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Large diurnal temperature range 
increases bird sensitivity to climate 
change
Michael Briga & Simon Verhulst

Climate variability is changing on multiple temporal scales, and little is known of the consequences 
of increases in short-term variability, particularly in endotherms. Using mortality data with high 
temporal resolution of zebra finches living in large outdoor aviaries (5 years, 359.220 bird-days), we 
show that mortality rate increases almost two-fold per 1°C increase in diurnal temperature range 
(DTR). Interestingly, the DTR effect differed between two groups with low versus high experimentally 
manipulated foraging costs, reflecting a typical laboratory ‘easy’ foraging environment and a 
‘hard’ semi-natural environment respectively. DTR increased mortality on days with low minimum 
temperature in the easy foraging environment, but on days with high minimum temperature in 
the semi-natural environment. Thus, in a natural environment DTR effects will become increasingly 
important in a warming world, something not detectable in an ‘easy’ laboratory environment. These 
effects were particularly apparent at young ages. Critical time window analyses showed that the 
effect of DTR on mortality is delayed up to three months, while effects of minimum temperature 
occurred within a week. These results show that daily temperature variability can substantially 
impact the population viability of endothermic species.

Climate change affects the abundance and distribution of populations through changes in both mean 
and variability of climatic variables1–7. When investigating climate variability, usually time scales of 
months or years are considered8–11, but climatic variability over much shorter timescales, typically days, 
has also changed in recent decades, at least on a regional scale12–15. For example, average diurnal tem-
perature range (DTR), the difference between maximum and minimum temperature within one cal-
endar day, has increased more than 2 °C since approximately the 1960’s in Mexico, Bolivia, Patagonia, 
Madagascar, Indonesia, central Russia and the Western Himalaya, while other areas have experienced 
up to equally large decreases, for example in north-eastern Canada, north and central Africa and the 
Eastern Himalaya12,15–18. Climate change is thus also associated with changes in temperature variability 
on short time scales.

DTR responses independent of mean temperature can occur following Jensen’s inequality19,20: when 
there are nonlinear associations between a system and its environment, mean system state will change 
in response to increased environmental variation even when the environment mean remains constant 
(Fig.  1). Increasing DTR has been shown to reduce population viability of ectotherms21–25, although 
the strength and direction of the effect can depend on the (mean) temperature26,27. Endotherms might 
also be susceptible to DTR but knowledge of DTR effects in endotherms is restricted to humans, where 
the elderly experience up to 3% increase in hospital admissions and 1% increase in mortality per 1 °C 
increase in DTR28–33. However, elderly humans behave very differently from endotherms in natural envi-
ronments that are permanently exposed to natural variation in temperature. Thus the demographic and 
ecological consequences of changes in DTR in endotherms in natural environments remain unknown.

We used high-resolution (daily) mortality data to investigate the association between DTR and the 
survival of zebra finches (n =  476) housed in outdoor aviaries, and hence exposed to natural variation in 
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temperature (Fig. 2 A,B). Our population has resided in captivity for generations, but the species is orig-
inally widely distributed in Australia. The natural variation in DTR in our aviaries is entirely within the 
natural range34. The minimum temperature (MinT) can be lower in the Netherlands than in Australia35, 
but in various areas of Australia zebra finches regularly experience MinT below zero35–37 and our results 
were still supported when conditions outside the zebra finches natural range were excluded.

Figure 1. Illustration of Jensen’s inequality in a convex environment-system response scenario. Two 
environments (A,B) with the same mean state mE can both be in one of two states (AL & AH; BL & BH) with 
equal frequency but with different ranges (rangeA< rangeB). It can be seen that because of the convex pattern 
the mean system response differs between environments A and B (mA< mB) despite A and B having the 
same average.

Figure 2. Minimum temperature (A) and diurnal temperature range data (B) during the study period. 
Black dots represent the actual data, while blue lines depict the weighted data that are used in the analyses 
(Table 1) based on the weight functions in Fig. 3. Dotted horizontal line is a reference line at MinT = 0 °C.
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The timeframe over which one investigates effects of climatic variables on mortality (or any other 
trait) can be chosen in different ways. For example one can arbitrarily choose to average climatic vari-
ables over one or two weeks before each day. However, such arbitrary choices may not reflect the time-
frame over which the biological effects occur, and this approach implicitly makes the unlikely assumption 
that all days within the selected time interval have equal effects on the phenomenon that is studied. To 
resolve this issue we calculated the (weighted) time window over which climatic variables best correlated 
with mortality using a technique recently introduced by van de Pol and Cockburn38.

Data were collected over 5 years in the context of an experiment in which we manipulated environ-
mental conditions during development (brood size) and in adulthood (foraging costs) in a 2 ×  2 design 
with the primary aim to study effects on ageing and lifespan. Based on published results in ectotherms 
and humans21–24,28–33, we hypothesized, before analyzing the data, that large DTR could increase mortal-
ity. We further hypothesised that the strength of a DTR effect may depend on current or past environ-
mental quality. Large broods are a poor developmental environment that causes pervasive negative effects 
during adulthood in many species39–43, and hence this manipulation allows us to investigate whether 
effects of DTR depend on phenotypic quality. In laboratory environments no effort has to be made to 
obtain food. In contrast, in more natural environments animals experience foraging costs. The foraging 
cost experiment thus allows us to compare DTR effects on mortality between a typical ‘easy’ laboratory 
foraging environment, with low foraging costs, and a ‘hard’ semi-natural foraging environment, with 
high foraging costs. Our expectation is that, since DTR represents a challenge, DTR will have more pro-
nounced effects on mortality in animals that experience(d) poor quality environments.

Results
The climatic data are shown in Fig. 2. Estimating the time frame over which the climatic variables best 
explained mortality showed that the effects were most pronounced the day preceding the event (i.e. 
the survival or death of an individual), accounting for 77% and 15% of the weight for MinT and DTR 
respectively (Fig. 3). The time window over which MinT affected mortality was much shorter than DTR 
(8.9 <  Δ AICc <  12.5, see methods for details on test). For MinT, (almost) 80% of the effect was captured 
the day before the event, while reaching 80% for DTR required 3 months (Fig.  3). Thus MinT had an 
immediate effect on bird mortality in comparison with DTR for which the effect was delayed.

