Regional Directorate for Environmental Protection in Bialystok (ref.
WPN.6205.21.2020.ML) and Nature Reserve Hancza Lake and housed with permission from the Regional
Directorate for Environmental Protection in Krakow (ref. OP-1.672.8.2020.MK1). The collection and housing
procedures were performed in accordance with relevant guidelines and regulations.
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Fig. 2. Temporal progress during the experiment of (a) temperatures (ambient and warming) modelled with
the Flake function®®, and (b) photoperiods. Each point matches a weakly change of the thermo-photoperiod.
Arrows indicate early and late egg collection dates. Week 0 refers to 3 July. The simulated winter in weeks
18-29 matches 6 November-2 April real dates.

Response variables

Life history traits

Early and late field-collected adult females whose clutches were used were photographed with a camera linked
to a binocular microscope (SMZ 745T Nikon and camera DFK 23UP031 Nikon, Tokyo, Japan). Thereafter,
head width was measured as measure of body size*®. For the laboratory reared damselflies, individual survival
was measured as the number of damselflies that survived during the first 14 larval days and until 1 day after
emergence. Development time was measured as number of days between egg laying and egg hatching (egg
development time), between hatching and adult emergence (larval development time), and between egg laying
and adult emergence (total development time). We also quantified development times in degree days (DDs), i.e.
summation of daily temperatures over a period of time in days, formulatedas DD_ . =¥ daily temperature,
since DDs better capture the temperature-dependent nature of insect development% . We summed the daily
temperature degrees experienced during the egg or larval stages. We applied a lower temperature threshold of
10 °C, excluding the winter period when calculating DDs in both temperature treatment groups. This threshold
was chosen because the minimum temperature for larval development in Odonata typically falls within the
range of 8-12 °C%. Adult wet mass was measured one day after emergence when the cuticle was hardened with
an electronic balance to the nearest 0.01 mg (Radwag AS.62. R2 Plus).

Behavioural traits

Alllarvae were scored for two behavioural traits. Between one to three days after larvae entered the last instar prior
to emergence, when their exoskeletons had hardened, behavioural observations started. To standardize hunger
levels, larvae were not fed the day before the behavioural observations. Larvae were individually transferred
from cups to larger containers (12X 8% 5 c¢m high) filled with water with or without predator cues depending
on the predator treatment of the larvae. These containers were placed in room with an air temperature of either
24 °C (ambient temperature) or 28 °C (warming treatment). Before the observations began, larvae were given
30 min to acclimate to the containers.

Behavioural trials were initiated by recording the number of moves each larva performed based ona 2x2 cm
grid drawn on the bottom of the containers. Movements were scored when separated by at least 2 s of larval
immobility. Each movement trial lasted for 5 min. Immediately after the movement trial, we measured larval
boldness. Within the same containers, each larva was gently poked at the caudal lamellae with a thin wooden
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stick, triggering a larval escape response followed by freezing (inactivity). The latency of the larva to start moving
following freezing was used as a proxy for boldness, with a shorter freeze period indicating bolder larvae (as
done for the study species in Tiiziin et al.*. The maximum latency time was set at 5 min. If the larva did not move
within this time, it was given a 5 min latency period.

During the course of the experiment, besides natural mortality we accidentally lost 27 individuals
(Supplementary Table S2). Hence, some treatment groups ended up with low sample sizes and caution should be
taken when interpreting the results.

Statistical analyses

For statistical analysis we used R version 4.3.2%° The size of early and late field-collected adult females was
compared with a t-test. The difference in survival rate between experimental groups was estimated with a
generalized model (glm function) with a binomial error distribution. Egg, larval and total development times in
days and degree days, wet mass, boldness and number of moves were analysed using separate linear models (Im
function). Collection date (early and late date), temperature (current and warming), predator cue treatments and
their interactions were explanatory variables. Note that for the egg stage there were three levels of the predator
cue treatment: control, perch and crayfish cues, while in the larval stage there were five levels: control (egg)-
control (larva), perch (egg)-control (larva), perch (egg)-perch (larva), signal crayfish (egg)-control (larva), and
signal crayfish (egg)-signal crayfish (larva). In addition, in models analysing larval and total development time,
mass, boldness and number of moves we also included sex (sex could not be determined during the egg stage
and in 14-days old larvae). Analyses of boldness and number of moves were corrected by mass at emergence.
Initially, we ran global models that included all main effects and interaction terms. Subsequently, the interaction
terms with p> 0.1 were removed from the final models.

Results

Sample sizes per combination of collection date, temperature, and predator cue treatment ranged between 14
and 79 eggs (median N = 38) and between 3 and 22 larvae (median N =8). There was one group (early collection
control-control group under ambient temperature) with a sample size of one (for survival until emergence, larval
development time, and mass at emergence) or zero (for larval boldness and number of moves) individuals. After
removing this group from the models analysing survival until emergence, larval development time and mass at
emergence, the final results did not change qualitatively. Detailed numerical information with sample sizes per
treatment group is provided in Supplementary Table S3.

Field-collected adult females
Early collected females (mean head width 3.88 mm, N = 14) were 3% larger than late collected ones (mean head
width 3.76 mm, N=12) (t=3.089, df =24, p-value=0.005).

Egg development time

Opverall, late individuals had a longer egg development time in days, and while warming reduced egg development
time, predator cues increased it. Warming and predator cues interacted in shaping egg development time, and
this interaction differed between early and late individuals (interaction collection date X temperature X predator
cue) (Fig. 3a, Table 1). Warming shortened the egg development time especially in the late control group resulting
in the shortest development time in days in this combination. Predator cues increased development time most
strongly in the late group exposed to signal crayfish cues at the ambient temperature, resulting in the longest egg
development time in days.

Temperature: ¢ Ambient -¢- Warming
a Early Late b Early Late

N
o
°

500

N
<

400
°

-
-

Egg development time (days)
[ ]
[ ]
Egg development time (degree-days)
300
L d [ ]

N
o

cC P S cC P S cC P S cC P S
Predator cues Predator cues

Fig. 3. Estimated mean egg development time of I. elegans in days (a) and in degree days (b) between different
collection dates (early and late), temperatures (warming and ambient) and predator cue treatments. Error bars
show 95% CI. C control, P perch cue, S signal crayfish cue.
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Predictor ‘ Df ‘ F P

Egg development time in days

Collection date 1 2087.633 | <0.001
Temperature 1 14,832.491 | <0.001
Predator cue 2 4729.525 | <0.001
Collection date X temperature 1 157.860 | <0.001
Collection date X predator cue 2 820.183 | <0.001
Temperature X predator cue 2 82.749 | <0.001
Collection date X temperature X predator cue | 2 34.692 | <0.001
Egg development time in degree-days

Collection date 1 1324.537 | <0.001
Temperature 1 4266.816 | <0.001
Predator cue 2 4674.516 | <0.001
Collection date X temperature 1 12.621 | <0.001
Collection date X predator cue 2 667.916 | <0.001
Temperature X predator cue 2 3.835 | 0.022
Collection date X temperature X predator cue | 2 7.028 | <0.001

Table 1. Results from linear models testing for effects of collection date, temperature and predator cue on egg
development time in days and degree-days.
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Fig. 4. Estimated proportion of larval survival (a) during the first 14 days after egg hatching, and (b) until
adult emergence for the different combinations of collection date, temperature and predator cue treatments.
Error bars show 95% CI. CC control egg-control larva, PC perch egg-control larva, PP perch egg-perch larva,
SC signal crayfish egg-control larva, SS signal crayfish egg-signal crayfish larva.

