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2Laboratory of Aquatic Ecology and Evolutionary Biology, University of Leuven, Charles Deberiotstraat 32,

BE-3000 Leuven, Belgium
3Department of Ecology and Genetics, Uppsala University, SE-75236 Uppsala, Sweden

Abstract. Using a combination of computer simulations and laboratory experiments we
test if the thermal sensitivity of growth rates change during ontogeny in damselfly larvae and if
these changes can be predicted based on the natural progression of average temperature or
thermal variability in the field. The laboratory experiment included replicated species from
Southern, Central, and Northern Europe. Although annual fluctuations in temperature
represent a key characteristic of temperate environments, few studies of thermal performance
have considered the ecological importance of the studied traits within a seasonal context.
Instead, thermal performance is assumed to remain constant throughout ontogeny and to
reflect selection acting over the whole life cycle. The laboratory experiment revealed
considerable variation among species in the strength and direction of ontogenetic performance
shifts. In four species from Southern and Central Europe, reaction norms were steepest during
early ontogeny, becoming less steep during later ontogenetic stages (indicative of low-
temperature acclimation). In one Northern European species, the slope of reaction norms did
not change during ontogeny. In the other North European species, reaction norms became
steeper during ontogeny (indicative of high-temperature acclimation). We had expected high-
latitude species to show strong low-temperature acclimation responses, because they have a
short flight season and inhabit a strongly seasonal environment. Instead, we found the
reversed pattern: Low-latitude species displayed strong low-temperature acclimation
responses, and high-latitude species displayed weak, or even reversed, acclimation responses
to low temperatures. These findings suggest that low-temperature acclimation may be less
beneficial and possibly more costly in habitats with rapid seasonal transitions in average
temperature. We conclude that thermal performance traits are more dynamic than typically
assumed and caution against using results from single ontogenetic stages to predict species’
responses to changing environmental conditions.

Key words: acclimation; acclimatization; climate change; developmental plasticity; growth rate; life
history; optimality theory; reaction norm; thermal sensitivity; thermal variability.

INTRODUCTION

Phenology (the timing and duration of seasonal

phenomena) and the thermal sensitivity of physiological

rate traits have emerged as two central concepts for

understanding and predicting biological responses to

climate change (Parmesan 2006), yet they are typically

studied in isolation (Forrest and Miller-Rushing 2010,

but see John-Alder et al. 1988 and Berger et al. 2011).

This obscures the fact that phenology affects virtually all

biological processes, including physiology (Forrest and

Miller-Rushing 2010) and that thermal physiology, in

turn, acts as a major determinant of phenology (Bentz et

al. 1991, Régnière and Logan 2003). It may therefore be

more appropriate to view a species’ phenology, ecology,

and stage-specific thermal physiology as a suite of traits

connected through life history trade-offs, where a

change in one is correlated with, and sometimes

constrained, by the others (Angilletta et al. 2006).

Several studies have demonstrated how the phenological

timing of important life history events such as repro-

duction and hibernation can evolve rapidly (Feder et al.

1993, Bradshaw and Holzapfel 2001, Nussey et al. 2005),

but the magnitude of these changes is typically at the

scale of days to weeks. More pronounced changes in

phenology, e.g., a shift from being active in spring to

being active in fall, appears to be rare evolutionary

events. This is reflected in that the seasonal timing of

reproduction displays a high level of phylogenetic

conservatism in diverse groups of plants and animals

(Kochmer and Handel 1986, Wolda 1988, Davis et al.

2010). That major phenological changes are constrained

despite the potential for rapid microevolutionary chang-

es suggest that phenological strategies involves a great
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number of interacting traits that must evolve in concert.

Identifying the trade-offs that connect phenological and

physiological traits will be an important step towards

unifying them within the framework of life history

theory (Zera and Harshman 2001, Roff 2002, Forrest

and Miller-Rushing 2010). Insects are ideal subjects for

studying these questions, as they have evolved a

multitude of seasonal strategies, driven largely, but not

solely, by temperature, with seasonal variation in

precipitation, photoperiod, food availability, competi-

tion, parasitism, and predation also being important

factors (Wolda 1988).

Thermal performance curves (TPCs) are reaction

norms that describe how performance traits vary with

temperature (Via and Lande 1985, Kingsolver and

Gomulkiewicz 2003). These will be an essential compo-

nent in the development of a life history framework that

combines phenological and physiological traits. Howev-

er, theoretical models exploring how TPCs evolve have

generally not considered performance within a pheno-

logical context. Instead, they have assumed that TPCs

remain constant throughout an individual’s lifetime,

focusing on specialist–generalist trade-offs between the

width and height of reaction norms (Angilletta et al.

2003). This has inspired the notion that species can be

separated into thermal generalists (Fig. 1A) and

specialists (Fig. 1D; Lynch and Gabriel 1987, Gilchrist

1995, Asbury and Angilletta 2010). From physiological

studies, however, it has become clear that TPCs can

display considerable developmental plasticity during

ontogeny (Prosser 1991, Huey and Berrigan 1996,

Dreyer et al. 2001). Ontogenetic changes affecting the

shape of TPCs can broadly be separated into reversible

acclimation (Fig. 1B) and developmental acclimation

responses (Fig. 1C; Angilletta 2009). In the first,

physiological changes are represented by gradual,

reversible changes in response to diurnal or seasonal

changes in temperature. In the second, physiological

changes are irreversible and occur at certain points in

time, determined either genetically or by environmental

cues (Bowler and Terblanche 2008, Angilletta 2009). In

practice, it is difficult to distinguish between reversible

and irreversible acclimation responses (Terblanche and

Chown 2006, Angilletta 2009). For simplicity, we will

use the terms acclimation and developmental plasticity

of TPCs broadly, to indicate ontogenetic changes

affecting the shape of TPCs.

Despite the well-documented existence of develop-

mental plasticity of thermal performance, empirical

studies typically estimate TPCs for a single ontogenetic

stage following temperature exposures that vary widely

in duration. With regards to growth rates, the perfor-

mance trait studied here, TPCs have been quantified for

a range of ontogenetic stages, sizes, and ages, with

exposure times ranging from hours (Kingsolver et al.

2004) to weeks (Van Doorslaer and Stoks 2005) or

months (Demont et al. 2008). Estimated this way, TPCs

include an unknown component of acclimation and may

only be representative of the studied developmental

stage (Schulte et al. 2011). The extent to which the

results from these studies are representative of organis-

mal behavior across a wider range of thermal conditions

remains an open question.

Developmental plasticity of TPCs, especially variation

in the strength of reversible acclimation responses, are

widely believed to be important for predicting the

outcome of climate change (Stillman 2003, Gunderson

et al. 2010, Somero 2010). Yet, few predictive models on

climate change account for acclimation (Thomas et al.

2004, Kattge and Knorr 2007, Deutsch et al. 2008). This

largely reflects a limited understanding of the ecological

and evolutionary factors that underlie variation in

acclimation responses (Parry 1978, Wilson and Franklin

2002, Atkin et al. 2005, Davidson and Janssens 2006,

Gunderson et al. 2010). Although theoretical work has

suggested that the ability to acclimate should be

strongest in organisms from variable environments,

such as those found at high latitudes (Gabriel and

Lynch 1992, Gabriel 1999), this prediction has not been

generally supported by empirical evidence (Cunningham

and Read 2002, Angilletta 2009, Cooper et al. 2010).

Instead, several studies have suggested that both the

shape of TPCs and patterns of developmental plasticity

of TPCs must be interpreted in relation to species’

seasonal phenology. For example in fish, odonate

larvae, and water striders, thermal optima of growth

rates have been found to be higher in ontogenetic stages

that are found during summer than in those that occur

during the colder months (Spence et al. 1980, Schultz et

al. 1996, van Doorslaer and Stoks 2005). Similarly,

several species of trees and herbaceous plants display

stronger acclimation responses of photosynthesis during

the warmer months (Zhou et al. 2007, Gunderson et al.

2010, but see Dillaway and Kruger 2010). In fish that

migrate from thermally heterogeneous intertidal waters

to thermally stable but seasonally varying offshore

waters, only offshore adults display acclimation re-

sponses of swimming speed (Temple 1998). In stickle-

backs, acclimation of swimming speeds occur during the

fall, but not in spring (Guderley et al. 2001). In frogs,

acclimation of locomotion and muscle performance

have been observed in aquatic, but not terrestrial stages

(Wilson et al. 2000), and thermal optima have been

found to vary in relation to the timing of reproduction

(John-Alder et al. 1988). The mechanisms of develop-

mental plasticity underlying these examples are likely to

differ substantially. Nevertheless, they clearly illustrate

the importance of studying thermal performance in

relation to species’ seasonal phenology.