DTR and MinT both affected mortality but in an interaction, which received strong support: in both 
foraging environments all models within 4 AICc of the best fitting model contained the interaction 
between DTR and MinT (Table 1). However, the sign of the interaction term depended on foraging envi-
ronment (Supplementary Table S3), which we discuss in more detail below. This three-way interaction 
(Treat*DTR*MinT) is well supported since it was included in all 14 best fitting models (Supplementary 
Table S3). In the case of the best fitting model this interaction had a X 2=  10.411, p =  0.0013, and remov-
ing it from the best fitting model decreased model fit by 9.2 AICc. Furthermore, all selected models 
contained an interaction between age and DTR, indicating a changing DTR effect with increasing age 
(Table 1; Supplementary Table S2). Because in natural populations most birds are young, we here focus 
the presentation on young birds (but note that models in Table 1 are based on the complete data set). 
Details of age-specific changes are discussed in section 4 of the supplementary material.

Figure 3. Cumulative weight functions (Weibull fits) that were best supported by the data. X-axis refers 
to time before the event (i.e. either survival or death of an individual) in days. Y-axis shows the cumulative 
weight or “influence” of the climatic variable on the event. For example for MinT, weights add up to 100% 
within 5 days, which means that all the minimum temperature of the 5 days prior to the event determine 
event outcome. For DTR the effect is delayed: 100% of the weight needs more than 3 months to accumulate. 
Horizontal dotted lines are reference lines at given weights.
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In the easy foraging environment, the effect of DTR was most pronounced on cold days (Fig.  4A, 
Supplementary Fig. S4A): birds experienced an up to ten-fold increase in mortality over the DTR range 
in our dataset. Evidence for this is robust since all selected models (Table  1) included DTR and the 

Easy foraging Temperature variables [°C] Age related correction variables [Years] Developmental variables

Ran-
dom 
term Model Fit

environment 
Model DTR MinT DTR*MinT AgeStart AgeStart*Age DTR*Age MinT*Age Brood 

