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Global climate warming results in an increase in mean temperatures and in the
frequency of extreme climatic events (ECEs), which could both strongly impact
ecosystems and populations. Most studies assessing the impact of global
warming on ecosystems have focused on warming trends while neglecting
ECEs. In particular, the effects of multiple ECEs on fitness, and their conse-
quences for selection, are still missing. Here we explored the effects of daily
extreme rainfalls, as well as the occurrence of extremely hot and cold days,
on clutch size and laying date in a wild blue tit population (Cyanistes caeruleus)
monitored over 25 years. During the nestling phase (8-15 days old), the
number of fledglings in a brood was negatively correlated with extremely
hot days. The presence of extremely hot days between days 8 and 15 was
also associated with an increase in the strength of selection acting on laying
date, independently of mean temperature trends during the same period:
when 10% of broods in the population experienced this type of ECE, selection
for earlier breeding increased by 39%. Our results represent a unique
quantification of the impact of multiple ECEs on the fitness landscape and
emphasize their role as climatic drivers of selection.

This article is part of the themed issue ‘Behavioural, ecological and
evolutionary responses to extreme climatic events’.

1. Introduction

Global climate change results in an increase in mean temperatures over global
land and sea areas and generates new environmental conditions for wild popu-
lations [1]. The influence of this warming trend on many taxa, such as plants
[2], birds [3], insects [4] and mammals [5], is now a primary research area.
Along with a rise in mean temperatures, climate change is also characterized
by an increase in the frequency of extreme climatic events (ECEs) such as
floods, hurricanes and droughts [6,7]. However, most studies interested in ecosys-
tem responses to changes in climate in an evolutionary ecology context have
focused on mean climatic trends, generally ignoring the potential effects of
ECEs [8—-10]. Recently, studies exploring the impact of ECEs on wild populations
have shown striking effects on animals [11] and plants [12,13]. For instance,
droughts significantly affect above-ground biomass [14] and phenology [15] of
several plant species in Europe. In animals, ECEs were shown to impact the repro-
ductive success and survival of many species [11,16]. In particular, partial or
complete reproductive failure was observed in bird populations after ECEs
such as the 1982-1983 El Nino Southern Oscillation Event [17], a significant cool-
ing in 1991 in the Arctic [18] or flooding events [19]. Although less explored, ECEs
occurring in the non-breeding season, such as harsh winters, have been shown to
reduce adult survival in birds [20] and mammals [21].

Beyond such quantitative assessment of the impact of ECEs on organisms’
survival and reproductive output, there is now a necessity to understand how
wild populations will adapt to this new threat. Theory predicts that populations
could adapt to perturbations such as rapid climate change via phenotypic

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2016.0372&domain=pdf&date_stamp=2017-05-08
http://dx.doi.org/10.1098/rstb/372/1723
http://dx.doi.org/10.1098/rstb/372/1723
mailto:pascal.marrot@usherbrooke.ca
https://dx.doi.org/10.6084/m9.figshare.c.3725269
https://dx.doi.org/10.6084/m9.figshare.c.3725269
http://orcid.org/
http://orcid.org/0000-0003-1477-2370

Table 1. Studies assessing the impact of ECEs on the selection pressures
acting on key adaptive traits. In all these studies, ECEs reinforced natural
selection.

extreme
species traits event references
Fulmarus individual extreme [27]
glacialoides quality® sea ice
conditions
Geospiza fortis beak size el Nino event [26]
Haematopus nest flooding [19]
ostralegus elevation
Hirundo rustica arrival date extremely cold [28]
spring
Passer body size extreme storm [29]
domesticus
Petrachelidon body size cold weather [30]
pyrrhonota
Riparia riparia body size severe drought [31]

%Individual quality refers here to the acquisition and allocation of resources.

plasticity and evolutionary change. Evidence for plastic
changes in response to climate warming in wild populations
has been often reported in taxa such as plants [22], birds [23]
and mammals [5]. Evidence for evolutionary responses
to rapid warming remains relatively rare [24]; less than 20
studies have shown genetic changes in adaptive traits such as
morphology, phenology or dispersal (see [25] for a review).
However, evidence for plastic or genetic responses to ECEs is
still missing [11,16], largely because of lack of investigation.
To our knowledge, the evolutionary response of beak size in
Darwin finches (Geospiza sp.) after a severe El Nino event [26]
remains the only example of an adaptive response to an ECE.