Generally, the pattern of egg development time in degree-days (DD) aligned qualitatively with that of
development time in days across different hatching dates and treatments (Fig. 3b, Table 1).

Survival

Late individuals had on average a higher survival during the first 14 days after egg hatching than early ones.
Higher survival in late individuals and lower survival in early individuals were more pronounced under warming
(interaction collection date X temperature). Exposure to predator cues negatively affected survival until day 14,
but did not interact with other factors (Fig. 4a, Table 2).

Late individuals had a lower survival rate until emergence than early individuals, but only at the ambient
temperature; the opposite pattern was found under warming (interaction collection dateX temperature)
(Fig. 4a, Table 2). Early and late individuals differently responded to warming and predator cues. At the ambient
temperature, early damselflies showed decreased survival in the egg control-larval control than in the other
predator cue groups. Under warming, late damselflies showed lower survival in the signal crayfish egg-control
larva and signal crayfish egg-signal crayfish larva groups than in the other predator cue groups [interaction
collection date X predator cue, and a trend for interaction collection date X temperature X predator cue (p=0.07)]
(Fig. 4b, Table 2).
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Predictor ‘ Df ‘ X ‘ P
Survival to day 14

Collection date 1 |57.112 <0.001
Temperature 1 | 4.140 0.042
Predator cue 4 25139 | <0.001
Collection date X temperature 1 ]29.551 <0.001
Survival to emergence

Collection date 1 |0.000 0.999
Temperature 1 9452 0.002
Predator cue 4 1413 0.388
Collection date X temperature 1 |41.456 <0.001
Collection date X predator cue 4 120492 <0.001

Collection date X temperature X predator cue | 8 | 14.477 | 0.07
Predictor Df | F P

Larval development time in days

Collection date 1 |47.87 <0.001
Temperature 1 |310.332 | <0.001
Predator cue 4 1747 0.141
Sex 1 7.115 0.008

Larval development time in degree-days

Collection date 1 |83.003 <0.001
Temperature 1 |41.375 <0.001
Predator cue 4 |1.665 0.16
Sex 1 |8.066 0.005
Collection date X temperature 1 |12.863 <0.001

Total development time in days

Collection date 1 ]29.422 <0.001
Temperature 1 |465218 | <0.001
Predator cue 4 13179 0.015
Sex 1 7.425 0.007
Collection date X temperature 1 |6.147 0.014
Total development time in degree-days

Collection date 1 |59.791 <0.001
Temperature 1 [18.448 <0.001
Predator cue 4 [3.113 0.017
Sex 1 7.317 0.007
Collection date X temperature 1 |14.365 <0.001
Mass

Collection date 1 | 54.506 <0.001
Temperature 1 [20.156 <0.001
Predator cue 4 | 1156 0.332
Sex 1 [635 0.013
Collection date X temperature 1 |25.048 <0.001

Table 2. Results from linear models testing for effects of collection date, temperature, predator cue and sex on

larval survival, development time in days and degree-days, and mass at emergence. Significant values are in
bold.

Larval development time
Late larvae had shorter development times (expressed in days) than early larvae. Warming shortened
development time. Predator cues did not affect larval development time (Fig. 5a, Table 2). Females had a longer
larval development time than males (Supplementary Fig. S3a, Table 2). No interaction terms were significant
(Table 2).

Late hatchers required fewer degree-days (DD) than early hatchers, especially under warming. Late larvae
at the ambient temperature needed the least DD, whereas early larvae under warming needed the most DD
(interaction collection date X temperature). Predator cues did not affect larval DD development (Fig. 5b, Table
2). Females required more DD than males for larval development (Supplementary Fig. S3b, Table 2).
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Fig. 5. Estimated mean larval development time (a) in days and (b) in degree-days, and (c) mass at emergence
for the different combinations of collection dates, temperature and predator cue treatments. Error bars show
95% CI. The sample size per group is provided in (a). CC control egg-control larva, PC perch egg-control larva,
PP perch egg-perch larva, SC signal crayfish egg-control larva, SS signal crayfish egg-signal crayfish larva.

Total development time

Total development time (in days) from egg hatching until adult metamorphosis was shorter in late individuals.
Warming further decreased total development time, especially in late individuals (interaction collection
date X temperature). Predator cues increased total development time (Table 2), which was pronounced in
perch egg-perch larva, signal crayfish egg-control larva and signal crayfish egg-signal crayfish larva groups
(Supplementary Fig. S4a). Females took longer time for total development time than males (Supplementary Fig.
S5a, Table 2).

Similarly, late damselflies required fewer DD for total development time than early ones. Warming did not
affect DD in late individuals, but increased DD in early individuals (interaction collection date X temperature).
Predator cues increased DD (Table 2), which was pronounced in perch egg-parch larva, signal crayfish egg-
control larva and signal crayfish egg-signal crayfish larva groups (Supplementary Fig. S4b). Females took longer
time for total development in DD than males (Supplementary Fig. S5b, Table 2).

Mass at emergence

Early individuals reached a higher mass at metamorphosis than late ones, but only under warming. Warming
increased body mass in early, but not in late individuals (interaction collection date X temperature). Predator
cues did not affect mass (Fig. 5¢, Table 2). Females were heavier than males (Supplementary Fig. S6, Table 2).

Boldness

Late individuals showed a higher boldness compared to early ones. Larvae were bolder when reared under the
ambient rather than warming temperatures. Neither predator cues nor sex had a significant effect on boldness,
and none of the interactions were significant (Fig. 6a, Table 3).

Number of moves

There were no main or interaction effects for any variable on the number of larval moves (Fig. 6b, Table 3).
However, after excluding all explanatory variables except for the collection date from the model, the results for
this variable became significant (p=0.034): late individuals were more active than early ones.

Discussion

We predicted a response to time constraints (TC) imposed by late egg hatching in life history and behavioural
traits, and this response to be stronger under warming compared to the ambient temperature, and to be stronger
in the absence of predator cues. Our results partially supported these predictions. While we found the predicted
partial compensation for a late-season oviposition date in egg and larval development times, and the associated
higher larval boldness and activity rate, compensation in development time was only pronounced under warming
and in the absence of predator cues. Shorter development times resulted in a lower mass at emergence, an
expected fitness cost for the accelerated life history under TC, yet no cost in terms of increased mortality rate was
detected. As expected, predator cues delayed development time and, surprisingly, the negative carry-over effect
of predator cues experienced in the egg stage was more pronounced in time-constrained damselflies, further
delaying life history transition dates. Interestingly, cues from a generalist predator (signal crayfish), capable of
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Fig. 6. Estimated mean larval boldness (a) and number of moves (b) for the different combinations of
collection dates, temperature and predator cue treatments. Error bars show 95% CI. The sample size per group
is provided in (a). CC control egg-control larva, PC perch egg-control larva, PP perch egg-perch larva, SC
signal crayfish egg-control larva, SS signal crayfish egg-signal crayfish larva.