Size
Brood 

Size 
*DTR

Brood 
Size 
*Age

Aviary df AICc ΔAICc weight

1 1.36 0.89 0.953 1.25 NA 0.74 1.06 NA NA NA + 10 1269 0.00 0.09

2 1.22 0.95 0.951 1.24 NA 0.83 NA NA NA NA + 9 1269 0.03 0.09

3 0.98 0.95 0.951 1.22 NA NA NA NA NA NA + 8 1270 0.65 0.07

4 1.40 0.88 0.952 1.69 0.81 0.73 1.07 NA NA NA + 11 1270 1.35 0.05

5 1.24 0.95 0.950 1.56 0.85 0.83 NA NA NA NA + 10 1271 1.62 0.04

6 1.36 0.89 0.953 1.26 NA 0.74 1.06 0.99 NA NA + 11 1271 1.86 0.04

7 1.22 0.95 0.951 1.24 NA 0.83 NA 0.99 NA NA + 10 1271 1.89 0.04

8 1.38 0.89 0.953 1.27 NA 0.74 1.06 1.13 NA 0.91 + 12 1271 2.08 0.03

9 0.97 0.91 0.952 1.23 NA NA 1.03 NA NA NA + 9 1271 2.08 0.03

10 1.23 0.95 0.951 1.25 NA 0.83 NA 1.13 NA 0.91 + 11 1271 2.08 0.03

11 1.20 0.95 0.951 1.25 NA 0.83 NA 0.98 0.97 NA + 11 1271 2.31 0.03

12 0.98 0.95 0.951 1.47 0.88 NA NA NA NA NA + 9 1271 2.39 0.03

13 1.24 0.95 0.951 1.26 NA 0.82 NA 1.12 0.97 0.90 + 12 1272 2.59 0.03

14 0.98 0.95 0.951 1.22 NA NA NA 0.99 NA NA + 9 1272 2.59 0.03

15 1.35 0.89 0.953 1.26 NA 0.74 1.06 0.98 0.97 NA + 12 1272 2.66 0.02

16 1.39 0.89 0.953 1.27 NA 0.73 1.06 1.12 0.97 0.91 + 13 1272 2.81 0.02

17 0.98 0.95 0.951 1.23 NA NA NA 1.13 NA 0.91 + 10 1272 3.12 0.02

18 1.40 0.88 0.952 1.70 0.81 0.73 1.07 0.99 NA NA + 12 1272 3.22 0.02

19 1.24 0.95 0.950 1.56 0.85 0.83 NA 0.99 NA NA + 11 1272 3.49 0.02

20 0.97 0.95 0.951 1.22 NA NA NA 0.98 0.97 NA + 10 1272 3.53 0.02

21 1.41 0.88 0.952 1.63 0.84 0.73 1.06 1.12 NA 0.91 + 13 1273 3.66 0.01

22 0.97 0.91 0.951 1.52 0.86 NA 1.04 NA NA NA + 10 1273 3.75 0.01

23 1.25 0.95 0.950 1.50 0.88 0.82 NA 1.12 NA 0.91 + 12 1273 3.85 0.01

24 1.22 0.95 0.951 1.57 0.85 0.83 NA 0.98 0.97 NA + 12 1273 3.94 0.01

Semi-natural 
environment    

Model DTR MinT DTR*MinT AgeStart AgeStart*Age DTR*Age MinT*Age
Brood 
Size

Brood 
Size  
*DTR

Brood 
Size  
*Age Aviary df AICc ΔAICc weight

1 2.04 0.88 1.03 1.34 NA 0.50 1.05 1.15 NA NA + 11 1247 0.00 0.19

2 1.82 0.93 1.04 1.33 NA 0.56 NA 1.31 NA 0.91 + 11 1247 0.13 0.18

3 2.06 0.88 1.03 1.35 NA 0.49 1.05 1.31 NA 0.91 + 12 1247 0.21 0.17

4 1.76 0.93 1.04 1.04 1.22 0.58 NA 1.32 NA 0.90 + 12 1248 1.33 0.10

5 1.99 0.88 1.03 1.16 1.12 0.50 1.05 1.15 NA NA + 12 1249 1.70 0.08

6 1.99 0.88 1.04 1.09 1.18 0.51 1.05 1.32 NA 0.90 + 13 1249 1.70 0.08

7 1.79 0.93 NA 1.34 NA 0.55 NA 1.15 1.00 NA + 10 1250 3.32 0.04

8 1.82 0.92 NA 1.35 NA 0.55 NA 1.30 0.99 0.91 + 11 1251 3.57 0.03

Table 1.  Cox proportional hazard models in relation to climate, age and experimental treatments. Data 
shown are coefficients (or NA for variables not in the model, and +  for included random terms). All models 
within 4 AICc of the best model are shown, ordered by AICc. Model weights are relative to all fitted models. 
Note that model coefficients are hazard ratios: a hazard of 1 implies no effect and, for example, a hazard 
ratio of 1.25 for ‘AgeStart’ means that the hazard rate increases 25% per year. There is no main effect ‘age’ 
because it is included ifn the baseline mortality. AgeStart: Age at start of the foraging experiment in years.
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interaction between DTR and MinT. Thus, in the easy foraging environment, we found that large DTR 
increased mortality on cold days, but not on warm days.

In the semi-natural foraging environment the evidence for an interaction between DTR and MinT was 
also robust: excluding the interaction decreased model fit with at least 3.3 AICc and models without the 
interaction all had weights ≤ 0.04 (Table 1). Note however that coefficients for the DTR*MinT interaction 
were in the opposite direction compared to the easy environment (Table 1). Indeed large DTR increased 
mortality on warm days, but not on cold days (Fig. 4B, Supplementary Fig. S4B). Note that for DTR the 
coefficient in the best fitting model is larger in the semi-natural than in the easy environment on days 
with MinT of 6 °C, which is the mean MinT at our study location (2.04 vs. 1.36 respectively in the best 
fitting model). This implies an increase of 1 °C DTR has a stronger effect in the semi-natural than in the 
easy foraging environment (increases in mortality rate per °C DTR of 104% vs. 36% respectively). Thus 
in the semi-natural foraging environment large DTR increased mortality on warm days but not on cold 
days, opposite to the pattern in the easy foraging environment.

While there is strong evidence that growing up in large broods negatively affects lifespan in the 
semi-natural environment (Table 1), there is little support for the hypothesis that brood size manipula-
tion affects vulnerability to DTR in either environment (Table 1).

DTR varied seasonally (Fig.  2), and the association between DTR and mortality can therefore be 
confounded with other climatic variables with similar seasonal variation as DTR. We captured the sea-
sonal variation of climatic variables by adding photoperiod as a covariate to the best models of Table 1 
and Supplementary Tables S2, S3 and S4. Photoperiod was in no case significant (0.23 <  X2 <  2.29, 
0.13 < p <  0.63), never improved the model fit (0.3 <  Δ AICc <  6), and the effect on the model coeffi-
cients of DTR, MinT or their interaction was negligible. We therefore conclude that DTR contributes to 
mortality independently of the seasonal variation of other (climatic) variables.

Discussion
A large DTR substantially increased mortality rate and this effect was modulated by minimum tempera-
ture, age and environment, but not by developmental conditions. That DTR affects mortality is relevant 
because climate change is associated with changes in temperature variability on short time scales, i.e. 

Figure 4. Hazard rate in relation to minimum temperature and diurnal temperature range (DTR) in easy 
(A) and semi-natural (B) foraging environment for the best fitting model of Table 1. Fitted lines represent 
hazard rates for different weighted minimum temperatures (temperatures plotted at line ends) calculated for 
individuals with a study age at start of 1 year old (population mean) and 0.36 years in study (at which 90% 
of the population is alive). Lines cover 95% of the data range. See Supplementary Fig. S4 for a contour plot 
with data distribution and hazard rates.
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days12–14. Yet, to our knowledge this is the first study on the mortality consequences of changes in DTR 
in a non-human endotherm. Our study shows that changes in DTR can potentially pose a threat to the 
population viability of endotherms and that this threat is most apparent in semi-natural environments. 
Note however that our study exploited natural variation in DTR and hence we cannot exclude the pos-
sibility that other climatic variables contributed to the observed patterns.

Our results indicate that responses to changes in climate variability differ considerably between labo-
ratory and semi-natural environments, in that foraging costs determined the temperature range at which 
birds are most susceptible to large DTR. DTR increased mortality more on days with low minimum 
temperature in an easy foraging environment, but more on days with high minimum temperature in a 
semi-natural foraging environment. A possible reason for such environment dependent effects is heat 
stress, which in this experiment can arise in the semi-natural foraging environment because of the com-
bination of high temperatures with unavoidable heat production through increased foraging effort, which 
can have major effects on bird behaviour and physiology44. Muscular exercise decreases heat tolerance 
because it generates heat which needs to be dissipated to avoid for example mitochondrial and immune 
dysfunction, DNA damage, organ failure and even death45–51. Such interaction effects are important when 
estimating the biological consequences of climate change52. Our results indicate that climate change 
experiments in laboratory conditions may not simply underestimate impacts of climate change, but may 
provide completely contradictory results to natural conditions. Since climate change is associated with 
increases in minimum temperatures13,14, our result also suggests that the DTR effect in natural popula-
tions may become more important in a warming world.

Associations between DTR and survival changed with age (Fig. S3). The dependence of the DTR effect 
on age may be due to individual heterogeneity in combination with selective disappearance: individuals 
that are sensitive to large DTR die and thus only birds that are relatively DTR insensitive remain at old 
age. It is worth noting that in natural populations the majority of individuals are young53 and hence 
natural populations are likely to be more susceptible to DTR effects than our relatively protected study 
population.

We estimated the time window over which climate variables affected mortality, and found this to 
differ considerably between climatic variables, with MinT having a more immediate effect than DTR. 
The contrast between these time windows indicates that these climatic variables affect mortality through 
mechanisms that operate on different time scales. That MinT affected mortality on a short time scale is 
likely to reflect limits on the instantenous capacity to generate heat. We are less certain regarding the 
mechanism through which DTR affects mortality. However, birds adjust physiologically their energy 
allocation to ambient temperatures within days54–57 and short term temperature variation increases daily 
energy expenditure58. The delayed DTR effect may thus reflect increased vulnerability due to the cumu-
lative physiological acclimatization costs when DTR is high for a prolonged period.