An evolutionary response to an ECE will occur only if the
event causes a selective impact on heritable traits in the popu-
lation. A selective impact refers to a fitness differential (e.g.
reproductive success, survival) caused by a difference in phe-
notypes. In other words, an ECE should discriminate
phenotypes based on their fitness consequences in order to
affect the fitness landscape and thereby result in selection. A
few studies have shown a selective impact of ECEs in wild
populations (see table 1). For example, Brown & Brown [30]
showed that cold weather during late spring in 1996 reduced
a population of cliff swallows (Petrochelidon pyrrhonota) by
about 53%, while resulting in stronger selection for larger
body sizes. Previous studies exploring the selective pressure
imposed by a single ECE could, however, seldom quantify
the selective impact of the number and/or the frequency of
ECEs experienced by populations (table 1), nor disentangle
them from the effect of mean weather conditions (but see
[19]). To clearly identify the selective impact of ECEs, studies
exploring multiple ECEs and comparing them with mean
climatic variables are currently needed [16].

Here we investigated the impact of ECEs in a wild popu-
lation of blue tits (Cyanistes caeruleus). More specifically, we
assessed the effects of extreme daily temperatures and rainfall
during the breeding season, on fitness and selective pressures
acting on two fundamental life-history traits: laying date

(date of first egg laid) and clutch size (number of eggs
laid). The blue tit is an insectivorous passerine living in temper-
ate forests of Europe and Western Asia, breeding from March
to June in southern France [32]. Both laying date and clutch
size are typically under directional selection in blue tits,
where early breeding birds laying large clutches are favoured
[33,34]. Parental care for young in the nest lasts about 21
days and is crucial for the fledgling success of the brood,
which is strongly determined by nestlings” body mass.
During the rearing period, nestlings are almost exclusively
fed with leaf-eating caterpillars, which are available for only
two to three weeks [35]. Ideally, nestlings should be 9-11
days old at the peak of caterpillar abundance, with a mistiming
between food demand and abundance resulting in high ener-
getic costs and low reproductive success [36]. Since recent
climate warming has resulted in a shift towards earlier cater-
pillar phenology [9,37], tit species, which rely on caterpillars
to feed their nestlings, have been extensively studied in
their responses to climate change [38,39]. Weather conditions
such as temperature and rainfall have been shown to cause
complex effects on the growth of blue tit nestlings [40],
independently of caterpillar phenology. For example, warm
temperatures during spring were shown to both increase [41]
and decrease [40] the growth rate of blue tit nestlings. Similar-
ly, heavy rainfalls were positively related to growth rate in blue
tit nestlings [40]; yet in great tits (Parus major), parents signifi-
cantly reduced their feeding rate during rainfalls [42],
causing a 10-20% reduction in nestling growth rate [43]. An
important limit of these studies is that the impact of ambient
weather conditions during the nestling period has only been
explored within the average range of climatic values, without
considering ECEs.

The objective of this study was twofold. First, we explored
the impact of extreme daily rainfalls, extremely cold and
extremely warm temperatures across nestling growth stages.
Second, we identified the ECEs and the nestling stages influ-
encing fledgling success, and we tested the consequences of
ECEs on the directional selection acting on laying date and
clutch size. In doing so, we also included daily mean temp-
eratures and rainfalls for each nestling stage within these
analyses, in order to compare their impacts to ECEs.