Here, we used six European species of damselflies in

the genus Coenagrion to investigate whether the thermal

sensitivity of larval growth rates changes during

ontogeny, and if the strength and direction of these

changes can be predicted based on how the thermal

niche changes during ontogeny in the field. We

quantified ontogenetic changes in thermal performance
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by rearing individuals at one of several temperatures and

monitoring their growth at the age of 42, 84, and 126

days. After correcting for the size dependence of

individual growth rates, we compared TPCs of growth

rates during early (days 0–42), intermediate (days 42–

84), and late (days 84–126) ontogeny. It is important to

note that we could not separate reversible acclimation

(Fig. 1B) from developmental acclimation (Fig. 1C)

using this approach. Instead, observed ontogenetic

changes in TPCs will represent the joint outcome of

both processes.

To compare these data with information about how

the thermal niche of these species changes in nature, we

developed a computer model that allowed us to trace the

thermal environment experienced by individual larvae.

The model relies on modeled water temperature data

and field data relating to the phenology of reproduction

in each species. We hypothesize that the long summer

season at lower latitudes would allow southern species

to reproduce during a greater part of the year, leading to

reduced synchrony of larval hatching and, consequently,

unpredictable thermal conditions during larval develop-

ment (with individuals’ hatching early or late in the

season inhabiting very different thermal environments).

High-latitude species on the other hand, were hypoth-

esized to reproduce during a shorter period of time,

leading to more synchronized hatching and, consequent-

ly, more predictable larval growth conditions. Based on

this, we predicted that southern species should be

obligate thermal generalists (Fig. 1A) because of the

unpredictable nature of their larval environment,

whereas northern species should display strong ontoge-

netic shifts (switching from being thermal heat special-

ists during early ontogeny to performing better at lower

temperatures during later stages; Fig. 1B) because larvae

experience more predictable changes in the thermal

niche during development in the field (due to the short

period of reproduction). Central European species were

predicted to be intermediate, displaying moderately

strong ontogenetic shifts.

MATERIALS AND METHODS

Study species

The six damselfly species included in this study all

belong to the predominantly Palearctic genus Coenag-

rion and were chosen because they clearly differ in the

latitudinal extent of their distribution ranges. Coenag-

rion mercuriale and C. scitulum occur in Southern

Europe, C. puella and C. pulchellum have large ranges

spanning much of Central Europe, and C. armatum and

C. johanssoni are exclusively found in Northern Europe

(Fig. 2). Coenagrion species mate in spring or summer,

and females deposit their eggs into submerged, aquatic

plants. Eggs hatch after two to three weeks. Larvae are

FIG. 1. Conceptual model of how thermal physiology may (A, D) remain unchanged or (B, C) change during ontogeny. Each
row represents one of four strategies discussed in the Introduction. Curves drawn with solid black lines represent the short-term
performance during early, intermediate, and late ontogeny under that strategy. Solid gray lines in the central and right column
reiterate the thermal performance curves (TPCs) during early ontogeny for ease of interpretation. (A) A fixed generalist will display
the same, broad, TPCs throughout ontogeny. (B) If ontogenetic shifts occur through reversible acclimation, the shape of short-term
TPCs remains unaltered, but the location of the thermal optima will shift upward or downward depending on the temperatures an
individual experience (shown here as a divergence into multiple TPCs that retain the same shape). (C) If ontogenetic shifts occur
through developmental acclimation, the shape of short-term TPCs may differ during early and later stages. (D) A fixed specialist
will show the same, steep, and narrow, TPCs throughout ontogeny. Note that for the two strategies involving acclimation (panels B
and C), combinations including other TPC shapes are also possible.
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generalist, aquatic predators feeding on smaller inverte-

brates. In fall, larvae enter a facultative diapause during

which cold tolerance is increased and development is

retarded or completely stopped (preventing premature

emergence; Norling 1984, Corbet 1999). Diapause is

initiated by both short photoperiods and low tempera-

tures, with larvae entering diapause at temperatures

below 8–108C (Pritchard 1989). Odonates (dragonflies

and damselflies) are well known to display plastic life

histories, with gradually longer generation lengths

towards higher latitudes (Corbet et al. 2006). After

overwintering, larvae may thus either develop directly

into adults or remain in the larval stage for one or

several more years. The northern species in this study

require two years to finish larval development, whereas

central species are univoltine (Norling 1984, Corbet

1999). The life cycles of the southern species are poorly

known, but they are presumably univoltine in most

areas.

Thermal variability of the larval habitat

To understand the thermal environment inhabited by

the studied species, we used the lake model FLake

(Mironov 2008) to generate an 11-year time series with

twice-daily surface water temperatures that are repre-

sentative of the sites from where the studied species were

sampled. Meteorological observations for the years

1998–2009 (at 12-h intervals; day and night) on solar

radiation, air temperature, air humidity, wind speed,

and cloud cover from the ECMWF Era-Interim data set

(Simmons et al. 2007) were used as forcing data. The

average lake depth was set at 1 m (these species are most

abundant at sites with shallow water), and the water was

assumed to be relatively turbid, with a visibility of 0.4 m

(these species are most common in vegetation-rich

environments where visibility is reduced due to high

levels of dissolved organic matter). Sediment layers are

important for the thermal characteristics of shallow

water bodies, so we assumed that each lake had a 1 m

deep, thermally active sediment layer. FLake works by

creating a one-dimensional (vertical) representation of

the lake, divided into regions representing the surface

water layer (mixed), thermocline, bottom water layer,

and bottom sediment layer. Depending on the environ-

mental forcing data, the depth at which the thermocline

is located change during the simulations. Note that,

because the modeled lakes are so shallow, they are

completely mixed during the greater part of the year so

that our surface water temperature estimates reflects

conditions over the whole 1-m water column. We discuss

this further in the Discussion. Nilsson-Örtman et al.

(2012) have demonstrated the validity of this approach,

compared to measurements from real European lakes.

Note, however, that here we model a shallower, more

turbid lake than previously, leading to somewhat higher

estimates of average and maximal temperatures. We are

confident that this better matches the typical habitat of

these species. Six different FLake runs were executed

using meteorological data corresponding to each of the

areas from where the six species were sampled.

Modeling hatching dates

To get data on the thermal environment that

individuals experience during their aquatic larval stage

we developed a computer model describing the seasonal

distribution of egg laying and hatching across latitudes,

which was used to generate realistic hatching dates of

1000 individuals of each species at the sampled sites. By

coupling the generated hatching dates to the surface

water temperature data from the lake model FLake, we

could trace the environment experienced by larvae in

nature. The model was parameterized with information

on the start and end of the flight season, the seasonal

FIG. 2. Map showing the European distribution of the six
studied Coenagrion species and the location of sampled sites.
Each gray square represents the three nearby sub-populations
that were sampled. Note differences in distribution pattern,
with (A, B) two North European, (C, D) two Central Europe-
an, and (E, F) two South European species being represented.
Maps are based on Askew (2004) with permission from Apollo
Books and updated with recent information.
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distribution of reproduction and embryonic develop-

ment time. Assuming a single peak of reproduction each

year, we modeled the probability of egg laying on a
given day of the year, P(egg), as a four-parameter beta-

distribution bounded between the start and end of the

flight season:

PðeggÞ ¼ sþ Bða; bÞðe� sÞ þ m ð1Þ

where s is the start of the flight season (in day of the

year), e is the end of the flight season, m is the assumed

constant time lag between emergence and the time when
the first egg is laid, and B(a, b) is the beta distribution.

The beta distribution is defined by its probability density

function:

f ðxÞ ¼ xa�1ð1� xÞb�1

CðaÞCðbÞ=Cðaþ bÞ ð2Þ

where a and b are shape parameters representing the

rate of increase of reproductive activity in spring (a) and
the rate of decrease in reproductive activity in fall (b);
C(�) is the gamma function. A beta distribution was

chosen based on its computational simplicity, flexibility
in describing non-normal patterns in egg laying and,

importantly, that it is bounded between 0 and 1,

allowing for easy scaling to the length of the flight
season.

Assuming a constant time lag for embryonic devel-

opment, i.e., between egg laying and hatching of larvae,

the hatching day of a random individual i, hi, is given by
the function

hi ¼ sþ Bða; bÞðe� sÞ þ mþ d ð3Þ

where d is the embryonic development time. Eq. 3 was

used to randomly generate individual hatching dates.

Although observational data on the seasonal occur-
rence of these species tends to display only marginally

higher population densities early in the season, there are

several reasons to believe that the seasonal distribution
of egg laying (Eq. 1) is more strongly right-skewed.