Predictor ‘ Df ‘ F ‘ P

Boldness

Collection date 4.567 0.035

Temperature 14.582 | <0.001

1
1
Predator cue 4 0.595 0.667
1
1

Sex 0.113 0.738

0.668 0.415

Mass

Number of moves

Collection date | 1 2.611 0.109
Temperature 1 0.030 0.862
Predator cue 4 0.677 0.609
Sex 1 0.461 0.499
Mass 1 0.027 0.869

Table 3. Results from linear models testing for effects of collection date, temperature, predator cue and sex
on larval boldness and number of moves. Boldness and number of moves were corrected by larval mass at
emergence. Significant values are in bold.

preying on both aquatic stages of the studied prey (eggs and larvae), had a stronger effect on development than
those from the more specialized predator (perch), which primarily hunts the mobile larval stage. This stronger
crayfish effect was evident only during the egg stage, whereas both crayfish and perch cues similarly delayed total
development time and did not affect mass at emergence.

Seasonal compensation under warming and predator cues in the egg stage

Our results demonstrate partial compensation for late-season oviposition dates in egg development time,
particularly under warming conditions and in the absence of predator cues. Faster egg development under
time-stress situations has been reported in a few other temperate ectotherms®®-%8. For example, regardless of
temperature conditions, eggs laid during the late season generally had shorter incubation periods compared
to those laid early in the season in the lizard Anolis sagrei®®. We report that such compensation also occurs in
species with variable voltinism, where time stress can be alleviated by the addition of an extra growth season
for juvenile development. This response appears to be adaptive, as earlier egg hatching might provide more time
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for larval development and growth before wintering, likely increasing winter survival and may reduce larval
mortality caused by cannibalism, specifically between individuals from the same hatching date cohort™%7°,

The observed slight temperature differences during the first two (warming treatment) and three-four weeks
(ambient temperature treatment) of egg rearing experienced by early and late eggs are unlikely to have triggered
the difference in egg development rate (Supplementary Table S1). In fact, during the first two weeks, the
temperature was 0.2 °C higher in the late group. However, during the third and fourth weeks, the temperatures
in the early and late groups reversed, with the early group experiencing lower temperatures by 0.5 °C and 1.3 °C,
respectively, further supporting weak or no temperature-caused difference in hatching dates between early
and late groups. However, the results based on thermal units, degree-days (DDs), differed from these based on
development time in days. Specifically, a larger difference in hatching dates between early and late groups was
observed when egg development time was expressed in DDs (compare Fig. 3a vs. Fig. 3b). The somewhat shorter
photoperiod encountered by late eggs could be a contributing factor. Seasonally changing day length indicates
the remaining time window available before the end of the growth season. Previous studies have highlighted
the important role of seasonal changes in photoperiod in shaping hatching phenology®”-’!-73. Based on these
observations, we suggest that the joint effect of temperature and especially photoperiod triggered earlier hatching
in time-constrained eggs. In addition, adaptive maternal effects might also have played a role in determining egg
traits, as this initial developmental stage is more likely to be influenced by maternal contributions compared to
later ontogenetic stages—larval and adult—as shown in previous studies”*”>.

Predator cues prolonged egg development time, especially in late eggs, hence predator cues negated and
even reversed the response to time constraints. Changes in egg traits driven by predator cues were previously
reported across different taxa, e.g., amphibians’®’’, salamanders’®, molluscs’® and invertebrates®, including I.
elegans>33365, Yet, the finding that the predator cues can further delay hatching when combined with time
stress is, to our knowledge, novel. A possible explanation lies at the physiological level®!. A slower development
in response to predation pressure could result from physiological stress in the eggs as these are potential prey.
This stress might prompt a reallocation of energy towards costly defence mechanisms to maintain homeostasis,
such as increased production of stress protein to maintain homeostasis®>%3, rather than a rapid development
rate and reproduction®%°. Especially delayed egg development under predation pressure in late individuals
may be attributed to increased predation risk late in the growth season. Ectothermic predators, such as fish,
tend to exhibit increased energy requirements in terms of prey consumption as the season advances in order
to accumulate and save energy for wintering and reproduction during the following season®®%”. Nonetheless,
delayed hatching under predation pressure in time-stressed individuals might be adaptive when the fitness cost
of predator-induced delayed hatching is lower than the cost of individuals being consumed by predators at
hatching.

Surprisingly, damselfly eggs exhibited a more prolonged development under the cues of the signal crayfish
than under perch cues, a pattern particularly pronounced in late individuals reared under ambient temperatures.
The observation that crayfish cues induced the strongest egg response is in line with our idea that this
developmental stage is more susceptible to predation by crayfish than by fish. Omnivorous crayfish commonly
consume substrates where immobile damselfly eggs could be laid, moreover they also consume non-active prey,
whereas perch primarily prey on mobile targets. Consequently, and consistent with the predator sensitivity
hypothesis?*, the magnitude of the prey response is expected to depend on whether the predator signals come
from egg or larval predators!®. Adaptive prey responses to their stage-specific predators were shown in a green
frog Rana clamitans: egg predators triggered embryos to hatch at a smaller size and an earlier developmental
stage compared to the controls, while larval predators caused a delay in hatching time, leading to larger size and
a more advanced developmental stage at hatching®®. Nevertheless, in our results the direction of the response is
unexpected as, if anything, a more prolonged development of eggs in response to crayfish cues, would expose
eggs for longer to the risk of predation by crayfish. Such apparently maladaptive responses to predation risk that
would increase the exposure duration have, however, been documented (see overview in®>*°). One reason for
this seemingly maladaptive response is that the predator cues caused an upregulation of costly stress proteins to
maintain homeostasis, causing the eggs to develop slower. It is worthwhile to note that the here studied crayfish
is an alien invasive species. We propose that the response to the invasive crayfish cues is influenced by historical
experience with cues from the native Danube crayfish, Astacus leptodactylus, which has been observed in the
study pond until 2015 (Bonk M., pers. comm.). This is plausible given that the chemical signals released by the
two closely related crayfish species”! are similar in content®. Indeed, our previous studies on geographically
nearby populations of I. elegans showed that eggs respond similarly to cues produced by two different species of
crayfish®. Finally, the recognition of cues from predators not present in the study pond may also be attributed
to the strong between-population gene flow in I. elegans®.

Warming reduced the impact of predator cues on egg development time, likely because of accelerated
development, leading to a shorter exposure time to the predator cues under elevated temperature. Additionally,
the faster biodegradation of predator cues at higher temperatures, as noted in previous case studies®®, may have
contributed to this reduction in the predator effect.

Immediate and carry-over effects from egg and larval stage up to adult emergence

Under TC, animals are expected to accelerate development and growth rate in the larval stage, which may come
at the cost of an increased mortality due to less allocation of energy to somatic maintenance and repair”!>. Qur
results confirmed the accelerated development in time-stressed individuals (discussed below), and an associated
increase in mortality, but only at the ambient temperature. This implies that mild warming seems to benefit
late hatchers in terms of survival. A possible explanation might be that the experimental warming temperature
(maximum and average temperatures over the growth season: 26.2 °C and 20.7 °C, respectively) did not deviate
considerably from the real temperature recorded at the sampled pond (maximum and average temperature over
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the growth season 26.4 °C and 19.6 °C, respectively) and could lie within a range of optimal temperatures for
survival. This was especially true during the first growth season, i.e., the pre-winter period (Supplementary
Fig. S2, Supplementary Table S1), when the larval food acquisition rate is likely the highest®. In line with this
explanation, earlier studies on I. elegans suggest that the upper thermal thresholds for larval survival and growth
are slightly below the maximal temperatures observed in both the experimental and field conditions®”. Due to
its characteristics, Plaszowski pond represents a relatively warm freshwater habitat, and I. elegans from this site
show shorter development times across temperatures when compared to individuals from a nearby colder site,
i.e., cogradient variation in the trait>. Note that the low survival rate for the early control group reared under
the ambient temperature should be interpreted with caution, as several individuals in this treatment group were
accidentally lost during the course of the experiment, leading to a relatively low sample size and hence a large
error within this group.