2. Material and methods
(a) Study area and fieldwork

Our analyses were based on data from a long-term study of blue
tits in the forest of La Rouviere, near the city of Montpellier
(43°40' N, 03°40' E), southern France. Since 1991, nest boxes
have been routinely monitored from the onset of nest construc-
tion until all nestlings have fledged (see [32] for further
details), which is when chicks are 19-21 days old [44]. For
each brood, laying date (date of the first egg laid, 1 March = 1)
and clutch size (number of eggs laid) are recorded. Parents are
captured in nest boxes when chicks are 9 days or older, and
are uniquely marked with metal rings (provided by C.R.B.P.O,
France). Nestlings are ringed when 9-15 days old.

(b) Climatic data

Daily temperatures and rainfalls were obtained from a weather
station (43°44'30” N, 3°35'40” E) located approximately 9km
from the breeding site. Daily mean temperatures were estimated
as  (daily minimum  temperatures + daily = maximum
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temperatures)/2. Anomalies in temperature were estimated as the
difference between daily temperatures and monthly temperatures
over the 1991-2015 period.

(c) Extreme climatic event variables

We defined an ECE as a 5% or less probability of event occur-
rence across the study period (1991-2015), regardless of the
calendar month when the event occurred. Commonly used by
climatologists [11,16], this threshold facilitates the comparison
of ECE responses among study systems [16]. Moreover, this
5% probability was the smallest possible threshold guarantee-
ing at least one ECE for each climatic variable explored. A 1%
probability resulted in at least one ECE variable having no
occurrence over the study period, thereby preventing us from
using such an extreme threshold. This analysis could have
been done differently using a ‘biological” definition (i.e. when
ECEs are defined based on their effect on populations), as, for
example, a threshold based on the decrease in the population
growth rate following an ECE. However, because our aim was
to compare the extreme (i.e. rare) versus the mean climate selec-
tive impact, we used a ‘statistical’ definition. Note that the
definition of ECEs is still actively debated in the literature,
with some authors using a statistical [45,46] or a biological
[12,47] threshold.

We explored the presence/absence of three types of ECEs:
(i) an extremely cold day (corresponding to a daily anomaly in
mean temperature of —5.31°C or less, abbreviated COLD T°C),
(i) an extremely hot day (corresponding to a daily anomaly
in mean temperature of 4.98°C or more, abbreviated HOT T°C),
and (ili) a daily extreme rainfall (corresponding to a rainfall
exceeding 15 mm, abbreviated Ext RAIN). The presence/absence
of these three ECEs was explored across three nestling periods:
(i) from the hatching date to the point when the chicks are
7 days old (abbreviated HAT for hatchlings), chicks becoming
self-thermoregulated at 7 days [44]; (ii) from day 8 to day 15
after hatching (abbreviated NES for nestlings), corresponding
to the peak of food requirement for nestlings [48]; and (iii) from
day 16 to day 21, corresponding to the pre-fledgling period
(abbreviated FLE for fledglings). Broods are not visited after
day 15 but nestling survival until fledging is estimated based on
observations of nest content at day 22 or later. Overall, we thus
explored the impact of the presence/absence of nine different
ECE types (three daily ECEs in three chick periods), all coded as
binomial variables.

Because we wanted to compare ECE effects with mean-
weather effects, we also used two mean climatic variables
within each nestling stage. We estimated the mean temperature
(abbreviated MEAN T°C) and rainfall (abbreviated MEAN
RAIN) during each chick stage, hence a total of six mean climatic
variables explored. The statistical analyses (below) accommodate
for collinearity between some of the climatic variables.

(d) Statistical analyses

All statistical analyses were carried out using the software R
(v. 3.1.1) [49]. Analyses were conducted on female individuals
that were not subject to any experimental manipulation, with a
dataset of 1389 breeding observations on 762 female blue tits
breeding between 1991 and 2015. Out of 1869 first broods over
the course of the study (including experimental broods), only
29 (1.6%) were followed by a second brood, which is why we
considered first broods only in our analyses.