First, the distribution of observations indicative of

reproduction is more right-skewed than the overall
distribution of records in the Nordic biodiversity

gateways (Artportalen and Rapporteringssystem for

småkryp; data available online).5,6 Secondly, late-flying
individuals tend to be males, with female population size

decreasing more rapidly (Van Noordwijk 1978). Thirdly,

Lowe et al. (2009) found, in the most exhaustive study to
date, that egg laying was strongly right-skewed in C.

puella. This right-skewness is likely a general pattern in

summer-active species, as it has been observed previ-
ously in diverse taxa, including plants, insects, and birds

(Rabinowitz et al. 1981, Danks 2006, Laaksonen et al.

2006).

Based on this, the final egg-laying model (Eq. 1) was
parameterized with a¼ 3, b¼ 8, and m¼ 12, yielding a

right-skewed distribution that provides a good fit to the

data from Lowe et al. (2009). Fig. 3 shows the

relationship between the distribution of egg laying as

modeled using Eq. 1 (solid gray line) compared to Lowe

et al.’s (2009) field data (gray vertical bars). A detailed

description of how the start and end of the flight season
(s and e in Eq. 1; solid gray arrowheads in Fig. 3) was

estimated for each species follows in the next section. In

the final larval hatching model (Eq. 3), the embryonic

time lag d was set at 25 days. In reality, embryonic

development time in these species is temperature-

dependent and follows a power-function (Waringer

and Humpesch 1984, van Doorslaer and Stoks 2005),
but within a realistic range of water temperatures,

between 188C and 258C, difference are relatively small,

ranging from 20 to 30 days.

Adult phenology

In order to establish when the flight season of each

species starts and ends in the sampled areas, we
performed an exhaustive literature search for informa-

tion on the phenology of Coenagrion spp. across the

Western Palearctic. This resulted in a database contain-

ing 165 regional, species-level phenological records of

start and end dates (Appendix B: Table B1), with 107 of

these records relating to the six species studied here. For

each species, we fitted two separate ANOVAs, one

describing the latitudinal trend of the start, s, and one of
the end, e, of the flight season. For each model, the day

of the start or end of the flight season was used as the

continuous response variable, and the latitudinal posi-

tion from where the phenological record originated was

used as the predictor variable. Quadratic and cubic

latitude terms were included to test for nonlinear

latitudinal trends, but removed if found nonsignificant.
The start date model of a given species was thus of the

form

s ¼ iþ j latitudeþ k latitude2 þ l latitude3 ð4Þ

with i, j, k, and l being fitted, polynomial coefficients.

We included the quality of each phenological record

(based on an assessment of the data format and sample
size; see Appendix B: Table B1) as weights when fitting

the models. Latitudinal trends in the end date were

modeled likewise. For each species, the two best-fitting

ANOVAs describing its phenology were used to predict

the start and end of the flight season at the sampled

latitudes (e.g., inserting the latitude 57.5 into Eq. 4 with

the fitted polynomial coefficients from the two C. puella

models [cf. Fig. 4D] yields the predicted start and end
dates at Lowe et al.’s [2009] site in southern England,

used to draw Fig. 3). The same approach was used to

assess latitudinal trends in phenology for the genus as a

whole.

Thermal niche shifts during ontogeny

In order to describe quantitatively how the thermal
niche changes during ontogeny, we used the model

5 http://www.artportalen.se/bugs
6 http://artsobservasjoner.no/smakryp
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described in Eq. 3 to generate the hatching date of 1000

individuals of each species. A birth year, within the

range of 1998 to 2009, was randomly drawn for each

individual. By coupling individual hatching dates to the

FLake temperature data, we could trace the environ-

mental conditions experienced by each individual during

ontogeny. Thus, the temperatures an individual i

experiences during its first 126 days following hatching

in environment g was described by the vector

E0�126
g;i ¼ ðT0

g;h; T
12
g;h; T

0
g;hþ1; T

12
g;hþ1; T

0
g;hþ2; T

12
g;hþ2;

. . . ; T0
g;hþ125; T

12
g;hþ125Þ ð5Þ

where h is the day of hatching (in day of the year), T0
g;h is

the surface water temperature in environment g at

midnight on day h (from the lake model FLake), and

T12
g;hi is the temperature at noon. We focused on changes

in average temperature and in the amount of thermal

variability during ontogeny. For each simulated indi-

vidual we calculated the mean temperature and amount

of thermal variability of temperature variation experi-

enced during early, intermediate, and late ontogeny.

This was defined as the mean and the median absolute

deviation, MAD, of the vectors E0�42
g;i , E42�84

g;i , and

E84�126
g;i , with notation as in Eq. 5. We used the sample

MAD (defined as the median of the absolute residuals

from the median) as the measure of thermal variability

rather than the sample variance or standard deviation as

MAD is robust to outliers and scale (Hampel et al.

1986). Mean 6 95% CIs of the mean and MAD of

temperature variation were calculated using data from

all 1000 individuals of each species. These measures were

used to describe how the environment changes during

ontogeny in each species, area, and age class. Note that

because measurements were calculated for each individ-

ual separately, fluctuations in average temperature

among years do not affect our estimates of thermal

variability. The three age classes (days 0–42, days 42–84,

and days 84–126) were found to correspond to, roughly,

the age classes that occur during summer (mid-July to

end of August), early autumn (end of August to early

October), and autumn to early winter (early October to

mid-November), and thus represent the majority of the

conditions experienced from hatching to the onset of

winter diapause.

In addition, we calculated the rate of change in the

mean and MAD of temperature during ontogeny. Rates

of change from early to intermediate ontogeny were

calculated for each individual i as

Dmean ¼
meanðE42�84

g;i Þ �meanðE0�42
g;i Þ

42
ð6Þ

and

DMAD ¼
MADðE42�84

g;i Þ �MADðE0�42
g;i Þ

42
ð7Þ

with mean(E0�42
g;i ) denoting the mean temperature during

days 0 to 42, as in Eq. 5. Rates of change from

intermediate (E42�84
g;i ) to late (E84�126

g;i ) ontogeny were

calculated similarly. Rates of change in mean and MAD

FIG. 3. Illustration of the model that was used to predict egg-laying dates across latitudes. Gray vertical bars show data on egg
laying in Coenagrion puella in southern England (57.58 N) from Lowe et al. (2009) that were used to parameterize the egg-laying
model. Triangles along the x-axis denote the predicted start and end date of the flight season of each species, based on a literature
survey of Coenagrion flight times across Europe. The solid, dashed, and dotted lines show the probability of egg laying at a given
day of the year, predicted by the model (Eq. 1) for three different species. The model relies on the following: (1) start of the flight
season, (2) end of the flight season, (3) rate of increase of reproductive activity in spring, (4) rate of decrease of reproductive activity
in fall, and (5) a time lag between spring emergence and first reproduction. Thus, the solid gray line and gray vertical bars show the
predicted and observed probabilities of egg laying at a given day of the year, respectively, for C. puella at 57.58 N. Also shown are
corresponding start and end dates and probabilities of egg laying for a southern (black triangles, dashed line) and northern (white
triangles, dotted line) species. Note the right-skewed distribution of egg laying, the long reproductive period of the southern C.
mercurial, and the late onset and short duration of the flight period of the northern C. johanssoni compared to the central and
southern species.
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were first calculated for each individual separately.

Mean 6 95% CIs of changes in mean and MAD of

temperature variation was then calculated using data

from all 1000 individuals of each species.

Ontogenetic shifts of thermal performance

To assess whether the thermal sensitivity of growth

rates changed during ontogeny, we conducted a

common garden experiment where we traced the growth

of individuals from hatching to 126 days of age in the

laboratory. The details of the experimental conditions

have been described previously (Nilsson-Örtman et al.

2012), and will be explained briefly here. Each of the

studied species was sampled at sites close to the center of

its range. Three separate populations of each species

were sampled in order to minimize the influence of

maternal and environmental effects. Only two central

populations were sampled of C. johanssoni due to rainy

and windy conditions during fieldwork. From each

population, we reared the full-sib offspring from

between 2 to 12 field-collected mated females (called

‘‘families’’) resulting in a total of 2105 individuals of 120

families. The fieldwork and rearing was divided over two

laboratories and two years: C. armatum, C. johanssoni,

and C. puella were collected and reared during 2008; C.

mercuriale, C. pulchellum, and C. scitulum were collected

and reared during 2009. A list of sampled populations is

presented in Table 1. Mated females or their eggs were

brought to the laboratory in Umeå, Sweden (C.

armatum, C.pulchellum, C. puella, and C. scitulum) or

Leuven, Belgium (C. johanssoni and C. mercuriale).

