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Changes in phenology are among the most pervasive effects of current climate change.
Modifications in the timing of life-cycle events can affect the behavior, physiology
and life-history of wildlife. However, organisms can develop compensatory strategies
in order to reduce the costs of phenological alterations. Here, we examine the extent
and limits of compensatory developmental responses in amphibian larvae exposed to
variation in hatching timing. Using a common-garden experiment, we analyze how
changes in temperature and food conditions alter compensatory responses to hatch-
ing delay, paying particular attention at how adverse environmental conditions can
constrain these responses. We found that under benign conditions (warm tempera-
ture, unrestricted food) larvae fully compensate for the hatching delay, without cost in
mass. However, under detrimental conditions (cold temperature and restricted food)
these responses were prevented, and the combination of adverse conditions with long
hatching delay completely disrupt compensatory responses. This study highlights the
need of examining ecological responses to climate variation across a broad spectrum
of environmental conditions in order to accurately predict the putative effect that cli-
matic alterations can have on the life-histories and survival of wildlife.

Keywords: amphibians, catch-up responses, developmental plasticity, metamorphosis,
phenology, starvation, temperature

Introduction

Environmental conditions are changing at an unprecedented rate (IPBES 2018).
Organisms exposed to strong environmental alterations are faced with the need to move
to more suitable places, or to change in situ in order to persist (Norberg et al. 2012).
Many organisms are sessile or have limited dispersal capacities and, thus, need to modify
their behavior, physiology or life-history without moving in order to cope with changes
in the environment. Plasticity, the capacity of an organism to express alternative pheno-
types in response to different environmental conditions (Pigliucci 2001), is ubiquitous
in nature and a powerful way of response to novel environments (West-Eberhard 2003,
Gomez-Mestre and Jovani 2013). Plastic responses are often favored in spatially and
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temporally variable environments, where local adaptation and
phenotypic assimilation or accommodation are not advanta-
geous (West-Eberhard 2005). Under the current scenario of
climatic instability, with the forecast of more intense and fre-
quent extreme climatic events, the interplay between pheno-
typic plasticity and the environment will likely determine the
impact of future environmental change on wild populations.

The adaptive value of plastic responses is often high
under heterogenous environmental conditions, if envi-
ronmental cues are reliable and detected by the organ-
ism (Bonamour et al. 2019). The maintenance, expression
and evolution of plastic responses may be limited by envi-
ronmental conditions. Different studies have examined
the costs and limits of plastic responses to environmental
variation (DeWitt et al. 1998, Relyea 2002, Callahan et al.
2008, Auld et al. 2009, Van Buskirk and Steiner 2009,
Snell-Rood et al. 2010, Murren et al. 2015). Limits of plas-
tic responses are species-, population- and environment-
dependent, and more frequent under stressful environmental
conditions, as well as under conditions rarely experienced by
the individuals (Hendry 2016). Despite the relevance that
plasticity limits may have for organisms inhabiting variable
environments, this topic has been rarely addressed empiri-
cally and deserves further evaluation.