(i) Brood-centred extreme climatic events and number of
fledglings

Our aim here was to assess the impact of our 15 climatic variables
(nine ECEs + six mean climatic variables) on the number of

fledglings per brood, hence our best annual estimation of repro- n

ductive success. We used a linear mixed model relating the
number of fledglings to the 15 climatic predictors, including
female identity and year as random effects. Because we have no
a priori hypothesis regarding which variable should affect the
number of fledglings, we used a model-averaging approach
[50,51]. This approach allows one to test multiple hypotheses in
the same analysis using the AIC (Akaike Information Criterion,
[52]). The method is based on three steps, which are (i) the gener-
ation of all possible sub-models from the set of predictors of
interest (our 15 climatic variables, leading to 32 768 models gener-
ated); (ii) the selection of the best models given their AIC (here we
selected the 95% confidence set of models, leading to 1912 models
selected); and (iii) the averaging of estimates of predictors among
all selected models weighted by the Akaike weight of each
model (see [50] for further details on this approach). Subsequently,
we calculated the relative importance of each predictor by sum-
ming the Akaike weights from each model in which the specific
variable appeared. This relative importance can be interpreted as
the probability that the variable of interest is a component of the
best model [51]. We considered that a variable significantly
affected the number of fledglings if its relative importance was
above 80%. The model-averaging analysis and mixed-model
analysis were conducted using the MuMIn [53] and the Ime4 [54]
packages, respectively, in R.

(ii) Population-centred extreme climatic events and the force of

natural selection

After identifying climatic variables affecting the number of
fledglings, we explored their impact on the selection gradient esti-
mated for laying date and clutch size (simultaneously). The linear
selection gradients for laying date and clutch size were defined as
the slope of the regression of relative fitness (i.e. number of fledg-
lings) on the traits [55]. Relative fitness corresponded to individual
fitness divided by the annual mean fitness of the population and
did not strongly deviate from a Gaussian distribution (electronic
supplementary material, figure S1). We did not further explore
nonlinear selection acting on laying date and clutch size because
quadratic and correlational selection estimates were not significant
for both traits (results not shown). Female identity was included
as a random effect. Year was not added in the model since relative
fitness is estimated within each year. The effect of previously
selected ECEs was estimated by including interaction terms
between reproductive traits and ECEs in the fixed part of the selec-
tion models. The significance of these interaction terms was
estimated using an F test using the ImerTest [56] package in
R. Note that ECE variables used in selection models were not
coded as presence/absence of brood-centred variables, as used
in the model-averaging analyses. Indeed, because we were inter-
ested in the fluctuations in selective pressures (acting at the
population level), we constructed population-centred ECE vari-
ables. These variables corresponded to the number of broods
experiencing at least one ECE during each chick period within
each year. However, since the number of available nest boxes
changed across years, our ECE variables strongly depended on
the absolute number of occupied nest boxes within each year.
Hence, we divided these ECE variables by the number of broods
within each year in order to compare the ECE selective effect
across years independently of the number of occupied nest
boxes. In short, for a given nestling stage, an annual ECE variable
referred to the percentage of broods experiencing at least one ECE
among all broods during 1 year.

(i) Mean climate versus extreme climatic event influences on

selection
After identifying ECE variables correlated with selection
gradients, we aimed to estimate their effects independently of
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the mean weather. For this purpose, we constructed four models
of selection:

MI: w; = a+ Byp.LD; + Bes.CS: + e,
M2: w; = a+ Brp.LD; + Bcs.CS; + bypanip- LD;.MEAN; + ¢;,
M3: w; = @+ Bup.LD; + Bes.CSi + bacyip. LD;ECE; + ¢;
and M4:w; = a+ Bip-LD; + BCS'CSi + bECE,LD~ LD;.ECE;
+ bymeanip- LDi.MEAN; + ¢;,

where w is the relative fitness; i refers to the individual values;
LD and CS are measured traits for laying date and clutch size,
respectively; and ¢; are residuals. 8 values can be interpreted as
directional selection gradients [30] for laying date and clutch
size. bgcg,Lp and byean Lp are the estimated terms for the inter-
action of values of laying date and the annual values of the ECE
(ECEi) and the MEAN (MEAN!/) climatic variables. MEAN vari-
able refers to the mean daily temperature and/or precipitation
experienced by broods during a specific nestling period, aver-
aged across all broods. The four models were compared two
by two using a likelihood ratio test (LRT), to test specific
assumptions: (i) a comparison of models M1 versus M2 and
M1 versus M3 tested whether selection acting on laying date
was related to mean weather and ECE, respectively; (ii) a com-
parison of models M2 versus M4 indicated if selection acting on
laying date was related to ECE independently of mean weather.