Immediately following hatching, 20 full-sib offspring

from each female were transferred to individual 100-mL

rearing plastic cups and placed at random in one of four

climate chambers (five individuals in each) set to give a

water temperature of 16.38C, 19.58C, 21.58C, or 24.08C

(24.08C added during the 2009 rearing) under a constant

14:10 light : dark (L:D) light regime. Larvae were fed 6

days a week on laboratory-reared brine shrimp, Artemia

sp. The head width of each individual was measured at

the age of 0, 42, 84, and 126 days (called ‘‘measurement

events’’). For individuals lacking data from a single

measurement event we imputed the missing data based

on information from all individuals with complete

FIG. 4. Flight periods across latitudes of European Coenagrion species. Shown are the latitudinal trends of (A) all 14 species
and the six species included in the growth rate experiment, representing (B, C) northern, (D, E) central, and (F, G) southern
European distributions. Gray areas show the predicted length of the flight season at each latitude. Squares represent the start, and
triangles the end of the flight period in each area from where we had data. The data come from the literature survey of phenological
records across Europe. Note that the length of the flight season decreases with latitude (A) overall and in four species, the
exceptions being C. armatum (having a more or less fixed length, but with a shift to a later flight season at higher latitudes) and C.
scitulum (having the longest flight period at mid-latitudes). The best-fitting polynomial models describing the timing of the flight
season are presented in each panel, showing the spring (bottom right) and fall (top right) phenology, respectively. These models
were used to predict the start and end of the flight season of each species when fitting Eq. 3.

November 2013 497PHENOLOGY AND ACCLIMATION IN DAMSELFLIES



records (see Nilsson-Örtman et al. 2012 for details).

Individuals lacking data from two or more measurement

events were excluded.

For each individual, we calculated three different

measures of growth rates, reflecting growth between

each of the three measurement events: days 0–42, days

42–84, and days 84–126. We will refer to these three

measurements as ‘‘early growth,’’ ‘‘intermediate

growth,’’ and ‘‘late growth.’’ Absolute growth rates

(i.e., Dhw/Dt) decrease with size, so we adjusted for

differences in initial size at the start of each time interval

by estimating a size-standardized measure of growth

rate using the following formula:

RGR ¼ Dhw

D t
þ bhwt ð8Þ

where Dhw is the change in head width (in mm) between

two consecutive measurement events (t and tþ 1), Dt is
the length of the time interval (42 d), hwt is the head

width at time t, and b is an empirically determined

coefficient describing the rate at which absolute growth

rates decrease with size. This is equivalent to Ostrovsky’s

(1995) approach, except that we analyzed changes in

length rather than mass. It is also identical to using size

as a covariate in an ANCOVA of absolute growth rates

(Nicieza and Álvarez 2009).

To estimate the size effect, b, we first modeled

individual head widths of each species as a third-degree

polynomial function of time. Next, we fitted a regression

of how the slope of the fitted models decreased with size

and used the slope of this relationship to estimate b for

each species (Appendix A: Fig. A3; Ostrovsky 1995). We

expected that the fastest growing families of each species

(those reared at the highest temperature) would be most

appropriate to estimate the size effect, as the asymptotic

growth trajectories of these families would more closely

approximate the rate-limiting effect of size on growth

than the more linear trajectories of slower growing

families. C. johanssoni grew so slowly that it never

reached the asymptotic phase during the experiment

even at the highest temperature (Appendix A: Fig. A4)

so the estimated value of b for that species is a poor

descriptor of the size effect (this likely only reflects low

growth rates and not that growth is size independent in

this species). In the other species, b ranged from 0.015

and 0.022 mm/day for fast-growing families (Appendix

A), with an average value of 0.019. To ensure that the

subsequent analyses were not affected by the value used

for b, we recalculated RGRs using Eq. 8 using both

common and species-specific values of b (based on fast-

growing families; see Appendix A). This did not alter the

outcome of subsequent analyses. In the final analysis we

used b¼ 0.019 to fit Eq. 8 for all species. It is important

to note that the procedure for calculating size-corrected

relative growth rates (Eq. 8) will lead to less precision

when estimating growth rates during late growth stages

in initially fast-growing phenotypes. Since these will

have attained a greater size towards the end of the

experiment, the size-correcting right-hand part of Eq. 8

will be large relative to the rate of absolute size growth.

Note, however, that C. pulchellum showed a relative

reduction in RGRs at 248C during later growth phases.

We are therefore confident that the size-correcting

procedure is not related to the overall differences in

slope or curvature of age-specific TPCs (Fig. 5). Note,

however, that the exact estimates of significance levels of

curvature parameters for single species (Appendix C:

Table C1) should be interpreted with some caution.

Linear mixed-effect models (LMEs) were used to test

if TPCs of RGRs differed depending on during what

time interval growth rates were estimated. The three

separate RGR estimates of each individual (representing

early, intermediate, and late growth) were used as the

response variable. The effects of temperature, species,

and time period was included as fixed effects, together

with the quadratic temperature term (to test for

nonlinear relationships). Interactions of these factors

up to the third order was included (e.g., species 3 time

period 3 temperature). Population (nested in species),

family (nested in population), and individual (nested in

family) were included as random factors. Additionally,

we compared the fit of this model to a set of models that

ignored the nested structure of the data, but instead

included time period grouped by subject (individual) as

random effects and different within-subject errors

correlation matrices. As the inclusion of correlated error

structure did not improve model fit, the results from the

model without correlated errors and with nested random

effects are presented.

TABLE 1. The geographic coordinates of the sampling sites
used for this study.

Species and locality Coordinates

Coenagrion armatum

Hamstasjön 628280 500 N, 1781603800 E
Kråkholmen 6283005000 N, 1782805500 E
Sticksjön 6282405100 N, 1781601800 E

C. johanssoni

Kustjärn 62890200 N, 1782905900 E
Rönnbottensviken 628802500 N, 1782902400 E

C. mercuriale

Meder 4185404700 N, 281204400 E
Muntanyola 4185206000 N, 281001100 E
Mura 4184105600 N, 185803500 E

C. puella

Arensberg 5085104400 N, 48410200 E
Oud-Heverlee Zuid 5085002200 N, 483902000 E
Vinne 508500300 N, 5870600 E

C. pulchellum

De Maten 5085605300 N, 582604700 E
Mariehof 5181004600 N, 583904000 E
Torfbroek 5085503600 N, 483202400 E

C. scitulum

Las Feixas 42830600 N, 281103000 E
La Gavarresa 428004700 N, 28402100 E
Serratosa 428101400 N, 281205600 E
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Significance levels of fixed effects were assessed by F

tests, whereas significance levels of random effects were

assessed by likelihood ratio tests (Bolker et al. 2009),

although variation at the level of random effects were

not within the scope of this paper. It should be noted

that although maternal effects have been found to be

negligible in coenagrionids (Strobbe and Stoks 2004,

Shama et al. 2011), nonadditive and maternal effects

may be part of the (random) family effect.

Statistical analysis of reaction norms

Finally, we related the ontogenetic changes in TPC

shape to changes in the two variables (average temper-

ature and variability) that were used to describe the

thermal niche of larvae in nature. An ideal approach to

do so would include fitting a single, continuous function

to each family’s data, from which biologically meaning-

ful parameters, such as the optimum, height, and

breadth, could be estimated. These could then be

FIG. 5. Ontogenetic shifts in the shape of TPCs of relative growth rates (RGR; black lines) in relation to the distribution of
temperatures experienced in the field (gray histograms). Each species is represented by a single row, and each panel represents the
growth response and thermal niche of a single age class. Age classes are defined in relation to the hatching date of single individuals
in the field or in the lab and correspond to days 0–42 (left), 42–84 (center), and 84–126 (right). TPCs of size-corrected relative
growth rates were estimated in the laboratory, and the frequency distributions of temperatures experienced by different age classes
in the field were estimated from the simulations of larval hatching dates coupled to FLake temperature data. The 95% CIs of RGRs
have been drawn but are hidden behind the symbols. Drawings in the left column are by V. Nilsson-Örtman.
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compared directly among ontogenetic stages and related

to measures of environmental variation (Clusella-Trullas

et al. 2011). However, because we found that the

reaction norms of most families were monotonically

increasing within the experimental temperature range, a

single, biologically meaningful model could not be fitted

to all families. Instead, as the LMEs of age-specific

RGRs revealed that differences in the slope of TPCs

between time intervals explained about 16 times more

variation than differences in curvature, we focused on

variation in the slope of TPCs.