Recent changes in climatic conditions have deeply altered
phenological responses in wildlife (Parmesan 2006). Changes
in phenology, especially if they affect the eatly stages of an
organism life cycle, can have severe consequences for growth
and development later in life, including reductions in fitness
(Monaghan 2007, Forrest and Miller-Rushing 2010, Visser
and Gienapp 2019). However, many organisms show a great
degree of plasticity in their responses to phenological varia-
tion. For example, changes in the onset of early stages of life
cycles can be compensated by modifying the pace of growth
and developmental trajectories (Metcalfe and Monaghan
2001, Monaghan 2007). This particular form of plasticity is
known as compensatory, or catch-up response (Hector and
Nakagawa 2012), and allows organisms to optimize growth
and/or developmental trajectories under variable environ-
mental conditions (Metcalfe and Monaghan 2001, Mangel
and Munch 2005, Dmitriew 2011). This plastic ability can
be constrained by adverse environmental conditions. In
ectotherms, temperature and food availability strongly affect
physiology and metabolism (Angilletta 2009), and both
factors can dramatically limit the capacity of an organism
to compensate for detrimental developmental conditions
early in life. Low temperature reduces growth and develop-
mental rates (Atkinson 1996, Gillooly and Dodson 2000,
Angilletta et al. 2004), and can alter fitness later in life due
its effects on size at maturity (Berrigan and Charnov 1994,
Angilletta et al. 2004). Food scarcity also alters growth and
development, involves reductions in energy storage, immune
function, locomotion performance or survival later in life
(Rolff et al. 2004, Stoks et al. 2006, Inness and Metcalfe
2008, Dahl et al. 2012, Courtney Jones et al. 2015), and
can limit compensatory responses (Metcalfe and Monaghan
2001, Dmitriew and Rowe 2005).
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Organisms living in time-constrained environments are
ideal for the study of the factors limiting compensatory
responses. Amphibians living in temperate environments pro-
vide a good study model for examining how the variation in
the strength of environmental factors can affect the develop-
ment of compensatory plastic responses. Temperate amphib-
ians usually maintain high levels of developmental plasticity
during the larval stage (Urban et al. 2014), and are exposed
to significant variation in the timing of the breeding season
(Beebee 1995, Phillimore et al. 2010, Todd et al. 2011).
Shifts in the timing of phenological events, e.g. hatching or
metamorphosis, have a direct impact on later development
and growth, and can determine survival and reproductive
success (Semlitsch et al. 1988, Altwegg and Reyer 2003, Earl
and Whiteman 2015). Understanding the environmental fac-
tors that limit the development of compensatory responses
to phenological alterations can be crucial for evaluating the
resilience of natural populations under current and future
levels of environmental change.

In this study, we examined the extent and limits of devel-
opmental and growth compensatory responses to phenologi-
cal variation in a time-constrained amphibian. In particular,
we tested how strongly adverse conditions can limit the
development of compensatory developmental responses
during amphibian larval development. On a laboratory
common-garden experiment, we altered not only hatching
timing, but also exposed larvae to variation in two factors
that commonly shape ectotherm’s development: temperature
and food availability. We used the moor frog Rana arvalis,
a species with high degree of developmental plasticity in
response to hatching phenology (Orizaola et al. 2010, 2016,
Richter-Boix et al. 2014). We predicted that 1) larvae will
develop faster in response to a delay in hatching under favor-
able conditions (i.e. warm temperature, abundant food); and
2) the exposure to more adverse conditions (cold tempera-
ture, restricted food) will limit the ability of larvae to com-
pensate for the hatching delay, and may even lead to critical
developmental costs.

Material and methods

'The moor frog Rana arvalis is a widespread Eurasian amphib-
ian, inhabiting from central Europe to eastern Siberia
(Sillero et al. 2014). Breeding is highly dependent on spring
weather conditions, and starts as soon as ice melts in the
ponds. In nature, embryonic development takes about two
weeks, and, after hatching, larvae develop in water for two-
three months until metamorphosis. Spells of cold weather
delay breeding and slow down development in R. arvalis,
as well as in other temperate amphibians (Phillimore et al.
2010, Orizaola et al. 2013, 2016, Richter-Boix et al. 2014).
We collected adult frogs (13 males and 13 females) during
the nightof 11 April 2011 in a pond near Torslunda, Enképing
municipality, central Sweden (59°45'14"N, 17°02'14"E).
We placed the frogs in opaque plastic boxes filled with moist
moss, and transported them to our laboratory at Uppsala



University, where they remained in a dark climate-controlled
room at 4°C until the following morning. We haphazardly
selected males and females to create 13 pairs, and placed each
pair on a plastic container filled with ca 10 | of water (57 X
39 X 28 cm). We placed the containers in a 19°C climate-
controlled room and allowed frogs to mate freely, checking
every hour for the presence of eggs in each container. All pairs
except two laid eggs in the following 48 h, so we finally used
11 full sibships. We released all the adults back to the pond
of origin four days after capture.