3. Results
(a) Annual reproductive success and climate
fluctuations

Our first aim was to identify any ECE and/or mean climatic
variable related to reproductive success (i.e. number of fledg-
lings), depending on the nestling stage at which they
occurred. A preliminary model, based on the regression of
the number of fledglings on the nestling stages at which
our three ECEs occurred, indicated to us that the effect of
ECEs on the number of fledglings depended on the nestling
stage in which they occur (electronic supplementary material,
table S1). Among our 15 potential predictors explored, two
were significantly related to the number of fledglings (relative
importance more than 80%, table 2): (i) NES HOT T°C was
negatively correlated with the number of fledglings
(—0.841 + 0.254); (ii) FLE HOT T°C was positively correlated
with the number of fledglings (0.705 + 0.348). These ECEs
were also significantly related to the number of fledglings
when tested in a ‘null-hypothesis’ framework (using an F
test; all p < 0.01). The number of fledglings was also negatively
correlated with the presence of heavy rainfalls (Ext RAIN)
during the NES (—0.505 + 0.387) and the FLE (—0.429 +
0.320) stages, yet this effect was only marginally significant
since their relative importance indices were 75% and 77%,
respectively. However, these effects of rainfall during the
NES and FLE stages were significant when tested in ‘null-
hypothesis’ frameworks (using F test; p <0.001 and p=
0.041 for extreme rainfalls during the NES and FLE nestling
stages, respectively). All climatic variables occurring during
the hatchling period (0-7 days) were uncorrelated with the
subsequent number of fledglings (relative importance did not
exceed 29% for this nestling stage, table 2). Interestingly, the
number of fledglings was not correlated with any mean
climatic variable (relative importance did not exceed 50%,
table 2). Note that our 15 predictors were uncorrelated
(electronic supplementary material, table S52).

Table 2. Summary results of the model-averaging approach exploring the
effect of average climatic and ECE variables on the number of fledglings in
blue tits. The climatic measures concern three successive nestling stages: 0—7
days (HAT), 8—15 days (NES) and 17-21 days (FLE). The averaged slope
corresponds to the averaging of predictor estimates among all selected
models weighted by the Akaike weight of each model. These slopes can be
interpreted as the effect of the presence of ECEs and the mean dimate
(temperature and precipitation) during each nestling stage on the number of
fledglings. See §2 for abbreviations used here. Relative importance represents
the probability that the variable was included in the best model. Variables
with a relative importance above 80% are shown in italics.

ECE and MEAN relative
dimate by stage averaged slope importance (%)
Intercept 7.988 + 0.304 —
HAT MEAN T°C —0.012 £ 0.038 14
HAT MEAN RAIN —0.001 + 0.007 3
HAT HOT T°C —0.067 + 0.182 27
HAT COLD T°C 0.078 + 0.194 29
HAT Ext RAIN —0.038 £ 0.124 2
NES MEAN T°C 0.007 + 0.029 9
NES MEAN RAIN —0.038 + 0.061 3
NES HOT T°C —0.841 + 0254 99
NES COLD T°C 0.018 + 0.171 23
NES Ext RAIN —0.505 + 0.387 75
FLE MEAN T°C —0.075 4+ 0.087 50
FLE MEAN RAIN 0.001 + 0.014 5
FLE HOT T°C 0.705 + 0.348 93
FLE COLD T°C 0.414 + 0476 60
FLE Ext RAIN —0.429 £+ 0320 77