For each family, we estimated the TPC slope during

early, intermediate, and late ontogeny. Similar to how

we calculated rates of change of environmental param-

eters (Eq. 8), we also calculated the rate at which the

slope of age-specific growth TPCs changed from early to

intermediate and intermediate to late ontogeny. To

calculate age-specific TPC slopes, we fitted separate

ordinary least squares (OLS) regressions between RGR

and temperature, with early, intermediate, or late RGRs

as the response variable. In cases where RGRs were

reduced at the highest temperature compared to the next

highest (cf. Fig. 5D, J), only the three lower tempera-

tures were used to fit the regression (as inclusion of the

highest temperature would cause a downward bias

driven by the curvature). Having estimated TPC slopes

at each of the three time intervals, rates of change in the

slope was calculated as

Dslope ¼ ðSi � Si�1Þ
42

ð9Þ

where Si is the slope parameter at time interval i (i.e.,

early, intermediate, and late growth). To ensure robust

parameter estimates and confidence intervals of TPC

slope and Dslope, each step of this process was

bootstrapped 1000 times for each family. Thus, for each

random bootstrap draw, we calculated: (1) the TPC

slope during each ontogenetic stage, and (2) the

corresponding rate of change from early to intermediate

and intermediate to late ontogeny. Based on the 1000

bootstrap replicates, we calculated the mean, standard

deviation and 95% CI of both TPC slope and Dslope.
To test if the rate of change in the thermal niche

during ontogeny in the field (Eqs. 6 and 7) had an effect

on how the slope of TPCs change during corresponding

time intervals in the laboratory (Eq. 9), we performed

two separate weighted ANOVAs. The rate of change in

TPC slope between time intervals, Dslope, was used as

the response variable, with changes in either the mean,

Dmean, or variability, DMAD, of temperature during

corresponding time intervals in nature were used as

predictor variables. Because each family was represented

by two estimates (describing the rate of change from

early to intermediate and intermediate to late growth

stages), we included the time interval and its interaction

with environmental variables as fixed factors to test

whether data from two time intervals displayed the same

trend. To account for the uncertainty of the Dslope

estimates, we included the inverse of the squared

variance of the Dslope bootstrap estimates as weights.
We carried out model simplification on the basis of AIC

scores using the R function step. Significance levels of
terms that were not included in the final model were

calculated after introducing these terms singly (or
together with lower order terms) into the reduced
models.

All statistical analyses were performed in R 2.14.0 (R
Development Core Team 2008). The LME models were

implemented using the function lmer in the R package
lme4 (Bates et al. 2012).

RESULTS

Latitudinal trends in phenology

The literature survey of the phenology of 14 European
Coenagrion spp. showed that the length of the flight

season decreased with latitude, becoming, on average,
1.43 days shorter for every degree of latitude (F1,98 ¼
24.30, P , 0.001; Fig. 4A). Differences in the timing of
both the start and end of the flight season contributed to

the decrease in length, as the start of the flight season
occurred 1.02 days later with every degree of latitude (t¼
6.91, P , 0.001), and the end occurred 0.5 days earlier

for every degrees of latitude (t ¼ �2.29, P ¼ 0.023).
Neither trend was significantly nonlinear. Latitudinal

trends of the six species used for the growth rate
experiment (Fig. 4B–G) largely reflected the overall

trend, as we found no significant species 3 latitude
interaction either with respect to the length, or the start

of the flight season (Table 2). Species did differ in the
timing of their flight season (reflecting ‘‘early’’ and ‘‘late’’

flying species), as evidenced by significant species effects
for each aspect of the flight season (Table 3). When each

species was analyzed separately, several cases of
nonlinear patterns were revealed. In C. puella and C.

scitulum, the length of the flight season was longest in
the central areas of the range, with reported flight times

in the southern and northern part of their range being
somewhat shorter (Fig. 4D, G). In C. pulchellum,
emergence was slightly earlier at mid-latitudes (Fig.

4E). The consequences of these phenological trends for
the thermal environment experienced by individual

larvae are treated next.

Thermal niche shifts during ontogeny

The simulations of larval hatching dates (Eq. 3) in

combination with FLake temperature data revealed that
all species experienced monotonically decreasing average

temperatures during ontogeny in the field (Fig. 6A).
Northern species experienced a uniform decrease,

whereas southern and central species experienced a less
steep change between the first and second age class, but

a more rapid change between the second and third (Fig.
6A). With respect to thermal variability, all species
experienced increasing variability during ontogeny (Fig.

6B). Southern species experienced less variation during
early ontogeny than central and northern species, but
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higher variability in older age classes. Taken together,

the timing of early ontogeny coincided with high

environmental temperatures and low levels of thermal

variation in all species.

Developmental plasticity of TPC shape

The common garden experiment revealed that,

although relative growth rates generally increased with

temperature, the shape of TPCs changed in elevation,

slope, and curvature depending on when size-corrected

RGRs were estimated (Table 2, Fig. 5). Species also

differed in the way by which the slope of TPCs changed

during ontogeny, both with regards to slope (v2
10;2802 ¼

26.225, P , 0.001) and curvature (v2
10;2802¼ 31.70, P ,

0.001) (Table 2).

Focusing on TPCs during the early growth stage (Fig.

5A–F), TPCs were relatively steep in all species, and the

highest growth rates occurred at the highest experimen-

tal temperatures, suggesting that thermal optima are

reached at or above 21.5–24.08C in all species during

early ontogeny. The precise shape of TPCs differed

between species differing in latitudinal distribution,

being upward-convex in southern species, upward-

convex to linear in central species, and upward-concave

in northern species (Fig. 5), similar to what has

previously been described when comparing growth rates

of these species at a common reference size (Nilsson-

Örtman et al. 2012).

Focusing on growth patterns during the intermediate

and late growth stages (Fig. 5G–R), the height, slope,

and curvature of TPCs changes (Table 2). Four of the

six species displayed significant changes in curvature

compared to early growth (ontogenetic stage 3 temper-

ature2 interaction; Appendix C: Table C1), the excep-

tions being C. puella, which retained a linear TPC

throughout the duration of the experiment (Fig.

5C, I, O; Appendix C: Table C1) and C. scitulum, which

retained a similarly curved TPC throughout the

experiment (Fig. 5E, K, Q; Appendix C: Table C1).

The strongest observed difference in curvature was

observed in C. pulchellum, where intermediate and late

RGRs were slightly lower at 248C than 21.58C (Fig.

5J, P), which was not the case for early RGRs (Fig. 5D).

This indicated that the older C. pulchellum larvae

TABLE 3. Results from three two-way ANOVAs on the effects of species and latitude on different
aspects of the phenology of six European Coenagrion species.

Model and variable df MS F P

A) Length of the flight season

Latitude 1 23 338.1 24.3041 ,0.001
Species 5 7 012.8 7.3031 ,0.001
Latitude 3 species 5 1 704.7 1.8525 0.1103
Residuals 93 920.2

B) Start of the flight season

Latitude 1 14 413.6 40.4806 ,0.001
Species 5 1 493.2 4.1936 0.0017
Latitude 3 species 5 594.8 1.7317 0.1348
Residuals 95 343.5

C) End of the flight season

Latitude 1 2 539.4 5.1274 0.0258
Species 5 5 897.4 11.9076 ,0.001
Latitude 3 species 5 514.5 1.0411 0.3984
Residuals 93 494.2

Note: Separate tests were performed on the (A) length, (B) start, and (C) end of the flight season.

TABLE 2. Results from linear mixed-effects models on the effects of temperature, ontogenetic
stage, and species on relative growth rates.

Variable df F P

Intercept 1, 2802 25 245.573 ,0.0001
Temperature 1, 1549 2 808.585 ,0.0001
Temperature2 1, 1549 169.018 ,0.0001
Ontogenetic stage 2, 2802 8 562.783 ,0.0001
Species 5, 11 228.269 ,0.0001
Ontogenetic stage 3 temperature 2, 2802 124.522 ,0.0001
Ontogenetic stage 3 temperature2 2, 2802 21.334 ,0.0001
Species 3 temperature 5, 1549 51.951 ,0.0001
Species 3 temperature2 5, 1549 19.047 ,0.0001
Species 3 ontogenetic stage 3 temperature 10, 2802 26.225 ,0.0001
Species 3 ontogenetic stage 3 temperature2 10, 2802 31.703 ,0.0001
Population 1, 48 2.690� 0.1497
Family (population) 1, 48 140.905� ,0.0001
Individuals (family) 1, 48 331.460� ,0.0001

� The v2 value is shown, rather than F.
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performed better at a lower temperature. In C. armatum,

TPCs changed from being upward-concave during the

early growth phase to being linear during later growth

phases (Fig. 5B, H, N; Appendix C: Table C1). In C.

johanssoni, TPCs were slightly upward-concave during

early ontogeny (Fig. 5A), but became even more

upward-concave during later ontogeny (Fig. 5G, M).

Thus, the developmental plasticity of TPCs in C.

johanssoni led to increased growth performance at high,

rather than low, temperatures as larvae grew older.

Overall, however, changes in curvature were relatively

slight and explained a minor part of the total variation

(Table 2; Appendix C: Table C1).