In conclusion, our results show that DTR strongly affects avian mortality. DTR effects on mortality 
have previously been demonstrated in one other endotherm, humans, but our finding of an almost 
two-fold increase in mortality per °C DTR substantially exceeds the 1–3% increase in hospital admissions 
and 1% increase in mortality found in humans28–33. We note however that time windows over which DTR 
affects human mortality have to our knowledge not been quantified, and by definition such an analysis 
would yield stronger DTR effects than hitherto reported. In humans, large DTR is associated with cardi-
ovascular and respiratory dysfunctions, causing increased hospital admissions and mortality28,29,32,33 but 
whether the same mechanisms causes the DTR effects in birds remains to be established. Understanding 
the physiological mechanisms involved in the DTR effect is of interest in its own right, and may help 
predict which and when populations are most at risk. However, regardless of the underlying physiological 
mechanisms, our results, together with those found in humans, show that DTR effects are important for 
survival and hence for understanding and predicting population responses to climate change59.

Methods
Birds and housing. All birds used in this study were reared and housed at the University of Groningen, 
the Netherlands (53° 13′ 0” N/6° 33′, 0” E). Birds were bred indoors in single housed pairs housed in 
80 ×  40 x 40 cm (I ×  h ×  d) cages with two perches, a wooden nestbox and abundant nesting material 
(hay). Food (tropical seed mixture), water, grit and cuttlebone were provided ad libitum. In addition 
the birds received one teaspoon of fortified canary food (“eggfood”, by Bogena, Hedel, the Netherlands) 
3 times a week, until hatching of the first chick. Birds were cross-fostered when the oldest chick in a 
brood was 5 days old to broods that were either small (2 young, sometimes 3) or large broods (6 young, 
sometimes 5 or 7). Birds reared in a large brood attained lower body mass during growth and this effect 
persisted into adulthood (Briga et al. submitted). Young were removed from the parental cage when 35 
days old and housed in indoor aviaries until they were entered in the experiment at 3–4 months of age.

Adults were housed in eight large outdoor aviaries (L × H × W 310 × 210 × 150 cm) and subject to a 
foraging cost manipulation as described previously60. Briefly, in each aviary a food box was attached to 
the ceiling, with holes in the sides from which food (tropical seed mixture) could be obtained. In the 
easy foraging environment (4 aviaries) the food box has perches beneath the holes, while in the hard 
foraging environment these were removed (also 4 aviaries), forcing birds to fly and hover for seeds. Water 
(for drinking and bathing), grit and cuttlebone were provided ad libitum. In addition the birds received 
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1.25 g of fortified canary food (“eggfood”, by Bogena, Hedel, the Netherlands) per individual per week in 
three portions given on different days.

Each aviary contained 15–30 birds of one sex (4 aviaries of each sex). To maintain numbers within a 
limited range, new birds were periodically added to replace dead birds. The first batch was 3–24 months 
old when the experiment started and variation in age when entering the experiment (‘AgeStart’) was 
therefore included as variable in all analyses. The first batch was kept in similar housing as in the exper-
iment until the experiment started.

The foraging experiment was conducted from Dec 9th 2007 till Jan 1st 2013. During this period, 478 
birds were entered in the experiment of which 285 died a natural death and 7 died an accidental death. 
In all analyses, accidental deaths and birds still alive were censored, but treating accidental deaths as 
natural deaths did not change the conclusions (results not shown).

All methods and experimental protocols were carried out under the approval of the Animal 
Experimentation Ethical Committee of the University of Groningen, license 5150A. All methods were 
carried out in accordance with these approved guidelines.

Temperature data. Temperature data (Fig. 1) were collected at the weather station of Eelde, approxi-
mately 7 km from the aviaries (http://www.knmi.nl/klimatologie/), where temperature was recorded 1.5 m 
above ground, every hour with accuracy of 0.1 °C. DTR is the difference between maximum (MaxT) and 
minimum (MinT) temperature within one day. Both MinT and DTR measured at the weather station 
correlate well with the measurements at the aviaries (N =  1196, r =  0.96 and 0.83 for MinT and DTR 
respectively; Supplementary Fig. S2).

Apparent effects of DTR on mortality could instead be caused by minimum or maximum tempera-
ture, because DTR will be higher when either minimum or maximum temperature has an extreme value. 
To resolve this issue, we included MinT as a covariate in addition to DTR in all analyses and also tested 
the interaction between MinT and DTR. Alternatively, we could have included MaxT instead of MinT. 
However, DTR =  MaxT – MinT, and thus when MinT and DTR are given the corresponding MaxT 
is known. Hence having DTR in the model with either MinT or MaxT is mathematically equivalent. 
To confirm this point we reran the best fitting model in Table 1 with MaxT instead of MinT which as 
expected confirmed the importance of DTR on mortality.

Statistical analyses. Survival was analysed using the counting process formulation of the Cox pro-
portional hazard (CPH) model61–63 in R64, version 3.0.1 with the function ‘coxph’ of package survival65, 
version 2.37-4. The counting process formulation allows the coefficient to be estimated at each time point 
and thus time-dependent covariates, such as minimum temperature, DTR and age can be included. Time 
was portioned into daily intervals for all analyses.

When analysing effects of climatic variables on system responses, the time window over which the 
climate variable affect system response needs to be identified. However, this time is usually not known. 
Should the temperature be quantified as a (weighted) mean over the preceding day, week or month? To 
resolve this, we identified the time window over which each climate variable affected survival using a flex-
ible time window approach38. In brief, this method uses a maximum-likelihood optimization procedure 
to estimate a weight function over a time window that creates weighted temperature variables that best 
describe the variation in mortality data. As weight function we used a three-parameter Weibull function. 
Weight functions may differ between treatments and between climatic variables, and we thus estimated 
weight functions for each climatic variable separately. To estimate the strength of the difference in time 
windows between climatic variables, we used the weight function of one climatic variable to construct the 
other weighted climatic variable. We then compared the fit of this model relative to the fit of the model 
with the best fitting weight function. Model fits were compared using Akaike Information Criterion 
(AICc). Weight functions of the climatic variables did not differ between treatments (0.1 <  Δ AICc <  0.5) 
and hence all analyses were carried out using the weight functions as in Fig. 3 in both treatments.