Total development time was reduced for the late group, and more so under warming. Along with theory®®
and similar experimental results®**1%, this outcome is likely adaptive because more time-stressed individuals
face a shorter time available before wintering and post-winter development up to emergence. Alternatively, late
hatchlings could take another growth season for development and postpone emergence?®*, but this did not
happen in our results. However, when development time was expressed in DDs, it appeared that late hatchers
required fewer DDs than early ones, especially under warming, whereas early individuals under warming needed
the most DDs. This further supports the scenario of compensation for time constraint cued by photoperiod in
combination with immediate temperature. We also note that a mere four-week-long difference in egg-laying date
generated the compensation mechanism in a species that experiences relatively long growth and flying season,
which lasts approximately 28 and 18 weeks, respectively'®! (Supplementary Fig. S1, Supplementary Table S1).
In a study by Tiiziin et al.* on I. elegans from Belgium, larvae from field-collected mothers during the second
half of July responded to TC induced by a 6-week-long delayed photoperiod in a qualitatively similar way as late
hatchers in the current study, indicating the importance of photoperiod.

The shorter development times in late individuals did not fully compensate for TC in terms of emergence
date. On average, later hatchers delayed emergence by 10 days compared to early individuals (while the late
clutches were collected ca. 30 days later), with late individuals weighing 12% less than the early ones. The absence
of full compensation in development time and a lower mass were reported earlier in other ectotherms (reviewed
in Dmitriew 2011), including other damselfly species!'®*!%. Such results might be linked to environmental
factors such as suboptimal quality and/or quantity of food provided?*!°41%, genetic constraints in terms of
genetic correlations between life history traits'®® and maternal effects (discussed above). Interestingly, similar
differences between early and late season damselflies were found in the size of the field-collected mothers that
laid the early and late clutches (current results) and in several other, field-sampled odonate species'?”1%. Our
present and previous results show a trade-off between age and mass at emergence®® which might eventually lead
to an adult fitness cost in term of lower mating success?®19%11%, but see!!!.

Negative effects of exposure to predator cues in the egg stage were apparent on larval survival until day 14
and less so for survival until emergence, indicating a gradually decreasing but still present carry-over effect from
the egg stage. While very few studies demonstrated that predation risk can kill prey in the larval stage’"!'2, this
has never been shown for carry-over effects of predation risk imposed in the egg stage. The carry-over effect
of predator cues in the egg stage until emergence remained only in late individuals reared under warming and
treated with signal crayfish cues. This confirms that crayfish not only delayed hatching but also led to increased
mortality under warming through a carry-over effect. This adds to the negative effect of this invasive crayfish
on native macroinvertebrate abundance and reduced species number in natural freshwater ecosystems®!. It is
worth to mention that this invasive crayfish shows faster growth rate, higher fecundity, phenotypic plasticity
and greater aggressiveness towards their prey compared to native crayfish species®®*!. This further suggests
that this generalist predator is particularly dangerous to native freshwater invertebrates (including I. elegans
eggs and larvae). However, since signal crayfish primarily invade the northern coastal regions of Poland®, the
studied damselfly population is not yet exposed to predation stress from this predator. Weaker effects of predator
cues through time in damselflies exposed all the time to predator cues probably reflected acclimation to biotic
stressors. Such acclimation in predator-treated groups was reported in other organisms, e.g., in fish!!* and
insects'!4, and confirms previous finding in L. elegans>*.

Divergent predator cue effects during the egg and larval stages revealed that the variation in development
time under predation pressure primarily stemmed from the egg, and not larval reactions to predator cues. The
fact that the larval stage was less sensitive in this trait to predator stress could be explained by an acclimation
effect (discussed above). Nonetheless, when the total development time was considered (combined egg and larval
phases), the carry-over effects of predator cues from the egg up to emergence remained significant. Interestingly,
previous studies on I. elegans showed that predator cues prolonged larval development time and/or led to lower
mass under warming conditions, but this occurred when individuals were reared in groups and were therefore
exposed to other stressors, cannibalistic pressure and alarm cue from conspecifics®*%, which was absent in the
present experiment.

Warming is expected to reduce mass at emergence, the so-called temperature-size rule!''>. Instead, warming
did not affect mass at emergence in late damselflies, and early individuals became even heavier at the warmer
temperature. This might be because their growth trajectories changed under different temperatures. In this
scenario, the difference could indicate the up-regulation of gene expression governing development in the
early damselflies experiencing mild warming. This pattern of up-regulated genes categorized into different
developmental processes such as anatomical structure development in individuals raised under elevated
temperatures has been observed in larvae of I. elegans from several populations in southern Poland®®. The fact
that time-stressed individuals did not differ in mass across temperatures indicates a fixed response to TC at the
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phenotypic and gene expression levels. Such a fixed response might constrain the evolution of this key fitness
trait in populations facing rapid environmental change!!117.

Life history responses to TC could at least be partially explained by the adjustment of larval behaviour.
Higher boldness and activity rates in time-stressed individuals likely increased prey acquisition and, hence,
development rates, as earlier reported in other ectotherms, including odonates!>>*!1811 However, elevated
ecologically risky behaviours, such as increased activity to locate food resources'®!?’, could lead to negative
consequences such as physiological costs in terms of a lower investment in immune function!?! and elevated
mortality'!. In addition, an increased digestive physiology may have contributed to the accelerated life history
under TC!?2,

Warming negatively affected boldness in both early and late larvae. In general, the rise in temperature
increases metabolic rate exponentially in ectotherms, which often influences behaviour'?*1?4, Earlier studies
on larvae of I. elegans indicated that warming temperature used in our experiment during the behaviour trial
(28 °C) was still below the upper thermal thresholds for growth and survival'?>. Here, we obtained a result
that remains in contradiction with other studies on I. elegans where increased temperature positively affected
this behavioural trait'2%!26, However, Debecker and Stoks'?® and Tiiziin and Stoks!?° conducted their studies
under constant thermo-photoperiods, which may yield different results from rearing conducted in a thermo-
photoperiod that follows the natural progression of temperature and photoperiod, as demonstrated in the
damselfly Lestes sponsa'®. Another difference is the more varied diet of the larvae, which from the pre-final instar
prior to emergence received additional supplementation with chironomid larvae. This could have led to better
conditions of the individuals in our study, and consequently a lower food requirement even under conditions
of elevated temperature and increased metabolism. Results similar to ours, with decreased boldness with rising
temperatures, have been shown in the invasive crayfish Procambarus clarkii'?’.

We expected to see reduced activity in response to predation risk, as earlier indicated in other studies
including the study species'*. However, we did not find such a response. We suggest that this happened because
of acclimation in groups that experienced predation risk during both the egg and larval stages (discussed above).
Individuals exposed to predator cues during the egg stage only may have retained this acclimation until the short
trial period in the larval stage.