Developmental plasticity of the slope of TPCs

explained almost 16 times more variation than changes

in curvature (Table 2; interactions involving ontogenetic

stage and temperature). In five of the six species,

ontogenetic changes in the slope of TPCs were

significant (Appendix C: Table C1). Slopes decreased

over time in C. puella, C. pulchellum, and C. mercuriale

(Figs. 5C, D, F and 6C). In C. scitulum, the slope first

decreased from early to intermediate ontogeny (Figs.

5E, K and 6C), but then increased from intermediate to

late ontogeny (Figs. 5K, Q and 6C). C. armatum was the

only species that did not show any significant develop-

mental plasticity of TPC shape (Figs. 5B, H, N and 6C;

Appendix C: Table C1A). In C. johanssoni, the slope of

reaction norms increased over time (Figs. 5A, G, M and

6C).

Environmental drivers of ontogenetic TPC shifts

The ANOVA of the relationship between Dslope and

Dmean revealed that the amount of developmental

plasticity of TPCs correlated significantly with the rate

of change in mean temperatures experienced in the field

(Table 4A). The relationship between Dslope and Dmean

was observed regardless of whether we compared early

with intermediate, or intermediate with late ontogenetic

stages (Fig. 7A; nonsignificant interaction between

ontogenetic stage and Dmean in Table 4A). The

direction of this relationship, however, was the opposite

of the predicted relationship. Thus, the most dramatic

decreases in TPC slope during ontogeny were observed

in those cases when larvae experienced small changes in

average temperature in nature. Thus, early and inter-

mediate growth stages of central and southern species

displayed the most pronounced developmental plasticity

of TPCs. Conversely, we observed small negative or

even positive changes in the slope of TPCs during

ontogeny in those larvae that experienced the most rapid

changes in average temperatures in the field. In other

words, the developmental plasticity of TPCs was weak

or TPC slopes increased in northern species and in later

growth stages of southern and central species (Fig. 5).

The ANOVA of the relationship between Dslope and

DMAD revealed no clear relationship to thermal

variability (Table 4B) and the DMAD term was

excluded from the final model (Table 4B, Fig. 7B).

FIG. 6. (A, B) Ontogenetic shifts in the thermal niches in
nature for the six studied species, and (C) ontogenetic changes
in the slope of thermal performance curves when estimated in
the laboratory. Changes in the (A) mean temperature and (B)
thermal variability (median absolute deviation, MAD) during
ontogeny was estimated by simulating larval hatching dates of
each species (Eq. 3) and coupling these to simulated water
temperature data from the lake model FLake. The three
ontogenetic stages are defined relative to the hatching date of
single individuals, namely, from hatching to day 42 (corre-
sponding roughly to mid-July to end of August in nature), day
42 to 84 (end of August to early October), and day 84 to 126
(early October to mid-November). (C) The slope of TPCs of
size-standardized relative growth rates when measured at three
different ontogenetic stages. TPC slopes are calculated at the
level of families (N¼ 120). Vertical lines in in each panel show
95% CIs based on (A, B) 1000 simulated individuals or (C) 1000
bootstrap replicates. Abbreviation are: arm, Coenagrion arma-
tum; joh, C. johanssoni; pue, C. puella; pul, C. pulchellum; mer,
C. mercuriale; sci, C. scitulum.
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DISCUSSION

Our investigation of the interacting effects of phenol-

ogy and age-specific thermal performance offers several

insights into the adaptive significance of the shape and

developmental plasticity of thermal performance curves

(TPCs). We detected ontogenetic shifts of TPC shape in

all species: In five out of six species, TPCs changed in

slope during ontogeny, and in four species, the curvature

changed. Two main observations emerge from these

results. First, that the shapes of TPCs during different

stages of development may be involved in trade-offs.

Second, that there are limits to how fast species can

adjust their physiology in order to track changes in the

thermal niche during ontogeny. Our findings reinforce

the emerging view that performance measured at a single

ontogenetic stage will not be sufficient to predict species’

TABLE 4. Results from linear mixed-effects models on the effects of ontogenetic stage and rates of
change in (A) mean temperature and (B) thermal variability on rates of change of the slope of the
thermal performance curve (TPC) during ontogeny.

Variable Estimate SE t P

A) Mean temperature

Intercept� �0.016 0.064 �0.254 0.800
Dmean� �0.439 0.062 �7.069 ,0.001
Ontogenetic stage 0.141 0.268 0.527 0.599
Ontogenetic stage 3 Dmean �0.427 0.331 �1.289 0.199

B) Thermal variability

Intercept� 0.347 0.110 3.159 0.002
Ontogenetic stage� �0.766 0.136 �5.651 ,0.001
DMAD 0.044 0.086 0.508 0.612
Ontogenetic stage 3 DMAD �0.098 0.205 �0.479 0.633

Note: Significance levels of excluded terms were calculated after introducing them singly into the
minimal models. MAD stands for median absolute deviation.

� These terms were included in the minimal models after model simplification based on AIC
scores.

FIG. 7. The relationship between the rates at which the slope of reaction norms of growth rates change during ontogeny (DTPC
slope) and the rates at which aspects of species’ thermal environment change during ontogeny in the field. In panel (A), the DTPC
slope is plotted against the rate of change in mean temperature in the field (Dmean). Note that the scale along the x-axis is negative,
so that lower values of Dmean represent more rapid changes in temperatures. In panel (B), the DTPC slope is plotted against the
rate of change in thermal variability, characterized as the median absolute deviation of temperatures experienced by a given age
class in nature. Each symbol represents a single family group. Rate of change is defined as the change in the variable of interest
from one age class to the next. Because we considered three age classes here (early, intermediate, and late), each family is
represented by two values: One symbol is used to denote the rate of change between the early to intermediate growth stage, and one
symbol is used to denote the rate of change between the intermediate to late growth stage (see key). The solid line in panel (A)
shows the best predictor of changes in thermal performance during ontogeny: a linear, negative relationship between DTPC slope
and Dmean. Values along the x-axis have been jittered for clarity. Species abbreviations are as in Fig. 6.
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responses to climate change (Yang and Rudolf 2009,

Kingsolver et al. 2011, Régnière et al. 2012).

We hypothesized that the length of the flight season

would be important for understanding differences in the

amount of developmental plasticity of TPCs. A long

reproductive season at lower latitudes was expected to

result in unpredictable larval conditions, favoring

obligate generalists in Southern Europe (Fig. 1A).

Conversely, more synchronized reproduction at high

latitudes was expected to favor strong ontogenetic shifts

from initial specialization to later generalization in North

European species (Fig. 1C). These predictions were not

supported. Firstly, Northern species displayed small

changes in TPC shape during ontogeny, or even an

increase in the slope of TPCs, compared to other species

(Fig. 5, two top rows). Secondly, southern species were

found to experience less thermal variability during early

growth stages compared to species from higher latitudes

(Fig. 6B), despite having longer flight seasons (Fig. 4A).

Thus, the long warm summers at lower latitudes had a

greater influence on early larval growth conditions than

did the phenological timing of reproduction. This result,

however, may not generalize directly to other systems. In

taxa that display stronger differences in phenological

timing, differences in the timing of reproduction may

have much greater influences relative to climatic differ-

ences than observed here.

The best predictor of the strength and direction of

developmental plasticity of TPCs was whether a species

experienced slowor rapid changes in average temperatures

during ontogeny in nature (Fig. 7A). The direction of this

relationship was unexpected: If temperature changed

slowly in the field, changes in the slope of TPCs were

strong and negative when larvae were grown in the

laboratory. Conversely, when average temperature

changed rapidly, changes in the slope of reaction norms

were small or positive (Fig. 7A; note that the x-axis is

negative, a Dmean of�0.20 thus represents a more rapid

change in temperature than a Dmean of�0.05). In other

words: Larvae from highly seasonal high-latitude envi-

ronments became relatively better at growing at high

temperatures as they grewolder. Larvae from less seasonal

low-latitude environments instead became relatively better

at growing at low temperatures as they grew older.

In the following sections we will outline our interpre-

tation of these results. Again, it should be noted that we

cannot separate acclimation responses (Fig. 1B) from

fixed, ontogenetic shifts (Fig. 1C), but our main

conclusions do not hinge on the precise mechanism

underlying ontogenetic changes in the shape of TPCs.

The key points in our interpretation of these results are

that: (1) the optimal shape of TPCs differs among

ontogenetic stages; (2) the shape of TPCs is correlated

across the ontogeny, but can be modified through

developmental plasticity; (3) the strength of selection

on TPC shape varies during ontogeny; and (4) the costs

and benefits of developmental plasticity of TPCs varies

with the rate of change in average temperature.