(b) Natural selection variation with extreme
climatic events

Both laying date and clutch size were under directional selec-
tion (Braying date= —0.036 £ 0.011 and Bcruech size=0.125 +
0.010). We focused on NES HOT T°C and FLE HOT T°C,
the two ECEs significantly correlated with the number of
fledglings (table 2), to explore their impact on selection
acting on clutch size and laying date. Between these two
ECEs, only the proportion of broods experiencing at least
one extremely hot day during the nestling stage (NES HOT
T°C) was significantly and negatively correlated with the
directional selection on laying date (table 3). This means
that the proportion of broods in the population experiencing
at least one extremely hot day between days 8 and 15
increased the strength of selection for earlier laying date
(since laying date is under negative directional selection).
Given both the value of the interaction term (—0.130 +
0.037, table 3) and the directional selection gradient for
laying date, it suggests that the magnitude of the directional
selection gradient is increasing by approximately 39% for
every 10% of broods experiencing an extremely hot day
during the nestling stage (day 8—day 15). None of the inter-
actions between ECEs and clutch size (which itself was
under positive directional selection) was significant (table 3).
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years with at least one ECE of heat

(a) (during nestling stage) (b) years without any ECEs of heat
2.0 4 2.0+
1.5 1.5
&
£
= 1.0 1.0
Z
=
5]
0.5+ 0.5 1
0- 0-
-3 2 -1 0 1 2 3 4 -3 2 -1 0 1 2 3 4

laying date standardized by year laying date standardized by year

Figure 1. Directional selection gradient for laying date (solid lines) estimated on a dataset containing only years that did (a) or did not (b) experience at least one
extremely hot day during the nestling period. The datasets (a) and (b) included 14 (n = 843) and 11 (n = 543 broods) years, respectively. Dashed curves represent
95% Cls. See detailed estimates in table 4.

Table 3. Effect size (+5s.d.) of ECE effects on the directional selection gradients for laying date and clutch size. The coefficients are those of interaction terms
of ECEs with the life-history trait, and can be interpreted as the absolute change in selection gradients for every 10% of the population experiencing an
extremely hot day during the nestling (NES) or the fledgling (FLE) stage. See §2 for meanings of abbreviations. The significant interaction term between laying
date and the percentage of broods experiencing at least one extremely hot day during the nestling stage within each year is shown in italics.

ECE in interaction with the trait clutch size

laying date

NES HOT T°C
FLE HOT T°C

—0.130 + 0.037
—0.070 £+ 0.044

<0.001
0.117

0.060 + 0.038
0.026 + 0.044

0.113
0.556

Table 4. Directional selection gradients (B) for blue tit laying date estimated on two datasets including either at least one ECE or no ECE. The coefficients
express the change in relative fitness for one standard deviation of the life-history trait. ECE here represents a brood experiencing an extremely hot day during

the nestling stage (8—15 days old). p-Values were obtained from a LRT. n, numbers of broods.

dataset used B
at least one ECE detected —0.073 4+ 0.012
no ECE detected —0.028 £+ 0.015

To further understand the effect of NES HOT T°C on the
selection acting on laying date, we conducted a selection
model on two sub-datasets: a sub-dataset containing only
years (n = 14) with at least one extremely hot day experi-
enced by some broods during the nestling stage (NES HOT
T°C > 0), and one containing years (n=11) without any
extremely hot day experienced by broods (NES HOT T°C =
0). The directional selection acting on laying date was signifi-
cant only in the sub-dataset of years with at least one
extremely hot day during the nestling stage (table 4). More-
over, selection was 2.5 times stronger in the dataset with
NES HOT T°C > 0 (figure 1).