128,129
>

Conclusions

While time constraints imposed by seasonality are widespread, organisms also increasingly face other stressors
that may interfere with responses to TC. We here show that both predation risk and warming, to a large extent, can
predictably interfere with the responses to TC. Our results indicate that late-hatching individuals compensate by
accelerating development, which is facilitated under warming but counteracted under predation risk, especially
when imposed by the invasive alien crayfish predator. Notably, we also detected negative carry-over effects
of exposure to predation risk in the egg stage into the larval stage. Our results are relevant for global change
biology as both warming and invasions by alien predators are key threats in a changing planet, and highlight the
importance of evaluating the impact of combinations of stressors across different ontogenetic stages.
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Data are available from the corresponding authors upon request.

Received: 26 April 2024; Accepted: 10 October 2024
Published online: 19 October 2024

References
1. Gotthard, K. Growth strategies of ectothermic animals in temperate environments. In Environment and Animal Development:
Genes, Life Histories and Plasticity 287-303 (Bios Scientific Publisher Limited, 2001).
. Dmitriew, C. The evolution of growth trajectories: what limits growth rate?. Biol. Rev. 86, 97-116 (2011).
. Roft, D. The Evolution of Life Histories: Theory and Analysis (Chapman & Hall Inc, 1992).
. Stearns, S. C. The Evolution of Life Histories (Oxford University Press, 1992).
. Amer, N. R,, Stoks, R., Anto}, A. & Sniegula, S. Microgeographic differentiation in thermal and antipredator responses and their
carry-over effects across life stages in a damselfly. PLoS One 19, 0295707 (2024).
. Johansson, E, Watts, P. C., Sniegula, S. & Berger, D. Natural selection mediated by seasonal time constraints increases the
alignment between evolvability and developmental plasticity. Evolution 75, 464-475 (2021).
7. Abrams, P. A, Leimar, O., Nylin, S. & Wiklund, C. The effect of flexible growth rates on optimal sizes and development times in
a seasonal environment. Am. Nat. 147, 381-395 (1996).
8. Rohner, P. T. & Moczek, A. P. Evolutionary and plastic variation in larval growth and digestion reveal the complex underpinnings
of size and age at maturation in dung beetles. Ecol. Evol. 11, 15098-15110 (2021).
9. Raczynski, M., Stoks, R. & Sniegula, S. Warming and predation risk only weakly shape size-mediated priority effects in a
cannibalistic damselfly. Sci. Rep. 12, 17324 (2022).
10. Sniegula, S., Golab, M. J. & Johansson, F. Cannibalism and activity rate in larval damselflies increase along a latitudinal gradient
as a consequence of time constraints. BMC Evol. Biol. 17, 167 (2017).
11. Danko, M. J., Danko, A., Golab, M. J,, Stoks, R. & Sniegula, S. Latitudinal and age-specific patterns of larval mortality in the
damselfly Lestes sponsa: Senescence before maturity?. Exp. Gerontol. 95, 107-115 (2017).
12. Gotthard, K. Increased risk of predation as a cost of high growth rate: an experimental test in a butterfly. J. Anim. Ecol. 69,
896-902 (2000).
13. Golab, M. J., Brodin, T. & Sniegula, S. Two experimental designs generate contrasting patterns of behavioral differentiation along
a latitudinal gradient in Lestes sponsa—Common-garden not so common after all?. Ecol. Evol. 10, 10242-10253 (2020).
14. Lima, S. & Dill, L. Behavioral decisions made under the risk of predation: a review and prospectus. Can. J. Zool. 68, 619-640
(1990).
15. Stoks, R., De Block, M., Van de Meutter, F. & Johansson, F. Predation cost of rapid growth: behavioural coupling and physiological
decoupling. J. Anim. Ecol. 74, 708-715 (2005).

(SRR

(o))

Scientific Reports |

(2024) 14:24565 | https://doi.org/10.1038/s41598-024-76057-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

23.

25.

26.

27.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

52.

53.

54.

55.

56.

57.

58.

60.

Angilletta, M. ], Steury, T. D. & Sears, M. W. Temperature, growth rate, and body size in ectotherms: Fitting pieces of a life-history
puzzle. Integr. Comp. Biol. 44, 498-509 (2004).

Crumrine, P. Body size, temperature, and seasonal differences in size structure influence the occurrence of cannibalism in larvae
of the migratory dragonfly Anax junius. Aquat. Ecol. 44, 761-770 (2010).

Sih, A. & Moore, R. D. Delayed hatching of salamander eggs in response to enhanced larval predation risk. Am. Nat. 142, 947-960
(1993).

Laurila, A., Pakkasmaa, S., Crochet, P.-A. & Merild, J. Predator-induced plasticity in early life history and morphology in two
anuran amphibians. Oecologia 132, 524-530 (2002).

Machida, Y. & Akiyama, Y. B. Impacts of invasive crayfish (Pacifastacus leniusculus) on endangered freshwater pearl mussels
(Margaritifera laevis and M. togakushiensis) in Japan. Hydrobiologia 720, 145-151 (2013).

Biology of Freshwater Crayfish. (Wiley-Blackwell, 2001).

. Hjelm, J., Persson, L. & Christensen, B. Growth, morphological variation and ontogenetic niche shifts in perch (Perca fluviatilis)

in relation to resource availability. Oecologia 122, 190-199 (2000).
Sih, A. Antipredator responses and the perception of danger by mosquito larvae. Ecology 67, 434-441 (1986).

. Wilbur, H. M. Complex life cycles. Annu. Rev. Ecol. Syst. 11, 67-93 (1980).

Pechenik, J. A. Latent effects: surprising consequences of embryonic and larval experience on life after metamorphosis. In
Evolutionary Ecology of Marine Invertebrate Larvae (eds. Carrier, T. J., Reitzel, A. M. & Heyland, A.) 208-225 (Oxford Univ Press,
2018).

Sentis, A. et al. Odonata trophic ecology. In Dragonflies and Damselflies. Model Organisms for Ecological and Evolutionary
Research 219-232 (Oxford University Press, 2023).

Gotthard, K. Growth strategies and optimal body size in temperate Pararginii butterflies. Integr. Comp. Biol. 44, 471-479 (2004).

. De Block, M. & Stoks, R. Fitness effects from egg to reproduction: bridging the life history transition. Ecology 86, 185-197 (2005).

Raczynski, M., Stoks, R., Johansson, E, Barton, K. & Sniegula, S. Phenological shifts in a warming world affect physiology and life
history in a damselfly. Insects 13, 622 (2022).

Peckarsky, B. L., Taylor, B. W,, McIntosh, A. R., McPeek, M. A. & Lytle, D. A. Variation in mayfly size at metamorphosis as a
developmental response to risk of predation. Ecology 82, 740-757 (2001).

Stoks, R. Food stress and predator-induced stress shape developmental performance in a damselfly. Oecologia 127, 222-229
(2001).

Siesa, M. E., Padoa-Schioppa, E., Ott, J., De Bernardi, E. & Ficetola, G. F. Assessing the consequences of biological invasions on
species with complex life cycles: Impact of the alien crayfish Procambarus clarkii on Odonata. Ecol. Indic. 46, 70-77 (2014).
Sniegula, S., Raczynski, M., Golab, M. J. & Johansson, F. Effects of predator cues carry over from egg and larval stage to adult life-
history traits in a damselfly. Freshw. Sci. 39, 804-811 (2020).