Performance trade-offs between ontogenetic stages

That reaction norms were steeper during early (Fig.

5A–F), compared to later growth stages (Figs. 5G–R

and 6C), in four out of six species matches the expected

direction based on how the thermal niche change during

ontogeny in nature (Fig. 6A, B). This observation

corresponds to other studies that have shown how later

ontogenetic stages (occurring primarily towards the end

of the growth season) perform better at lower temper-

atures than early growth stages (occurring primarily

during the summer; Schultz et al. 1996, van Doorslaer

and Stoks 2005). Upon closer inspection, however, the

match is only partial, even in those species that display

this pattern: There is a much closer agreement between

thermal performance (in the laboratory) and the thermal

niche (in nature) during early ontogeny (Fig. 5A–F; cf.

reaction norms in black with the frequency distribution

of temperatures in gray) than during later growth stages

(Fig. 5G–R). Our interpretation of this is that it may

reflect a trade-off between growth performance during

early vs. late ontogeny, together with that selection

favors specialization to early growth conditions even at

the cost of a reduction in growth performance during

later stages. Several factors could contribute to this; for

example, density-dependent cannibalism, which is wide-

spread in damselfly larvae (Anholt 1994, Mikolajewski

et al. 2008). Because densities (and consequently

mortality rates) are highest immediately following

hatching, even a very small size advantage during early

ontogeny will confer substantial fitness benefits (Hopper

et al. 1996). Alternatively, because the strength of

competition and predation tends to increase with

temperature (Park 1954, Spitze 1985, Brown et al.

2004), selection on growth performance will be strongest

immediately following hatching when temperatures are

highest (Fig. 6A).

Additionally, kinetic effects have been suggested to

make it impossible for individuals to achieve as high

performance at low temperatures as at higher temper-

atures, the so-called hotter-is-better hypothesis (Knies et

al. 2009, Angilletta et al. 2010). Because of this,

individuals may have more to gain by focusing their

growth efforts to periods of high temperatures during

early ontogeny. Each of these three mechanisms may

favor specialization to early growth conditions at the

expense of a reduction in growth potential during later

stages. If such trade-offs are indeed important, it

strongly suggests that measures of variation averaged

over the entire life cycle (e.g., Lynch and Gabriel 1987,

Gilchrist 1995, Asbury and Angilletta 2010) will not be

sufficient to explain variation in thermal performance

curves. Although allocation and acquisition trade-offs

such as these are common assumptions in life history

theory and in optimality models of phenotypic plasticity,

their existence have remained notoriously difficult to

demonstrate empirically (Angilletta et al. 2003, Nylin

and Gotthard 1998) and must be interpreted cautiously.
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Strength and direction of developmental plasticity

Our result showed that developmental plasticity of
TPCs was strong (rapid) and in favor of increased low-

temperature performance when temperatures changed
slowly in nature. In contrast, developmental plasticity

was weak (slow) or showed the reversed pattern
(increased high-temperature performance during late

ontogeny) when temperatures changed rapidly in nature.
This indicates that developmental plasticity of TPCs can

be important for allowing individuals to maintain
relatively high performance also when temperatures

decrease towards the end of the growth season. It,
however, also suggests that whether strong acclimation

responses will evolve likely depend on several factors
that affect the costs and benefits of acclimation.

Acclimation involves a great number of energetically
costly physiological changes (Hoffmann 1995, Huey and

Berrigan 1996, Ellers et al. 2008), and very rapid
acclimation is presumably much more costly (or even
impossible) than slow acclimation (Kelty and Lee 1999).

In addition, how much more an individual will be able
to grow by acclimating will depend both on how much it

can increase in growth performance at a given temper-
ature and on how much time is spent at that temperature

(Kingsolver et al. 2001). When temperatures decrease
more rapidly (i.e., in high-latitude environments), less

time will be spent at each successive temperature,
resulting in a decrease in the benefits that can be gained

from acclimating. How an increase in performance
translates into fitness will also likely change over the

season. Again, because the strength of competition and
predation likely increase with temperature (Brown et al.

2004), there will be less strong selection due to ecological
interactions as temperatures decreases. We consider it

likely that all these factors contribute to the observation
that acclimation responses are weakest when tempera-
ture changes rapidly over an individual’s ontogeny (Fig.

7A).

These patterns of phenology and physiological
acclimation could have a considerable impact on the
dynamics of damselfly populations. In many organisms,

including damselflies, population dynamics are greatly
affected by competition and predator–prey interactions

(Sih et al. 1985) and the outcome of these interactions
often depend on the relative size and growth rates of

individuals (Persson and De Roos 2006, Rudolf 2008).
Because of differences in the timing of hatching, shape

of TPCs, and strength of acclimation, the type and
strength of interactions that occur among individuals

are likely to change over the course of the growth season
(Yang and Rudolf 2009). Consider, for example, a

hypothetical scenario where the six species studied here
occur at the same sites and the outcomes of competitive

interactions are lethal and size dependent (Johansson
1996). During early ontogeny, when temperatures are
high, species with steep early TPCs (northern and

central species; Fig. 5A–D) would increase rapidly in
size and prey upon the smaller, thermally generalized

southern species (Fig. 5E, F). Later in the season,

however, the competitive dominance would shift in

favor of thermally generalized southern species (Fig.

5E, K, G, F, L, R) and the strongly acclimating C.

pulchellum (Fig. 5D, J, P). This suggests that the

outcome of species interactions under climate change

may, in part, depend on whether warming will be

strongest during the hotter months (presumably favor-

ing species with steep early growth TPCs such as C.

johanssoni ) or during the colder months (leading to a

longer growth season, favoring obligate generalists such

as C. scitulum or species with strong acclimation

responses such as C. pulchellum).

Several additional factors may also be important to

consider in order to explain the observed differences in

TPC shape and strength of acclimation response. One

such factor is latitudinal variation in voltinism. In

predominantly univoltine southern and central species,

individuals have only one chance: Following their first

summer, fall, and spring, they must be ready to emerge.

Individuals that fail to emerge the next spring will

effectively reduce their fitness by half, compared to

individuals that complete their larval development in a

single year (Huey and Berrigan 2001, Kingsolver and

Huey 2008). Because of this, selection may strongly

favor individuals that are able to grow relatively fast

during fall and spring in univoltine species. Semivoltine

northern species, on the other hand, have an entire extra

summer season available for growth. Because of this,

growth during fall and spring may less important in

determining whether or not an individual is able to

emerge in synchrony with other members of its cohort.

Differences among ontogenetic stages in diet also

represent a potential confounding factor. Detailed data

on ontogenetic dietary shifts is lacking for damselflies,

but larvae are generally able to exploit larger prey as

they grow older (Corbet 1999). It is thus possible that

the food used here, Artemia salina, are more appropriate

during certain stages of ontogenetic development. In

general, however, experiments with damselfly larvae

have shown strong agreement regardless of whether

researchers used smaller Artemia salina, larger Daphnia

magna or other food sources during rearing (Pierce et al.

1985, Baker 1989, Stoks et al. 2005; Nilsson-Örtman et

al. 2014), indicating that the influence of diet preferences

is relatively weak.

In addition, genetic constraints may affect the

evolution of acclimation responses. Such constraints

may either stem from a lack of additive genetic variation

or from genetic correlations with other traits (Via and

Lande 1985, Scheiner 1993). At present, virtually

nothing is known about genetic variances and co-

variances of acclimation responses (Kingsolver and

Huey 1998, Angilletta 2009). It is therefore difficult to

assess whether genetic constraints may play a role here.

The differences we observed among species within the

Northern and Central European species pairs are

intriguing. Despite having relatively similar distributions
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(Fig. 2), the northern C. johanssoni displayed a signifi-

cant increase in TPC slope during ontogeny (Fig.

5A, G, M), whereas C. armatum did not (Fig.

5B, H, N). Likewise, the central C. pulchellum displayed

a marked change in the shape of TPCs during

intermediate and late ontogeny (Fig. 5D, J, P), whereas

its sister species C. puella did not (Fig. 5C, I, O). We can

only speculate about the possible reasons for these

differences. In the case of the two northern species,

habitat differences may play a role. Of these, C.

johanssoni is restricted to acidic, species-poor bog

habitats, whereas C. armatum occur at nutrient-rich

sites. This may suggest that factors such as predation,

competition, and resource availability can modify the

costs and benefits of low-temperature acclimation.

Living in an environment with less intense competition,

C. johanssoni may have less to gain from acclimating to

low temperatures towards the end of the growth season

than C. armatum. Alternatively, differences in voltinism

patterns may play a role for these differences as well.