Except for the first batch to enter the adult phase of the experiment, other batches were housed 
indoors prior to being entered into the experiment. These birds were thus not exposed to the outdoor 
climatic variables before starting the foraging cost experiment and their mortality cannot be included 
in the survival analyses for the length of the period that the weighted climatic variable was calculated. 
Given the results of the time window analysis (Fig. 3), we excluded the first month of survival data after 
birds were entered in the foraging cost experiment. As a control we also ran the final model with (i) all 
data included and (ii) three months of data excluded, and both gave results that were consistent with 
those reported here (results not shown).

We used a model selection approach to find the model best supported by the data. To this end we 
followed Burnham and Anderson model selection approach66,67, based on Akaike Information Criterion 
(AICc) with the function ‘dredge’ of the package ‘MuMIn’68. In brief, this is a hypothesis-based approach 
that generates, given a global model, subset models that best fit the data. This makes it possible to assess 
model support for each hypothesis tested. Model support is shown here by ranking all subset models 
within 4 AICc of the best model fit. Weighted DTR and MinT were mean centered in all analyses.

The counting process formulation of the CPH model allows for non-proportionality by including the 
interaction between the main effect and time or age. Other assumptions of the CPH models were fulfilled 
as indicated by scaled deviance and martingale residual plots. Age was square-root transformed. Because, 

http://www.knmi.nl/klimatologie/
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we found virtually no support for sex-specific mortality or for sex-specific DTR effects (see section 3 of 
the supplementary material), sexes were pooled in all analyses. Many random effects can potentially be 
included in these analyses: birth nest, genetic mother, genetic father, rear nest, rear mother, rear father, 
(birth) batch and aviary. We ran all models with aviary as random effect. We previously verified that 
including other random effects in CPH models did not improve the models (results not shown).
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Supplementary material 1: Information on temperature variables 

Supplementary Table S1: Summary statistics of weather variables used in this analysis.   

 

MinT DTR 

Year Mean SD Mean SD 

2007 7.3 5.0 7.4 3.6 
2008 6.8 5.6 7.5 3.6 

2009 6.3 5.8 7.7 3.7 

2010 4.6 7.0 7.7 3.8 

2011 6.5 5.6 7.9 4.0 

2012 6.1 6.3 7.4 3.3 

     

     Supplementary Figure S1: Diurnal temperature range data plotted against minimum temperature. 
Grey line shows correlation (r=0.51).  
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Supplementary Figure S2: Consistency between temperatures measured at the nearby weather 
station at Eelde and at the aviaries. Correlations are strong with r=0.96 and 0.83 for MinT and DTR 
respectively. Diagonal line shows x=y, grey line shows the fitted regression line. Note that we used 
weather station data over aviary data because of missing climate data for measurements at the 
aviaries. 
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Supplementary material 2: Model support for foraging environment specific DTR effects.  

This analysis consists of 3 steps: 
(i) Model support for age specific associations between DTR and bird mortality (table S2). We thus analysed these patterns for young (<median age) 

and old birds (>median age) separately. 
(ii) In young birds there is strong support for treatment specific effects of DTR (table S3),  
(iii) Old birds show treatment specific associations between DTR and bird mortality while DTR overall has a positive effect on survival (table S4).  
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Supplementary Table S2: Associations between DTR and bird mortality weaken with age (as indicated by the grey column). Table shows model support 
based on AICc criteria, including all model fits on data within 4AICc of the best model. Table shows model support based on AICc criteria, including all model 
fits on data within 4AICc of the best model. The best model fit for each treatment is given in the top row. For fitting variables coefficients are given. Non 
fitting variables have coefficient NA. Grey columns emphasize the variables to use for the take home message. Note that these are a Cox proportional 
hazards models and model coefficients are thus hazard ratios. A hazard ratio of one implies no effect and for example a hazard ratio of 1.35 for ‘AgeStart’ 
means that the hazard rate increases 35% per year. Note that there is no main effect age since it is included in the baseline mortality curve. AgeStart: Age at 
start of the foraging experiment in years.  

All data 
Ages 

Temperature variables [°C] Foraging treatment variables [Hard] Age related correction variables [Years] Random term Model Fit 
Model DTR MinT DTR*MinT Treat Treat*DTR Treat*MinT Treat*DTR*MinT AgeStart AgeStart*Age DTR*Age MinT*Age Treat*Age Aviary df AICc ΔAICc weight 

1 1.81 0.88 NA 0.96 0.78 NA NA 1.35 NA 0.58 1.07 NA + 7 2716 0.00 0.12 
2 1.77 0.88 0.99 0.73 0.85 0.99 1.04 1.34 NA 0.59 1.06 NA + 10 2717 0.31 0.11 