Immediately after eggs were detected on each container,
we divided each clutch into six portions and placed them in
0.75-1 plastic vials. We kept two vials from each family in
the climate-controlled room at constant 19°C, whereas we
moved the other four vials to a 4°C climate-controlled room.
We kept two vials at 4°C for six days and the other two for 12
days, and, after these periods, we transferred the eggs back to
the 19°C room. Cold exposure during the embryonic period
slows down development and delays hatching in this species
(Orizaola et al. 2013, 2016, Richter-Boix et al. 2014), and
was intended to mimic a false ‘spring scenario’, a period of
weather fluctuation in which cold winter temperatures come
back right after breeding, something that climate models
forecast to increase in frequency in the near future associated
to climate change (Chamberlain et al. 2019). Temperatures
around 4°C are common in ponds during the breeding
period in the study area (Richter-Boix et al. 2014, for details).

Using cold temperature, we created three hatching treat-
ment levels: 0-day delay (control, normal hatching), 6-day
and 12-day delay. The experiment was a 3 X 2 X 2 factorial
design in which we crossed the three hatching levels with two

temperature levels (larvae reared at 19°C or 15°C) and two
food levels (ad libitum food: tadpoles fed every fourth day;
or restricted food: one feeding time skipped, i.e. tadpoles fed
every cight days; Fig. 1). For the temperature treatments we
used two different climate-controlled rooms set at 19°C and
15°C (+ 0.4°C) respectively. These temperatures are within
the warm and cold sides of the normal range of temperatures
experienced by frog larvae in the collection pond (sRichter-
Boix et al. 2014, for details).

The day most of the larvae from each family and hatching
treatment reached Gosner developmental stage 25 (-2 d after
hatching; complete absorption of gills and active feeding,
Gosner 1960), we haphazardly selected 24 individuals per
family and hatching treatment to be individually allocated
in 0.75-1 opaque plastic vials (six tadpoles per family/experi-
mental treatment combination), randomly distributed within
a shelf system inside two climate-controlled rooms, one at
19°C and one at 15°C. Both embryos and larvae were kept
under a constant 18 light:6 dark photoperiod, similar to light
conditions experienced in central Sweden during early larval
development. In total, there were 11 families X 3 hatching
phenology levels X 2 rearing temperature treatments X 2 food
treatments X 6 larvae per treatment combination, resulting in
792 larvae individually reared until metamorphosis. Before
starting the larval part of the experiment (Gosner 25), we
took a photo of a subset of larvae within each family and
measured larval total length using Image J 1.53a.

We filled the experimental vials with reconstituted soft
water (Richter-Boix et al. 2014, for details), and renewed the
water in all vials every fourth day in conjunction with the food.
We fed larvae with chopped and lightly boiled spinach. Larvae
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Figure 1. Experimental design. The 3 X 2 X 2 common-garden experiment included three phenology levels (control, i.e. 0-day delayed
hatching, 6-day delayed hatching and 12-day delayed hatching), two rearing temperature treatments (19°C and 15°C), and two food levels
(ad libitum, i.e. food supplied every four days, and restricted food, i.c. food supplied every eight days). We used 11 full sibships and six

larvae per sibship and treatment combination.
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in food-restricted treatments were fed every eight days, and all
excess of food in the containers was removed on the fourth
day with the water change, leaving them deprived of food for
the remaining four days (Fig. 1). When larvae approached
metamorphosis (Gosner stage 42; emergence of forelimbs), we
checked the vials twice a day, during morning and afternoon.
At metamorphosis, we calculated the duration of the larval
period as the difference in days between the start of the larval
part of the experiment (Gosner 25) and the date of metamor-
phosis. We measured wet mass to the nearest 0.1 mg after gen-
tly blotting the metamorphs with paper towel. We estimated
growth rate during the larval period as the difference between
body mass at metamorphosis and the number of days elapsed
since the start of the larval part of the experiment.

Statistical analyses

We conducted all statistical analyses in R ver. 3.6.1 (<www.r-
project.org>). We checked for parametric assumptions
through Kolmogorov—Smirnov (/llie.test function, package
nortest, ver. 1.0-4) and Breusch—Pagan tests (bpzest function,
package /mtest, ver. 0.9-37), for normality and homoscedastic-
ity, respectively. In order to meet parametric assumptions, we
log-transformed developmental days and body mass values.
We estimated growth rate as the difference between log-trans-
formed values of body mass and days until metamorphosis.
We fitted linear mixed models (/mer function, package /me4
ver. 1.1-23) including developmental days, body mass or
growth rate as dependent variable, the factors phenology,
temperature and food availability (and their interaction),
as independent variables, and family as random factor. For
analyzing survival, we fitted generalized linear mixed models
with binomial error distribution and logit function, using the
same structure as for the linear mixed models. We obtained
estimated marginal means from the linear mixed models by
using the function emmeans included in the package emmeans
(ver. 1.4.8). When the full models were significant, we per-
formed pairwise comparisons with Tukey adjustment for
multiple comparisons (emmeans package, ver. 1.4.8) in order
to ascertain which treatments caused the previously observed
differences.