Although detailed information about voltinism is scarce

for northern species, C. johanssoni presumably require

two or more years per generations over much of its range

(Corbet et al. 2006). Since C. armatum has a slightly less

extreme high-latitude distribution (cf. Fig. 2A, B), it may

be able to maintain a univoltine life cycle over at least

part of its range (Johansson and Norling 1994, Corbet et

al. 2006). These possible links between voltinism

patterns, seasonal timing of growth, and developmental

plasticity would certainly merit further theoretical and

empirical exploration.

Differences observed among the two central species

are more difficult to explain as these two species are very

closely related (Lowe et al. 2008) and have almost

identical distributions (Fig. 2C, D). Intriguingly, onto-

genetic patterns of thermal performance were virtually

identical in the central C. puella (Fig. 5C, I, O) and the

northern C. armatum (Fig. 5B, H, N). At present, the

causes behind these unexpected findings remain obscure.

Regardless of their evolutionary causes, idiosyncrasies

among sympatric species such as those observed here

indicate that it may be difficult to generalize about

species’ responses to changing temperatures based solely

on current distribution patterns (Beale et al. 2008).

Determinants of the shape of TPCs

We hypothesize that thermal specialization to early

growth occurs at the expense of reduction in growth

performance during later stages. This is based on the

observation that the agreement between individuals’

growth performance and their thermal niche was greater

during early ontogeny (Fig. 5A–F) than during later

stages (Fig. 5G–R). Optimality models predict that

thermal optima should match the mean or modal

environmental temperatures (Lynch and Gabriel 1987,

Gilchrist 1995), and we would expect the shape of TPCs

to match the distribution of temperatures (Kingsolver et

al. 2001). However, a closer look at early growth

performance (Fig. 5A–F) reveals intriguing deviations

from these predictions. In particular, the agreement is

most evident in southern species: High thermal optima

(248C or higher) and relatively steep TPCs during early

ontogeny mirrors that this age class rarely experience

temperatures much lower than 208C in nature (Fig.

5E, F). Central and North European species, on the

other hand, display even steeper TPCs during early

ontogeny than southern species and maintain thermal

optima above 21.5–24.08C; despite that, this age class

only rarely experiences such high temperatures in nature

(Fig. 5A–D). That northern species have high thermal

optima in relation to conditions experienced over the

entire life cycle has previously been pointed out

(Nilsson-Örtman et al. 2012). The results of this study

show that even if we interpret TPCs of northern species

in relation to conditions experienced during only the

warmest and least variable part of the growth season,

thermal optima still fall well above modal temperatures

(Fig. 5A, B). These observations fit with an increasing

number of studies documenting how thermal optima are

typically higher than modal environmental temperatures

(Bennett 1987, Knies et al. 2009, Angilletta et al. 2010).

Because the species studied here have evolved from

tropical ancestors, high thermal optima could reflect

evolutionarily constraints on the shape of TPCs.

However, because the shape of early growth TPCs of

northern species is strikingly different from southern

species, early TPCs are likely not entirely a result of

evolutionary conservatism. Also, we have previously

interpreted the near-exponential TPCs of northern

species to be indicative of thermal specialization

(Nilsson-Örtman et al. 2012). In that study, we

suggested that this may reflect that these species enter

a larval diapause at temperatures below 88C. In high-

latitude environments, temperatures rapidly fall below

the temperature threshold (Fig. 6A), resulting in a

reduction in the amount of temperature variation

experienced during periods of active growth in high-

latitude species. The present data does not conflict with

this interpretation.

In addition, the hotter-is-better hypothesis (Angilletta

et al. 2010) invoked above in the subsection Performance

trade-offs between ontogenetic stages to explain differ-

ences among growth stages may also alter the optimal

shape of TPCs during early ontogeny. In other words,

even if organisms encounter high temperatures relatively

infrequently (i.e., during early growth of C. puella and C.

pulchellum; Fig. 5C, D), it may be beneficial to optimize

growth at higher temperatures than the modal temper-

ature, as even short exposures to high temperatures will

allow significant gains (Kingsolver 2000). But why do

southern species display upward-convex TPCs during

early ontogeny (Fig. 5E, F), while northern species

display upward-concave TPCs during the same growth

phase (Fig. 5A, B)? Possibly the fact that southern

species spend more time at low and intermediate

temperatures (but above the diapause threshold) during
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later ontogeny could lead to increased selection for low-

temperature performance that carries over into the TPCs

of early ontogeny. The thermal characteristics of C.

mercuriale (Fig. 5F, L, R) is especially interesting in this

regard, as this is the species that comes nearest to being

an obligate thermal generalist (cf. Fig. 1A with Fig.

5F, L, R). This species also displays a relatively steep

increase in the length of the flight season towards lower

latitudes (Fig. 4F). This may lend some credence to the

hypothesized link between a long reproductive season

and obligate thermal generalization, although further

research should attempt to reveal whether reproduction

may be less seasonal in this species than was assumed

here, or if the fitness of individuals hatching from eggs

deposited early or late in the season differ markedly

(De Block and Stoks 2005, Varpe et al. 2007).

The FLake simulations used here are a great tool, as

they can greatly help alleviate the lack of high-resolution

water temperature data. However, reaching a complete

understanding of aquatic invertebrates’ thermal envi-

ronment is a challenging task and the FLake simulations

may not capture the whole range of conditions that

individual larvae are exposed to in the field. For

example, both microhabitat heterogeneity and diurnal

fluctuations may contribute to substantial variation.

Although behavioral thermoregulation has not yet been

demonstrated in these species, it is known that they

spend much time close to the surface (Johansson 2000).

As near-surface temperatures at C. armatum sites at

518N may reach as high as 278C during peak hours in

some days (V. Nilsson-Örtman, unpublished data), there

may be room for significant heat gains, although such a

behavior would likely confer trade-offs; for example,

through an increased risk of predation. Preliminary

simulations suggest that if individuals of the two

northern species can gain approximately 4–58C over

simulated temperatures for a few hours on most days

during summer, they would achieve a thermal environ-

ment that matches that seen here for Central European

species (e.g., Fig. 5D).

Concluding remarks

Our results present a much more dynamic view of

thermal performance than typically presented in empir-

ical studies or captured by optimality models (e.g.,

Asbury and Angilletta 2010). Importantly, we find that

the thermal sensitivity of growth rates changes during

ontogeny and that these changes reflect changes in

thermal conditions experienced by corresponding age

classes in nature. However, performance of successive

stages does not appear to be independent and our results

highlight several potential trade-offs that may be of

ecological importance. The first is that a species’ thermal

strategy may reflect fitness trade-offs between growth

during early and late ontogeny. For example, high

mortality coupled with warm and stable thermal

conditions during early ontogeny may select for initial

thermal specialization even at the expense of a reduction

in growth potential during later stages (cf. C. johanssoni

in Fig. 5A, G, M). Conversely, if much time is spent at

low and intermediate temperatures during late ontoge-

ny, selection for low-temperature performance may

occur at the expense of growth during early stages (cf.

C. mercuriale in Fig. 5F, L, R). The second is a trade-off

between adult phenology and larval thermal require-

ments: The timing of adult emergence may have evolved

to ensure that larvae experience warm and stable

conditions during early ontogeny (De Block and Stoks

2005, Varpe et al. 2007). This contrasts with the

widespread notion that the activity periods of adult

insects reflect thermal requirements of adults (Wolda

1988). Finally, our study highlights the importance of

developmental plasticity of TPCs as a way for individ-

uals to maintain relatively high performance in variable,

but seasonally predictable, environments. The correla-

tion between the strength of acclimation responses and

rate of temperature change (Fig. 7A) suggests a novel

hypothesis of how acclimation evolves: that acclimation

is more beneficial to individual organisms and/or less

costly when temperature changes more gradually (Huey

and Berrigan 1996). Taken together, these results

suggest that measures of environmental variation

averaged across entire generations (Lynch and Gabriel

1987, Gilchrist 1995) will not be sufficient to explain

variation in TPCs. We strongly caution against using the

results from studies of single ontogenetic stages to

predict species responses to climate change.

Future studies should strive to adopt a broad

ecological perspective on thermal performance. In

particular, researchers should take advantage of the

vast amount of phenological information that is

available in the zoological and botanical literature. A

promising arena for inquiry would be to apply the

approach presented here to systems with greater

differences in phenological strategies. For example, do

species whose early stages occur in early spring show the

reversed ontogenetic pattern (i.e., cold-adapted early

stages followed by heat-specialized later stages) to

species whose early stages occur in late summer? Can

environmental cues induce changes in the ontogenetic

pattern of acclimation, for example, among spring and

summer generation in biannual species? Have species

with multiple, overlapping generations evolved to be

obligate generalists? Several groups of plants, butterflies,

beetles, wasps, flies, plants, frogs, and fish hold the

promise to be ideal subjects for testing these questions.
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