(0) Influence of mean versus extreme climate

We focused here only on NES HOT T°C, i.e. the ECE ident-
ified as related to selection for earlier laying date. We
constructed the four models presented in §2, exploring the
effects of MEAN and ECE climatic variables on selection
acting on laying date (electronic supplementary material,

p-value number of years n
<0.001 14 843
0.060 1 543

table S3). Results of LRT conducted between each model
pair showed that: (i) the average mean temperature during
the nestling period within each year was not significantly
related to the strength of selection on laying date (M1
versus M2 LRT, p = 0.45); (ii) the proportion of broods experi-
encing at least one extremely hot day during the nestling
period was significantly related to the selection on laying
date (M1 versus M3 LRT, p < 0.001); and (iii) the proportion
of broods experiencing this ECE was related to the strength
of selection on laying date independently of the mean
temperature during the same chick stage (M2 versus M4
LRT, p < 0.001).

4. Discussion

Extreme climatic events explored in this study affect both
absolute fitness of individual blue tits and the force of natural
selection acting on their timing of reproduction. The presence
of an extremely hot day was negatively and positively
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correlated with the number of fledglings when occurring
either during the NES or the FLE stages, respectively. Also,
the number of fledglings tended to be negatively affected
by the presence of a daily rainfall exceeding 15 mm during
both the NES and FLE periods, but this influence was only
marginal. Importantly, the presence of an extremely hot
day during the NES period strengthened the selection gradi-
ent acting on laying date, independently of effects of the
mean temperature on selection. We thus show here that punc-
tual events of extreme heat can result in stronger selection for
precocious phenology in breeding, in a more important way
than can high average spring temperatures.

(a) Effect of extreme climatic events on the number of
fledglings

Our model-averaging approach showed that the number of
fledglings per brood was negatively affected by the presence
of an extremely hot day (HOT T°C) during the nestling (8-15
days old, NES) fast growth stage. This finding is consistent
with a recent study on blue tit nestlings, which showed that
growth rates in several morphological traits were lower when
ambient temperatures were high [40]. Also, negative impacts
of temperature on nestling growth rate have been shown in
Eastern Kingbirds (Tyrannus tyrannus) [57] and white-crowned
sparrows (Zonotrichia leucophrys) [58]. However, our results
partly contradict previous studies that showed a positive
effect of high ambient temperatures on nestling growth rate
in other passerines (e.g. [59,60]). Here, we only detect a positive
effect of extremely hot days during the fledging (16—21 days)
late growth stage. It should also be noted, however, that all
these previous studies investigated temperature effects until
chicks reach the adult size (day 15), and within the average
range of climatic values, excluding ECEs. Instead, our results
suggest that temperature effects on chicks mainly arise from
extreme temperature values rather than mean values. The
differential effect of temperature across nestling stages (nega-
tive and positive for the NES and FLE stages, respectively)
could be mediated by parental feeding behaviour. Indeed, pre-
vious studies showed a decline in the parental feeding rate after
14-16 days [61,62]. Hence, if extremely hot days have a detri-
mental effect on caterpillar abundance, or on the ability of
parents to forage, then the extreme heat will be particularly
harmful during the fast growth stage, that is §-15 days. How-
ever, while we would have predicted less or no effect of
adverse conditions during the last, less energetically demand-
ing nestling stage, the positive effect of hot weather after
15 days is still difficult to explain. Any interpretation is at
this point speculative, yet it could be interesting to investigate
whether heat waves during the last nestling stage have sub-
stantial negative effects on nestling predators (or merely
reduce predator activity), thereby positively affecting nestling
survival.

Although only marginally non-significant, the presence of
extreme rainfall after the 7th day (NES and FLE stage) is nega-
tively correlated with the number of fledglings. Previous
studies exploring the effect of rainfall on nestlings highlighted
complex effects. Indeed, while rainfalls were shown to cause a
10-20% reduction in nestling growth rate in great tits [43],
resulting in a reduction of fledgling weight [42], other investi-
gations demonstrated a null correlation [60] or a positive
correlation between nestling growth rate and rainfall [40]. As
for temperatures, these previous studies only explored the

impact of ‘heavy’ rainfalls (i.e. rainfall higher than 1 mm
[42,43]), and could not disentangle it from extreme rainfalls.
Yet, our results demonstrate that the mean rainfall during
each nestling stage does not influence the number of fledglings,
thus highlighting the impact of rain through ECEs solely (i.e.
rainfall higher than 15 mm).