3 1.80 0.88 NA 0.92 0.81 0.98 NA 1.35 NA 0.58 1.06 NA + 8 2718 1.49 0.06 

4 1.80 0.88 1.00 0.96 0.78 NA NA 1.35 NA 0.58 1.06 NA + 8 2718 1.85 0.05 

5 1.82 0.88 NA 1.07 0.78 NA NA 1.35 NA 0.58 1.07 0.91 + 8 2718 1.97 0.05 

6 1.83 0.87 NA 0.95 0.78 NA NA 1.43 0.96 0.57 1.07 NA + 8 2718 1.98 0.05 

7 1.78 0.88 0.99 0.83 0.85 0.99 1.04 1.34 NA 0.58 1.06 0.90 + 11 2719 2.26 0.04 

8 1.79 0.88 0.99 0.73 0.85 0.99 1.04 1.42 0.96 0.58 1.06 NA + 11 2719 2.29 0.04 

9 1.55 0.94 0.99 0.73 0.86 0.99 1.04 1.32 NA 0.67 NA NA + 9 2720 3.15 0.03 

10 1.57 0.94 NA 0.96 0.78 NA NA 1.33 NA 0.67 NA NA + 6 2720 3.16 0.03 

11 1.77 0.88 NA 0.93 NA 0.96 NA 1.35 NA 0.59 1.06 NA + 7 2720 3.25 0.02 

12 1.78 0.88 NA NA NA NA NA 1.35 NA 0.58 1.06 NA + 5 2720 3.30 0.02 

13 1.79 0.88 0.99 0.92 0.81 0.98 NA 1.35 NA 0.58 1.06 NA + 9 2720 3.32 0.02 

14 1.81 0.88 NA 1.03 0.81 0.98 NA 1.35 NA 0.58 1.06 0.92 + 9 2720 3.47 0.02 

15 1.82 0.88 NA 0.92 0.81 0.98 NA 1.43 0.96 0.58 1.07 NA + 9 2720 3.48 0.02 

16 1.81 0.88 1.00 1.07 0.78 NA NA 1.35 NA 0.58 1.06 0.91 + 9 2720 3.82 0.02 

17 1.82 0.87 1.00 0.95 0.78 NA NA 1.44 0.95 0.57 1.07 NA + 9 2720 3.83 0.02 

18 1.83 0.88 NA 1.07 0.78 NA NA 1.43 0.96 0.57 1.07 0.91 + 9 2720 3.95 0.02 
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Supplementary Table S3: Young birds show treatment specific associations between DTR and bird mortality (as indicated by the grey column). 

Data Young  Temperature variables [°C] Foraging treatment variables [Hard] Age related correction variables [Years] Random term Model Fit 

Model DTR MinT DTR*MinT Treat Treat*DTR Treat*MinT Treat*DTR*MinT AgeStart AgeStart*Age DTR*Age MinT*Age Treat*Age Aviary df AICc ΔAICc weight 

1 1.22 0.91 1.00 0.68 1.02 1.01 1.11 1.22 NA NA NA NA + 8 1191 0.00 0.08 

2 1.20 0.91 1.00 0.67 1.02 1.01 1.11 0.74 1.97 NA NA NA + 9 1192 0.65 0.06 

3 1.20 0.86 1.00 0.68 1.01 1.01 1.11 1.22 NA NA 1.08 NA + 9 1192 0.80 0.06 

4 1.21 0.91 1.00 1.25 1.05 1.01 1.12 1.22 NA NA NA 0.41 + 9 1192 1.06 0.05 

5 1.18 0.86 1.01 0.68 1.01 1.01 1.11 0.69 2.12 NA 1.09 NA + 10 1192 1.17 0.05 

6 1.53 0.84 1.01 0.68 1.00 1.01 1.11 1.23 NA 0.70 1.13 NA + 10 1192 1.22 0.05 

7 1.35 0.91 1.00 0.67 1.02 1.01 1.11 1.23 NA 0.86 NA NA + 9 1193 1.62 0.04 

8 1.20 0.91 1.00 1.27 1.04 1.01 1.12 0.73 2.01 NA NA 0.40 + 10 1193 1.63 0.04 

9 1.19 0.87 1.00 1.22 1.04 1.01 1.12 1.22 NA NA 1.08 0.44 + 10 1193 1.98 0.03 

10 1.18 0.86 1.00 1.24 1.03 1.02 1.12 0.69 2.16 NA 1.09 0.43 + 11 1193 2.29 0.03 

11 1.54 0.84 1.01 1.23 1.01 1.02 1.12 1.23 NA 0.69 1.13 0.43 + 11 1193 2.35 0.03 

12 1.41 0.85 1.01 0.68 1.00 1.02 1.11 0.82 1.71 0.78 1.13 NA + 11 1194 2.55 0.02 

13 1.23 0.91 1.00 0.67 1.01 1.01 1.11 0.75 1.91 0.97 NA NA + 10 1194 2.64 0.02 

14 1.36 0.91 1.00 1.26 1.04 1.01 1.12 1.23 NA 0.85 NA 0.41 + 10 1194 2.64 0.02 

15 1.24 0.91 NA NA NA NA NA 1.25 NA NA NA NA + 3 1194 2.89 0.02 

16 1.22 0.86 NA NA NA NA NA 1.25 NA NA 1.09 NA + 4 1194 3.42 0.02 

17 1.22 0.91 NA NA NA NA NA 0.76 1.98 NA NA NA + 4 1194 3.50 0.01 

18 1.23 0.91 1.00 1.27 1.04 1.01 1.12 0.75 1.93 0.96 NA 0.40 + 11 1195 3.61 0.01 

19 1.41 0.85 1.01 1.25 1.01 1.02 1.12 0.81 1.74 0.77 1.12 0.42 + 12 1195 3.65 0.01 

20 1.20 0.85 NA NA NA NA NA 0.70 2.16 NA 1.10 NA + 5 1195 3.68 0.01 

21 1.55 0.84 NA NA NA NA NA 1.27 NA 0.70 1.14 NA + 5 1195 3.88 0.01 
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Supplementary Table S4: Old birds do not show treatment specific associations between DTR and bird mortality (as indicated by the grey column 
Treat*DTR*MinT). DTR overall has a positive effect on survival (grey column DTR).  