Supekar, S. C. & Gramapurohit, N. P. Carryover effects of embryonic predation risk on larval growth, behaviour, morphology, and
metamorphic traits of Euphlyctis cyanophlyctis. Behav. Ecol. Sociobiol. 78,7 (2024).

Fontana-Bria, L., Selfa, J., Tur, C. & Frago, E. Early exposure to predation risk carries over metamorphosis in two distantly related
freshwater insects. Ecol. Entomol. 42, 255-262 (2017).

Sniegula, S., Nsanzimana, J. D. & Johansson, F. Predation risk affects egg mortality and carry over effects in the larval stages in
damselflies. Freshw. Biol. 64, 778-786 (2019).

Palomar, G., Wos, G., Stoks, R. & Sniegula, S. Latitude-specific urbanization effects on life history traits in the damselfly Ischnura
elegans. Evol. Appl. 16, 1503-1515 (2023).

Wos, G., Palomar, G., Marszalek, M., Babik, W. & Sniegula, S. The effect of temperature and invasive alien predator on genetic and
phenotypic variation in the damselfly Ischnura elegans: cross-latitude comparison. Front. Zool. 20, 13 (2023).

Tiiziin, N., Savascl, B. B. & Stoks, R. Seasonal time constraints shape life history, physiology and behaviour independently, and
decouple a behavioural syndrome in a damselfly. Oikos 130, 274-286 (2021).

Gotthard, K., Nylin, S. & Wiklund, C. Individual state controls temperature dependence in a butterfly (Lasiommata maera). Proc.
R. Soc. B Biol. Sci. 267, 589-593 (2000).

Stoks, R., De Block, M., Slos, S., Van Doorslaer, W. & Rolff, . Time constraints mediate predator-induced plasticity in immune
function, condition, and life history. Ecology 87, 809-815 (2006).

Dijkstra, K.-D. B. & Schréter, A. Field Guide to the Dragonflies of Britain and Europe, 2nd edn (Bloomsbury Wildlife, 2020).
Thompson, D. J. Towards a realistic predator-prey model: The effect of temperature on the functional response and life history of
larvae of the damselfly, Ischnura elegans. J. Anim. Ecol. 47, 757-767 (1978).

Inden-Lohmar, C. Nachweis einer zweiten Jahresgeneration von Ischnura elegans (Vander Linden) und I. pumilio (Charpentier)
in Mitteleuropa (Odonata: Coenagrionidae). Libellula 16, 1-15 (1997).

Mikolajczuk, P. A record of the emergence of second generation of the small bluetail Ischnura pumilio (Charpentier, 1825) and
common bluetail Ischnura elegans (Vander Linden, 1820) (Odonata: Coenagrionidae) in the Central-Eastern Poland. Odonatrix.
10, (2014).

. Norling, U. Growth, winter preparations and timing of emergence in temperate zone Odonata: control by a succession of larval

response patterns. Int. J. Odonatol. 24, 1-36 (2021).

. Corbet, P, Suhling, F. & Soendgerath, D. Voltinism of Odonata: a review. Int. J. Odonatol. 9, 1-44 (2006).

. Corbet, P. Dragonflies: Behaviour and Ecology of Odonata (Harley Books, 1999).

. Kottelat, M. & Freyhof, ]. Handbook of European Freshwater Fishes (Kottelat, Cornol, Switzerlandand and Freyhof, 2007).

. Dobrzycka-Krahel, A., Skora, M. E., Raczynski, M. & Szaniawska, A. The signal crayfish Pacifastacus leniusculus—distribution

and invasion in the southern Baltic coastal river. Pol. J. Ecol. 65, 445-452 (2017).

. Galib, S. M., Sun, J., Grécke, D. R. & Lucas, M. C. Ecosystem effects of invasive crayfish increase with crayfish density. Freshw. Biol.

67,1005-1019 (2022).

Vaeflen, S. & Hollert, H. Impacts of the North American signal crayfish (Pacifastacus leniusculus) on European ecosystems.
Environ. Sci. Eur. 27, 33 (2015).

Bondar, C. A,, Bottriell, K., Zeron, K. & Richardson, J. S. Does trophic position of the omnivorous signal crayfish (Pacifastacus
leniusculus) in a stream food web vary with life history stage or density?. Can. J. Fish. Aquat. Sci. 62, 2632-2639 (2005).

Van Buskirk, J., Kriigel, A., Kunz, J., Miss, E & Stamm, A. The rate of degradation of chemical cues indicating predation risk: an
experiment and review. Ethology 120, 942-949 (2014).

Antol, A. & Sniegula, S. Damselfly eggs alter their development rate in the presence of an invasive alien cue but not a native
predator cue. Ecol. Evol. 11, 9361-9369 (2021).

De Block, M. & Stoks, R. Adaptive sex-specific life history plasticity to temperature and photoperiod in a damselfly. J. Evol. Biol.
16, 986-995 (2003).

IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. https://doi.org/10.5285/2787230b963942009¢452255a3880609 (2021).

Lake Model Flake (2009). FLake. http://www.cosmo-model.org/content/model/modules/flake/ (Accessed 05 Feb 2017).

. Verheyen, J., Temmerman, K., De Block, M. & Stoks, R. Voltinism-associated differences in winter survival across latitudes:

integrating growth, physiology, and food intake. Oecologia 186, 919-929 (2018).
Arambourou, H. & Stoks, R. Warmer winters modulate life history and energy storage but do not affect sensitivity to a widespread
pesticide in an aquatic insect. Aquat. Toxicol. 167, 38-45 (2015).

Scientific Reports |

(2024) 14:24565

| https://doi.org/10.1038/s41598-024-76057-x nature portfolio


https://doi.org/10.5285/2787230b963942009e452255a3880609
http://www.cosmo-model.org/content/model/modules/flake/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.
96.

97.

98.

99.

100.

101.

102.

103.
104.

Wheatly, M. G. Standard rate of O, uptake and body size in the Crayfish Pacifastacus leniusculus (Dana, 1852) (Decapoda:
Astacidae): Intra-versus interspecific relations in crustaceans. J. Crustac. Biol. 9, 212-216 (1989).

Enders, E. C., Boisclair, D., Boily, P. & Magnan, P. Effect of body mass and water temperature on the standard metabolic rate of
juvenile yellow perch, Perca flavescens (Mitchill). Environ. Biol. Fishes 76, 399-407 (2006).

Lago, C. et al. Degree-day-based model to predict egg hatching of Philaenus spumarius (Hemiptera: Aphrophoridae), the main
vector of Xylella fastidiosa in Europe. Environ. Entomol. 52, 350-359 (2023).

Suhling, E, Suhling, I. & Richter, O. Temperature response of growth of larval dragonflies—An overview. Int. J. Odonatol. 18,
15-30 (2015).

R Development Core Team. R: A Language and Environment for Statistical Computing (The R Foundation for Statistical
Computing, 2023).

Rotvit, L. & Jacobsen, D. Egg development of Plecoptera, Ephemeroptera and Odonata along latitudinal gradients. Ecol. Entomol.
39, 177-185 (2014).