Our analytical approach allows the decomposition of ECE
effects within each nestling growth stage, providing a fine res-
olution of processes acting at each stage and for each brood.
Contrastingly, an analysis conducted on ECEs over the entire
breeding season did not identify any ECE affecting the
number of fledglings in our population (see electronic sup-
plementary material, table S4). An obvious limitation of our
correlative approach, however, is that the causal path of each
effect is unknown. For instance, the negative effect of extremely
hot days during the NES stage could come either from a
decrease in the feeding rate (through an effect on parents;
[42]) or from a direct impact on nestling physiology [43],
or both.

(b) Selective impact of extreme climatic events

Although ECEs have been previously shown to strongly
impact the reproductive success of wild bird populations
(e.g. [63-65]), their impact on the selective landscape remains
poorly assessed (but see table 1). Our analyses reveal an
increase in natural selection acting on laying date due to
extremely hot days during the NES stage: selection is more
negative (i.e. favouring earlier laying birds) during these
events. The underlying cause of this selective effect could be
related to an increase in ECE occurrence/probability as the
breeding season advances, which could result in partial repro-
ductive failure for later breeders. Indeed, in our population,
the probability that an extremely hot day occurs during the
NES stage increases by a factor of 1.41 (95% confidence
intervals: 1.24-1.63 extracted from a binomial regression)
for one standard deviation in laying date (s.d.=7.6 days).
The proportion of broods experiencing a partial reproduc-
tive failure increases significantly from 33% to 66% (x*=
19.01, p < 0.001) for broods affected by an extremely hot day
during the NES stage. These results emphasize the selective
impact of ECEs on laying date, which seems maximized
during the NES stage. However, our analyses only used the
number of fledglings as a fitness proxy, ignoring the selection
acting through the number of recruits. Indeed, the number of
recruits might be influenced by the extreme weather in
winter, potentially shaping the selection patterns driven by
the climate we detected. We did not explore the effects of cli-
mate on the number of recruits because (i) this fitness
component is less affected by parents’ traits than the number
of fledglings, and (ii) the number of recruits is potentially
affected by the winter climate, increasing drastically the
number of potential climatic agents to explore. Moreover, we
only explored the selective impact of ECEs identified in the
model averaging, which means that we focused only on
ECEs acting on mean fitness. This approach would not detect
an ECE having no effect on the mean fitness of the population
yet with a differential effect on individual fitness depending on
the phenotype. For example, an ECE decreasing the fitness of
later breeders and increasing the fitness of earlier breeders
would not be detected in our model-averaging procedure
because its effect on mean fitness would be null. These types
of selection patterns could be detected by fitting an interaction
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term between ECEs and traits in our model-averaging pro-
cedure, yet unfortunately increasing drastically the number
of models generated. Finally, although a strong directional
positive selection acting on clutch size is detected, no ECE is
identified as a selective agent, meaning that the negative
impact of ECEs on fitness is independent of the number of
eggs laid.

(c) Mean versus extreme climate selective impact
Our results suggest that the ECE effects on selection pressures
are independent of the mean weather conditions. In fact, our
analysis reveals no effect of the average temperature on selec-
tive pressure acting on laying date, when including ECEs in
the analysis. This result emphasizes the importance of consid-
ering ECEs when analysing selective pressures in the context
of climate change and suggests a predominant role of ECEs in
shaping the fitness landscape and its temporal fluctuations
[66]. Several previous studies explored the impact of mean
temperature on laying date [67,68] and natural selection
acting on laying date [69], without considering ECEs. More
studies are thus needed in order to disentangle the effect of
ECEs versus mean climate on natural selection acting on
adaptive traits. This is particularly important since ECEs
are by definition rare and unpredictable, hence potentially
preventing adaptive plastic response in populations [70].
This study represents the first investigation of the influ-
ence of ECEs on natural selection in comparison to that of
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