Data Old  Temperature variables [°C] Foraging treatment variables [Hard] Age related correction variables [Years] Random term Model Fit 

Model DTR MinT DTR*MinT Treat Treat*DTR Treat*MinT Treat*DTR*MinT AgeStart AgeStart*Age DTR*Age MinT*Age Treat*Age Aviary df AICc ΔAICc weight 

1 0.74 1.38 NA 0.82 NA 0.92 NA 1.40 NA NA 0.82 NA + 6 1534 0.00 0.07 

2 0.73 1.35 NA 0.82 NA 0.92 NA 3.73 0.57 NA 0.83 NA + 7 1534 0.37 0.06 

3 0.74 1.36 NA 0.34 NA 0.93 NA 1.40 NA NA 0.83 1.68 + 7 1535 1.51 0.03 

4 0.74 1.38 NA 0.80 0.91 0.93 NA 1.40 NA NA 0.82 NA + 7 1535 1.67 0.03 

5 0.74 1.39 0.99 0.82 NA 0.92 NA 1.40 NA NA 0.82 NA + 7 1535 1.74 0.03 

6 0.55 1.45 NA 0.82 NA 0.92 NA 1.41 NA 1.19 0.80 NA + 7 1536 1.84 0.03 

7 0.73 1.34 NA 0.36 NA 0.93 NA 3.68 0.57 NA 0.84 1.64 + 8 1536 1.94 0.03 

8 0.73 1.35 NA 0.79 0.91 0.93 NA 3.73 0.57 NA 0.83 NA + 8 1536 2.03 0.03 

9 0.73 1.37 0.99 0.81 NA 0.92 NA 3.79 0.56 NA 0.83 NA + 8 1536 2.04 0.03 

10 0.48 1.46 NA 0.82 NA 0.92 NA 4.00 0.55 1.28 0.80 NA + 8 1536 2.06 0.03 

11 0.74 1.37 NA 0.80 0.76 NA NA 1.39 NA NA 0.83 NA + 6 1537 2.89 0.02 

12 0.74 1.36 NA 0.32 0.91 0.94 NA 1.40 NA NA 0.83 1.73 + 8 1537 3.13 0.02 

13 0.73 1.34 NA 0.80 0.76 NA NA 3.72 0.57 NA 0.84 NA + 7 1537 3.23 0.01 

14 0.74 1.38 0.99 0.34 NA 0.92 NA 1.40 NA NA 0.82 1.67 + 8 1537 3.26 0.01 

15 0.55 1.44 NA 0.34 NA 0.93 NA 1.41 NA 1.20 0.80 1.70 + 8 1537 3.34 0.01 

16 0.74 1.39 0.99 0.79 0.92 0.93 NA 1.40 NA NA 0.82 NA + 8 1537 3.44 0.01 

17 0.55 1.45 NA 0.80 0.91 0.93 NA 1.41 NA 1.20 0.80 NA + 8 1537 3.50 0.01 

18 0.73 1.34 NA 0.33 0.91 0.94 NA 3.68 0.57 NA 0.84 1.68 + 9 1537 3.56 0.01 

19 0.56 1.46 0.99 0.82 NA 0.92 NA 1.41 NA 1.18 0.79 NA + 8 1537 3.60 0.01 

20 0.74 1.36 NA 0.20 0.77 NA NA 1.39 NA NA 0.83 2.27 + 7 1537 3.61 0.01 

21 0.48 1.45 NA 0.35 NA 0.93 NA 3.96 0.55 1.29 0.80 1.65 + 9 1537 3.62 0.01 

22 0.73 1.35 0.99 0.36 NA 0.92 NA 3.75 0.57 NA 0.83 1.63 + 9 1537 3.63 0.01 

23 0.72 NA NA 0.80 0.76 NA NA 5.33 0.46 NA NA NA + 5 1537 3.68 0.01 

24 0.48 1.46 NA 0.79 0.91 0.93 NA 4.01 0.55 1.29 0.80 NA + 9 1537 3.71 0.01 

25 0.73 1.36 0.99 0.79 0.92 0.93 NA 3.80 0.56 NA 0.83 NA + 9 1537 3.73 0.01 

26 0.49 1.47 0.99 0.81 NA 0.92 NA 4.06 0.54 1.27 0.79 NA + 9 1537 3.76 0.01 

27 1.41 NA NA 0.80 0.76 NA NA 4.08 0.53 0.66 NA NA + 6 1537 3.80 0.01 

28 0.75 0.98 NA 0.82 NA 0.92 NA 5.28 0.47 NA NA NA + 6 1538 3.95 0.01 
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Supplementary material 3: Model support for the absence of sex specific effects. 

Supplementary Table S5: Weak support for sex-specific associations between DTR and bird mortality (as indicated by the grey column) in the easy foraging 
environment.  
Easy treatment Temperature variables [°C] Sex specific variables [Male]  Age related correction variables [Years] Random term Model Fit 

Model DTR MinT DTR*MinT Sex DTR*Sex Sex*Age AgeStart AgeStart*Age DTR*Age MinT*Age Aviary df AICc ΔAICc weight 
1 1.36 0.89 0.95 NA NA NA 1.25 NA 0.74 1.06 + 10 1269 0.00 0.06 
2 1.22 0.95 0.95 NA NA NA 1.24 NA 0.83 NA + 9 1269 0.03 0.06 
3 0.98 0.95 0.95 1.63 NA 0.59 1.22 NA NA NA + 10 1269 0.42 0.05 
4 0.98 0.95 0.95 NA NA NA 1.22 NA NA NA + 8 1270 0.65 0.05 
5 1.22 0.95 0.95 1.63 NA 0.59 1.23 NA 0.83 NA + 11 1270 0.68 0.05 
6 1.36 0.89 0.95 1.63 NA 0.59 1.25 NA 0.75 1.06 + 12 1270 0.88 0.04 
7 0.98 0.95 0.95 0.78 NA NA 1.22 NA NA NA + 9 1270 1.31 0.03 
8 1.40 0.88 0.95 NA NA NA 1.69 0.81 0.73 1.07 + 11 1270 1.35 0.03 
9 1.22 0.95 0.95 0.79 NA NA 1.24 NA 0.83 NA + 10 1270 1.52 0.03 