Sniegula, S., Golab, M. J. & Johansson, F. Time constraint effects on phenology and life history synchrony in a damselfly along a
latitudinal gradient. Oikos 125, 414-423 (2016).

Pearson, P. R. & Warner, D. A. Early hatching enhances survival despite beneficial phenotypic effects of late-season developmental
environments. Proc. R. Soc. B Biol. Sci. 285, 20180256 (2018).

Sniegula, S., Golab, M. J. & Johansson, E Size-mediated priority and temperature effects on intra-cohort competition and
cannibalism in a damselfly. . Anim. Ecol. 88, 637-648 (2019).

Zou, H.-X. & Rudolf, V. H. W. Bridging theory and experiments of priority effects. Trends Ecol. Evol. https://doi.org/10.1016/j.
tree.2023.08.001 (2023).

Saunders, D. S. Insect Clocks, 3rd edn (Elsevier, 2002).

Gyllstrém, M. & Hansson, L.-A. Dormancy in freshwater zooplankton: Induction, termination and the importance of benthic-
pelagic coupling. Aquat. Sci. 66, 274-295 (2004).

Yoshimura, M. The relation between egg hatching and photoperiod in Amphinemura sp. (Plecoptera). Biol. Rhythm Res. 45,
739-746 (2014).

Stillwell, R. C. & Fox, C. W. Complex patterns of phenotypic plasticity: interactive effects of temperature during rearing and
oviposition. Ecology 86, 924-934 (2005).

Sniegula, S., Golab, M. J., Drobniak, S. M. & Johansson, E. Seasonal time constraints reduce genetic variation in life-history traits
along a latitudinal gradient. J. Anim. Ecol. 85, 187-198 (2016).

Chivers, D. P. et al. Predator-induced life history changes in amphibians: egg predation induces hatching. Oikos 92, 135-142
(2001).

Touchon, J. C., Gomez-Mestre, I. & Warkentin, K. M. Hatching plasticity in two temperate anurans: responses to a pathogen and
predation cues. Can. J. Zool.-Rev. Can. Zool. 84, 556-563 (2006).

Moore, R. D., Newton, B. & Sih, A. Delayed hatching as a response of streamside salamander eggs to chemical cues from predatory
sunfish. Oikos 77, 331-335 (1996).

Miner, B. G., Donovan, D. A. & Andrews, K. E. Should I stay or should I go: predator- and conspecific-induced hatching in a
marine snail. Oecologia 163, 69-78 (2010).

Li, D. Hatching responses of subsocial spitting spiders to predation risk. Proc. R. Soc. Lond. B Biol. Sci. 269, 2155-2161 (2002).
Du, W.-G. & Shine, R. The behavioural and physiological ecology of embryos: responding to the challenges of life inside an egg.
Biol. Rev. 97, 1272-1286 (2022).

Pauwels, K., Stoks, R. & De Meester, L. Coping with predator stress: interclonal differences in induction of heat-shock proteins in
the water flea Daphnia magna. J. Evol. Biol. 18, 867-872 (2005).

Slos, S. & Stoks, R. Predation risk induces stress proteins and reduces antioxidant defense. Funct. Ecol. 22, 637-642 (2008).
Hawlena, D. & Schmitz, O. J. Physiological stress as a fundamental mechanism linking predation to ecosystem functioning. Am.
Nat. 176, 537-556 (2010).

Rigby, M. C. & Jokela, J. Predator avoidance and immune defence: costs and trade-offs in snails. Proc. R. Soc. Lond. B Biol. Sci.
267, 171-176 (2000).

Fernandes, T. & McMeans, B. C. Coping with the cold: energy storage strategies for surviving winter in freshwater fish. Ecography
42,2037-2052 (2019).

Rigaud, C. et al. Preparing for the future offspring: European perch (Perca fluviatilis) biosynthesis of physiologically required fatty
acids for the gonads happens already in the autumn. Oecologia 203, 477-489 (2023).

Ireland, D. H., Wirsing, A. J. & Murray, D. L. Phenotypically plastic responses of green frog embryos to conflicting predation risk.
Oecologia 152, 162-168 (2007).

Benard, M. F. Predator-induced phenotypic plasticity in organisms with complex life histories. Annu. Rev. Ecol. Evol. Syst. 35,
651-673 (2004).

Preisser, E. L. & Bolnick, D. I. The many faces of fear: comparing the pathways and impacts of nonconsumptive predator effects
on prey populations. PLoS One 3, 2465 (2008).

Crandall, K. A. & De Grave, S. An updated classification of the freshwater crayfishes (Decapoda: Astacidea) of the world, with a
complete species list. J. Crustac. Biol. 37, 615-653 (2017).

Anton, A., Geraldi, N. R, Ricciardi, A. & Dick, J. T. A. Global determinants of prey naiveté to exotic predators. Proc. R. Soc. B Biol.
Sci. 287, 20192978 (2020).

Babik, W. et al. The genomic response to urbanization in the damselfly Ischnura elegans. Evol. Appl. 16, 1805-1818 (2023).
Chivers, D. P, Dixson, D. L., White, J. R., McCormick, M. I. & Ferrari, M. C. O. Degradation of chemical alarm cues and
assessment of risk throughout the day. Ecol. Evol. 3, 3925-3934 (2013).

Koztowski, J. & Wiegert, R. G. Optimal allocation of energy to growth and reproduction. Theor. Popul. Biol. 29, 16-37 (1986).
Mikolajewski, D. J., De Block, M. & Stoks, R. The interplay of adult and larval time constraints shapes species differences in larval
life history. Ecology 96, 1128-1138 (2015).

Carbonell, ]. A., Wang, Y.-]. & Stoks, R. Evolution of cold tolerance and thermal plasticity in life history, behaviour and physiology
during a poleward range expansion. J. Anim. Ecol. 90, 1666-1677 (2021).

Rowe, L. & Ludwig, D. Size and timing of metamorphosis in complex life histories: time constraints and variation. Ecology 72,
413-427 (1991).

Sniegula, S., Johansson, E. & Nilsson-Ortman, V. Differentiation in developmental rate across geographic regions: a photoperiod
driven latitude compensating mechanism?. Oikos 121, 1073-1082 (2012).

Burraco, P, Valdés, A. E. & Orizaola, G. Metabolic costs of altered growth trajectories across life transitions in amphibians. J.
Anim. Ecol. 89, 855-866 (2020).

Bobrek, R. Odonate phenology recorded in a Central European location in an extremely warm season. Biologia (Bratisl.)https://
doi.org/10.1007/s11756-021-00785-y (2021).

Johansson, F. & Rowe, L. Life history and behavioral responses to time constraints in a damselfly. Ecology 80, 1242-1252 (1999).
De Block, M. & Stoks, R. Life-history variation in relation to time constraints in a damselfly. Oecologia 140, 68-75 (2004).
Dmitriew, C. & Rowe, L. Resource limitation, predation risk and compensatory growth in a damselfly. Oecologia 142, 150-154
(2005).

Scientific Reports |

(2024) 14:24565

| https://doi.org/10.1038/s41598-024-76057-x nature portfolio


https://doi.org/10.1016/j.tree.2023.08.001
https://doi.org/10.1016/j.tree.2023.08.001
https://doi.org/10.1007/s11756-021-00785-y
https://doi.org/10.1007/s11756-021-00785-y
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

105.
106.
107.
108.
109.
110.
111.