Results

Survival was generally high during larval development and
across treatments (88% on average; Supplementary informa-
tion). Survival was higher under ad libitum food conditions
than under restricted food (94% versus 81%; p < 0.001),
and was also affected by phenological delay (ranging from
92%, on average, for non-delayed larvae, to 81%, on average,
for 12-day delay; p < 0.001; Supplementary information).
Overall, we found the highest survival in the more benign
treatment (no hatching delay, warm temperature, food ad
libitum; 98%), and the lowest survival in the more demand-
ing conditions (12-day hatching delay, cold temperature,
restricted food; 68%; Supplementary information).
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Hatching phenology, rearing temperature and food
regime affected the duration of the larval period (p < 0.001
in all cases; Supplementary information). Larval period var-
ied more than 3-fold across treatments, ranging from 37 to
112 days on average (Supplementary information; Fig. 2a).
The duration of the larval period was, overall, shorter for lar-
vae exposed to 12-day delayed hatching, warm temperature
and ad libitum food (Fig. 2a). However, a significant three-
way phenology X temperature X food interaction reveals
that these effects differed between treatment combinations
(¢*=19.88, df=2, p < 0.001). When fed ad libitum, larvae
shortened their developmental period in response to hatching
delays (5.2 days on average for the six-day hatching delay, and
7.7 days for the 12-day delay; Tukey tests p < 0.001 in all
cases; Supplementary information; Fig. 2a). These responses
represent a compensation of 87% and 65% of the delay in
hatching, respectively. In contrast, under restricted food
conditions, larvae were only able to compensate for the six-
day hatching delay under warm temperature (9.6 days, p <
0.001), but not under other conditions (p > 0.66 in all cases;
Supplementary information). Indeed, larvae actually expe-
rienced a severe extension of the larval period when reared
under low temperature and restricted food after a 12-day
delay (112 days on average, p < 0.001; Fig. 2a).

Mass at metamorphosis varied ca 4-fold across treat-
ments, ranging from 0.27 to 0.7 g (Supplementary informa-
tion; Fig. 2b). Body mass was lower under restricted food
conditions (53% lower, on average; y*=543.2, df=1, p <
0.001) and higher in individuals reared under cold tempera-
ture (24% higher, on average; ¥*=82.9, df=1, p < 0.001),
but did not differ among hatching phenology treatments,
overall (¥*=2.9, df=2, p=0.223; Supplementary infor-
mation; Fig. 2b). Under ad libitum food conditions there
were marginal differences in mass among phenology treat-
ments (Fig. 2b; Supplementary information). A significant
interaction between phenology and temperature indicates
that, while under warm temperature mass at metamor-
phosis was highest for larvae reared after a 12-day delayed,
at cold temperature it was lowest for the same treatment
(x*=22.6, df=2, p < 0.001; Fig. 2b). A significant inter-
action between phenology and food availability indicates
that whereas under ad libitum food mass was lowest for
non-delayed individuals, under restricted food conditions
it was highest for non-delayed larvae (y*=11.37, df=2,
p=0.003; Fig. 2b).