10 1.24 0.95 0.95 NA NA NA 1.56 0.85 0.83 NA + 10 1271 1.62 0.03 
11 0.98 0.95 0.95 1.70 1.11 0.58 1.21 NA NA NA + 11 1271 1.67 0.03 
12 0.97 0.91 0.95 1.63 NA 0.59 1.22 NA NA 1.03 + 11 1271 1.79 0.03 
13 1.20 0.95 0.95 1.67 1.10 0.59 1.23 NA 0.84 NA + 12 1271 1.90 0.02 
14 1.35 0.89 0.95 1.67 1.10 0.59 1.25 NA 0.75 1.06 + 13 1271 2.03 0.02 
15 0.97 0.91 0.95 NA NA NA 1.23 NA NA 1.03 + 9 1271 2.08 0.02 
16 0.98 0.95 0.95 1.63 NA 0.59 1.49 0.87 NA NA + 11 1271 2.12 0.02 
17 1.36 0.89 0.95 0.78 NA NA 1.25 NA 0.74 1.06 + 11 1271 2.20 0.02 
18 1.40 0.88 0.95 1.63 NA 0.59 1.70 0.80 0.73 1.07 + 13 1271 2.24 0.02 
19 1.24 0.95 0.95 1.63 NA 0.59 1.57 0.85 0.83 NA + 12 1271 2.26 0.02 
20 0.98 0.95 0.95 NA NA NA 1.47 0.88 NA NA + 9 1271 2.39 0.02 
21 1.22 0.95 0.95 0.81 1.10 NA 1.24 NA 0.83 NA + 11 1272 2.67 0.02 
22 0.98 0.95 0.95 0.80 1.10 NA 1.22 NA NA NA + 10 1272 2.74 0.02 
23 0.97 0.91 0.95 0.78 NA NA 1.23 NA NA 1.03 + 10 1272 2.75 0.02 
24 1.37 0.89 0.95 0.81 1.10 NA 1.26 NA 0.74 1.06 + 12 1272 2.78 0.02 
25 0.97 0.91 0.95 1.71 1.11 0.58 1.22 NA NA 1.03 + 12 1272 2.97 0.01 
26 0.98 0.95 0.95 0.78 NA NA 1.50 0.87 NA NA + 10 1272 3.01 0.01 
27 1.24 0.95 0.95 0.78 NA NA 1.57 0.85 0.83 NA + 11 1272 3.14 0.01 
28 0.98 0.95 0.95 1.70 1.11 0.58 1.50 0.86 NA NA + 12 1272 3.35 0.01 
29 1.39 0.88 0.95 1.67 1.10 0.59 1.71 0.80 0.74 1.07 + 14 1272 3.40 0.01 
30 0.97 0.91 0.95 1.63 NA 0.59 1.54 0.85 NA 1.04 + 12 1272 3.42 0.01 
31 1.22 0.95 0.95 1.67 1.10 0.59 1.57 0.84 0.83 NA + 13 1272 3.51 0.01 
32 1.41 0.88 0.95 0.78 NA NA 1.70 0.81 0.73 1.07 + 12 1273 3.59 0.01 
33 NA 0.95 NA 1.61 NA 0.59 1.21 NA NA NA + 8 1273 3.71 0.01 
34 0.97 0.91 0.95 NA NA NA 1.52 0.86 NA 1.04 + 10 1273 3.75 0.01 
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Supplementary Table S6: No sex-specific effects in the association between DTR and bird mortality (as indicated by the grey column) in the hard foraging 
environment.  

Hard treatment Temperature variables [°C] Development Sex specific variables [Male]  Age related correction variables [Years] Random term Model Fit 
Model DTR MinT DTR*MinT Brood size  Sex DTR*Sex Sex*Age AgeStart AgeStart*Age DTR*Age MinT*Age Aviary df AICc ΔAICc weight 

1 2.04 0.88 1.03 1.15 NA NA NA 1.34 NA 0.50 1.05 + 11 1247 0.00 0.50 

2 1.99 0.88 1.03 1.15 NA NA NA 1.16 1.12 0.50 1.05 + 12 1249 1.70 0.21 

3 1.82 0.93 1.04 1.16 NA NA NA 1.30 NA 0.56 NA + 10 1252 5.31 0.04 
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Supplementary material 4: Age specific DTR effects  

Supplementary Figure S3: Associations between DTR and hazard rate change with age for the easy foraging environment (top graphs in white) and semi-
natural foraging environment (lower graphs in grey). From left to right: fitted lines for the ages of 0.36, 1.65, 4.00 and 5.07 years (at which 90%, 70%, 30% 
and 10% of the population was alive respectively). Lines within each graph show days with different minimum temperatures, indicated by numbers next to 
each line. Grey horizontal lines are reference lines at hazard rates of 0.1, 1 and 10. Graphs can be interpreted as follows: (i) In the easy foraging 
environment, young birds suffer high mortality when cold days get warmer (large DTR). In contrast, old birds remain unaffected by DTR on cold days, but do 
best when warm days get warmer. (ii) In the semi-natural foraging environment, high mortality occurs for young birds when warm days get warm (large 
DTR), but for old birds days that do not get warm are most lethal (small DTR). This suggests that DTR affects mortality via different ways in young versus old 
birds. For example, old birds in the semi-natural foraging environment, the DTR effect is likely due to cold exposure. 

Age=0.36 years (90% alive) Age=1.65 years (70% alive) Age=4 years (30% alive) Age=5.06 years (10% alive) 

H
a
z
a
rd

 r
a

te
 

4 6 8 10 12

0,01

0,1

1

10

100

-6

-3

0

12 15

3
6
9

4 6 8 10 12

-6

-3
0

12
15

3
6
9

4 6 8 10 12

-6

-3
0

12

15

3
6
9

4 6 8 10 12

0,01

0,1

1

10

100-6

-3
0

12

15

3
6
9

0,01

0,1

1

10

100

-6

-3 0

3

6

9

12

15
-6

-3
0

3

6

9

12

15

-6

-3
0

3

6

9

12

15

0,01

0,1

1

10

100

-6

-3
0

3

6
9

12

15

E
a

s
y
 

e
n
v
ir
o

n
m

e
n
t 

Diurnal temperature range [°C] 

S
e

m
i-

n
a
tu

ra
l 

e
n
v
ir
o

n
m

e
n
t 

. 

. 

. 

. 

. 

. . 

. 



11 
 

Supplementary material 5: Isolines representation of association between DTR and mortality 

Supplementary Figure S4: Effects of natural variation in minimum temperature and diurnal temperature range on the hazard rate of zebra finches in easy 
foraging treatment (A) and semi natural environment (B). Isolines connect data with the same relative hazard rate and are the result of the model (Table 1, 
calculated for the age of 0.36 years as in fig. 4) which is based on the daily observation of survival of 229 (A) and 246 (B) individuals from December 9th 2007 
till January 1st 2013. Grey dots represent weighted weather data. 
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