112.
113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

Jiménez-Cortés, J. G., Serrano-Meneses, M. A. & Cérdoba-Aguilar, A. The effects of food shortage during larval development on
adult body size, body mass, physiology and developmental time in a tropical damselfly. J. Insect Physiol. 58, 318-326 (2012).
Sniegula, S., Golab, M., Drobniak, S. & Johansson, E The genetic variance but not the genetic co-variance of life history traits
changes towards the north in a time-constrained insect. J. Evol. Biol. 31, 853-865 (2018).

Wonglersak, R., Fenberg, P. B., Langdon, P. G., Brooks, S. J. & Price, B. W. Temperature-body size responses in insects: a case study
of British Odonata. Ecol. Entomol. (2020).

Mackintosh, L. A. & Robson, B. J. Seasonal drying influences odonate adults and nymphs in wetlands in an urban mediterranean-
climate landscape. Austral Ecol. (2023).

Honek, A. Intraspecific variation in body size and fecundity in insects—A general relationship. Oikos 66, 483-492 (1993).
Sokolovska, N., Rowe, L. & Johansson, E Fitness and body size in mature odonates. Ecol. Entomol. 25, 239-248 (2000).
Thompson, D. J. & Fincke, O. M. Body size and fitness in Odonata, stabilising selection and a meta-analysis too far?. Ecol.
Entomol. 27, 378-384 (2002).

McCauley, S. J., Rowe, L. & Fortin, M.-]. The deadly effects of ‘nonlethal’ predators. Ecology 92, 2043-2048 (2011).

Liu, H., Zeng, L., Cao, Z. & Fu, S. Effects of different predator stress on vulnerability to predation and the underlying physiological
and behavioral mechanisms of this vulnerability in juvenile qingbo (Spinibarbus sinensis). Acta Ecol. Sin. 36, 85-90 (2016).
Castellanos, I. & Barbosa, P. Quantifying insect predation in laboratory arenas: the effect of prey acclimation. Fla. Entomol. 105,
6-9 (2022).

Atkinson, D. & Sibly, R. M. Why are organisms usually bigger in colder environments? Making sense of a life history puzzle.
Trends Ecol. Evol. 12, 235-239 (1997).

Flatt, T. The evolutionary genetics of canalization. Q. Rev. Biol. 80, 287-316 (2005).

Klepsatel, P., Galikovd, M., Huber, C. D. & Flatt, T. Similarities and differences in altitudinal versus latitudinal variation for
morphological traits in Drosophila melanogaster. Evolution 68, 1385-1398 (2014).

Brodin, T. & Johansson, E. Conflicting selection pressures on the growth/predation-risk trade-off in a damselfly. Ecology 85,
2927-2932 (2004).

Santostefano, E, Wilson, A. J., Niemelae, P. T. & Dingemanse, N. J. Behavioural mediators of genetic life-history trade-offs: a test
of the pace-of-life syndrome hypothesis in field crickets. Proc. R. Soc. B-Biol. Sci. 284, 20171567 (2017).

Debecker, S. & Stoks, R. Pace of life syndrome under warming and pollution: integrating life history, behavior, and physiology
across latitudes. Ecol. Monogr. 89, e01332 (2019).

Janssens, L. & Stoks, R. Rapid larval development under time stress reduces adult life span through increasing oxidative damage.
Funct. Ecol. 32, 1036-1045 (2018).

Stoks, R., Swillen, I. & De Block, M. Behaviour and physiology shape the growth accelerations associated with predation risk, high
temperatures and southern latitudes in Ischnura damselfly larvae. J. Anim. Ecol. 81, 1034-1040 (2012).

Biro, P. A. & Stamps, J. A. Are animal personality traits linked to life-history productivity?. Trends Ecol. Evol. 23, 361-368 (2008).
Michelangeli, M., Goulet, C. T., Kang, H. S., Wong, B. B. M. & Chapple, D. G. Integrating thermal physiology within a syndrome:
Locomotion, personality and habitat selection in an ectotherm. Funct. Ecol. 32, 970-981 (2018).

Van Dievel, M., Stoks, R. & Janssens, L. Beneficial effects of a heat wave: higher growth and immune components driven by a
higher food intake. J. Exp. Biol. 220, 3908-3915 (2017).

Tiiziin, N. & Stoks, R. A fast pace-of-life is traded off against a high thermal performance. Proc. R. Soc. B Biol. Sci. 289, 20212414
(2022).

Zhao, D. & Feng, P. Temperature increase impacts personality traits in aquatic non-native species: Implications for biological
invasion under climate change. Curr. Zool. 61, 966-971 (2015).

Ousterhout, B. H., Graham, S. R., Hasik, A. Z., Serrano, M. & Siepielski, A. M. Past selection impacts the strength of an aquatic
trophic cascade. Funct. Ecol. 32, 1554-1562 (2018).

Siepielski, A. M. et al. Predators weaken prey intraspecific competition through phenotypic selection. Ecol. Lett. 23, 951-961
(2020).

Van Dinh, K., Janssens, L., Debecker, S. & Stoks, R. Warming increases chlorpyrifos effects on predator but not anti-predator
behaviours. Aquat. Toxicol. 152,215-221 (2014).

Acknowledgements
We would like to thank E. Sientko, M. Nowicki, and P. Laskowski for help in crayfish catching, M. Bonk and R.
Maciaszek for information on crayfish populations, A. Antol, A. Rydzek and M. Raczynski for support in field

and

laboratory work and A. Antot for help in damselfly measurements and data collection. S.S. acknowledge

support from the National Science Centre, Poland (Grant number: 2019/33/B/NZ8/00521). S.S. and M.J.G. ac-
knowledge support from the Institute of Nature Conservation Polish Academy of Science. R.S. acknowledges
support from FWO Flanders.

Author contributions

S.S. conceived the ideas; S.S. and M.].G. designed methods and collected the data; S.S. analysed the data; S.S. and
M.J.G. led the writing of the manuscript. All authors contributed critically to the drafts and gave final approval
for publication.

Competing interests

The

authors declare no competing interests.

Ethical approval
Manuscript confirming our study has been reported in accordance with ARRIVE guidelines.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.

org/

10.1038/s41598-024-76057-x.

Correspondence and requests for materials should be addressed to S.S. or M.J.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:24565

| https://doi.org/10.1038/s41598-024-76057-x nature portfolio


https://doi.org/10.1038/s41598-024-76057-x
https://doi.org/10.1038/s41598-024-76057-x
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:24565 | https://doi.org/10.1038/s41598-024-76057-x nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Insect responses to seasonal time constraints under global change are facilitated by warming and counteracted by invasive alien predators
	﻿Material and methods
	﻿Study species
	﻿Collection and housing of ﻿I. elegans﻿
	﻿Experimental procedure
	﻿Collection and housing of the predators
	﻿Response variables
	﻿Life history traits
	﻿Behavioural traits


	﻿Statistical analyses
	﻿Results
	﻿Field-collected adult females
	﻿Egg development time
	﻿Survival
	﻿Larval development time
	﻿Total development time
	﻿Mass at emergence
	﻿Boldness
	﻿Number of moves

	﻿Discussion
	﻿Seasonal compensation under warming and predator cues in the egg stage
	﻿Immediate and carry-over effects from egg and larval stage up to adult emergence

	﻿Conclusions
	﻿References