Growth rate varied more than 5-fold across treatments,
ranging from 2.7 to 14.3 mg day”' (Supplementary infor-
mation; Fig. 2¢). A three-way significant interaction reveals
a complex pattern of responses among treatment combina-
tions (y*=9.0, df=2, p=0.011). Under ad libitum food and
warm temperature, growth rate was only slightly higher (5%
higher, on average) under six-day hatching conditions com-
pared to control, but much higher under 12-day delay condi-
tions (21% higher, on average; p < 0.001 in all cases). Under
ad libitum food conditions and cold temperature, growth rate
was higher in larvae exposed to hatching delay (13% higher
than in no-delay treatment, on average), but was similar
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Figure 2. Effects of hatching delay treatment (control, 6-day or 12-day delayed hatching), temperature (19°C or 15°C) and food conditions
(ad libitum or restricted food) during the larval period on life-history traits of moor frog Rana arvalis larvae. (a) Duration of the larval
period, (b) Mass at metamorphosis and (c) growth rate during the larval period. The upper and lower ‘hinges’ correspond to the first and
third quartiles (the 25th and 75th percentiles). The upper and lower whiskers reache the highest, and lowest, value within 1.5 X IQR (inter-
quartile range, or distance between the first and third quartiles). The whisker inside the boxplot represents the median.

between 6- and 12-day delay (p=0.701; Supplementary
information; Fig. 2¢). Finally, under restricted food condi-
tions, growth rate was similar regardless phenology treatments
at warm temperature (p > 0.089, in all cases), and particu-
larly low under 12-day delay at cold temperature (25% lower,
on average; p < 0.001, in all cases; Supplementary informa-
tion; Fig. 2¢).

Discussion

Our results reveal how changes in phenology shape life-his-
tory compensatory responses in species with complex life-
cycles, as well as how adverse environmental conditions can
limit these responses. In our experiment, Rana arvalis tad-
poles compensated for a delay in hatching by accelerating

235



development during the larval period, but only under benign
environmental conditions (i.e. warm temperature, ad libitum
food). Under more stringent conditions (i.e. cold tempera-
ture, restricted food), compensatory responses were pre-
vented, and longer phenological delays even resulted in the
complete disruption of development. These results show the
crucial role that rapid environmental shifts at early life may
have for the survival odds of organisms in species with com-
plex life-cycles.

The ability to plastically respond to shifting environ-
mental conditions that induce an arrest in development is
often adaptive for organisms living in time-constrained
environments. In species with complex life cycles living in
seasonal environments, speeding up development once favor-
able conditions are restored allows organisms to shift eco-
logical niches and reach the next life stage before conditions
deteriorate later in the season (Johansson and Rowe 1999,
Johansson et al. 2001, Stoks et al. 2006, Rudolf and Rédel
2007, Mikolajewski et al. 2015). In our study, individuals
that experienced a hatching delay after the exposure to cold
temperature that arrested embryonic development, acceler-
ated larval development, metamorphosed in a shorter time,
and recovered most of the developmental delay, even after
a 12-day hatching delay. These results agree with theoretical
models that predict faster life histories in organisms facing
time-constrained environments (Rowe and Ludwig 1991,
Werner and Anholt 1993, Abrams et al. 1996), and confirm
a common pattern observed in many ectotherms living in
seasonal environments (Johansson and Rowe 1999, De Block
and Stoks 2004, 2005, Gotthard 2008, Sniegula et al. 2012,
Rowiriski et al. 2020), including amphibians (Orizaola et al.
2010, 2016 Richter-Boix et al. 2014). Developmental accel-
eration in response to phenological change took place with
little change in mass at metamorphosis within each tempera-
ture—food treatment, which likely reflects the ecological rel-
evance that body mass has for fitness during the adulthood
in ectotherms, and specifically in species with complex life
cycles (Rowe and Ludwig 1991, Altwegg and Reyer 2003,
Earl and Whiteman 2015). The combination of shorter lar-
val periods with small differences in mass at metamorphosis
resulted in a general increase in growth rates in larvae coming
from delayed-hatching treatments.

Compensatory responses were attenuated both by cold
temperature and restricted food availability, and severely lim-
ited when these two factors were combined. As expected, cold
temperature induced a longer larval period and higher mass
at metamorphosis. Food deprivation alone resulted, in gen-
eral, in the extension of the larval period and the reduction
of mass at metamorphosis. However, the strongest impact
on compensatory responses was caused by the combination
of both adverse conditions (i.e. cold temperature, restricted
food). Under cold temperature and restricted food, larvae
were not able to compensate for the initial delay in hatching,
unlike under more favorable conditions. The effect of cold
conditions and food restriction on compensatory responses
was clearly dependent on the strength of the phenologi-
cal delay. While moderate delay in hatching (i.e. six days)
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prevented the development of compensatory responses, the
strongest phenological delay (i.e. 12 days) caused a maladap-
tive extension on the larval stage and increased mortality rate.
Furthermore, survival was lowest under the more demanding
conditions (68% survival for larvac under 12-day hatching
delay, cold temperature, restricted food), likely due to meta-
bolic malfunction during larval development (Burraco et al.
2020). These results show how adverse environmental condi-
tions can limit the ability to induce compensatory responses,
affect survival and even disrupt development in otherwise
highly plastic species. The loss of compensatory abilities may
have dramatic consequences for organisms living in seasonal
habitats, and highlights the impact that climatic unpredict-
ability at early life may have on species resilience.

Larvae were not able to fully compensate the develop-
mental delay in most cases, even under favorable tempera-
ture and food conditions (under which they recovered, on
average, only a 87% of the hatching delay). The observed
increase in developmental rates clearly indicates that normal
development is sub-maximal and below physiological lim-
its, likely revealing the existence of associated costs to a high
pace-of-life (Dmitriew 2011). Compensatory responses in
developmental rates can induce physiological and metabolic
costs (Rolff et al. 2004, Stoks et al. 2006, De Block and Stoks
2008a, b, Burraco et al. 2017, 2020, Murillo-Rincén et al.
2017, Janssens and Stoks 2018). Furthermore, compensatory
responses can also interfere with the mounting of behavioral
and morphological antipredator phenotypes (Orizaola et al.
2013, 2016), incur in predation costs (Gotthard 2000,
Stoks et al. 2005), lead to higher mortality under food short-
age later in life (Dmitriew and Rowe 2007), and may even
reduce reproductive success (Tiiziin and Stoks 2018; reviews
in Yearsley et al. 2004, Dmitriew 2011). In our system, costs
of fast development and growth may be too high for larvae
to achieve full compensation, and would explain that food
restriction was the most limiting factor for the development
of compensatory responses. Compensatory responses in
amphibian larvae are fast and take place mostly at early lar-
val stages (Burraco et al. 2020), which may have also limited
compensatory responses in larvae under more intense hatch-
ing delay conditions (12-day delay). Despite the putative
costs of these responses, developmental and growth plasticity
during early life stages is widespread in nature, and particu-
larly well known in amphibian larvae, allowing individuals
to adjust their life-histories to cope with different levels of
stress early in life (Newman 1992, Benard 2004, Rose 2005,
Wells 2007). Although great effort has been put in under-
standing the conditions that shape developmental plasticity
in organism with complex life-cycles, further examination of
the ecological and evolutionary factors that may limit plastic
strategies is still needed.

A remarkable aspect of the observed responses, is that they
were developed by larvae born in the laboratory and never
exposed to external cues indicating the advance of the sea-
son. This agrees with previous studies, and confirms the exis-
tence of time-keeping mechanisms activated already during
embryonic stages in amphibians (Richter-Boix et al. 2014,



Orizaola et al. 2016). These mechanisms may include changes
in the identity and levels of hormones and proteins, modifi-
cations in epigenetic and genetic profiles, or effects mediated
by the maternal circannual clock (Bell and Hellmann 2019;
see also Richter-Boix et al. 2014, for a detailed discussion).
The transfer of seasonal cues from parents to offspring has
been rarely explored until now (Uller 2008), although some
studies have also suggested its role in other animal groups
(e.g. insects, Mousseau and Dingle 1991; birds, Groothuis
and Schwabl 2007). Transgenerational transfer of sea-
sonal cues should be examined in greater detail, since these
responses are likely widespread and may constitute a highly
adaptive mechanism to cope with environmental variation
in seasonal, unstable habitats (Galloway and Etterson 2007,
Donelson et al. 2018).

In summary, our study reveals how environmental varia-
tion affects, and even prevents, the development of responses
to phenological alteration in a temperate amphibian. This
work highlights the relevance that unpredictable and unfa-
vorable environments may have for individual life-histories in
organisms with complex life-cycles. Studies examining how
adverse ecological conditions can limit plastic responses are
still scarce. However, only by understanding how life-histo-
ries are affected by unstable and extreme environments, we
will be able to accurately forecast how environmental altera-
tion will impact on wild populations in the near future.
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