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1. Data	

 

Figure A1. Map of the Netherlands with all study sites (indicated by the red dots). 

Table A1. The percentage of sites and years in which annual adult survival was estimable. The sites and years columns 

show the sample sizes for each species included in the SEM model with survival excluded (i.e. the largest 

sample size). The last column shows the percentage of sites per year where adult survival could be successfully 

estimated. The low estimation rate is due to small sample sizes. 

 Species Scientific name Sites Years 

% of 

sites/years 

with survival 

estimated 

Adult 

survival 

probability 

Life 

expectancy 

1 
Bearded 

reedling 

Panurus 
biarmicus 15 19 10 0.287723 1.403948 

2 
Common 

blackbird 
Turdus merula 48 19 34 0.432176 1.761109 

3 
Common 

chaffinch 

Fringilla 
coelebs 

41 17 10 0.542079 2.183781 

4 
Common 

chiffchaff 

Phylloscopus 
collybita 

50 19 27 0.327134 1.486179 

5 Common linnet 
Linaria 
cannabina 

23 18 1 0.474885 1.904343 

6 
Common 

redstart 

Phoenicurus 
phoenicurus 

26 18 8 0.405947 1.683351 

7 Common reed Emberiza 39 20 41 0.44321 1.796011 
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bunting schoeniclus 

8 
Common 

starling 

Sturnus 
vulgaris 21 17 0 NA NA 

9 Dunnock 
Prunella 
modularis 47 18 20 0.351552 1.542143 

10 
Eurasian 

blackcap 

Sylvia 
atricapilla 48 19 16 0.3893 1.637464 

11 
Eurasian 

bullfinch 

Pyrrhula 
pyrrhula 

14 13 9 0.490935 1.964386 

12 
Eurasian reed 

warbler 

Acrocephalus 
scirpaceus 

41 20 85 0.445115 1.802175 

13 
Eurasian Tree 

Sparrow 

Passer 
montanus 

11 14 13 0.294308 1.417048 

14 Eurasian wren 
Troglodytes 
troglodytes 

50 20 18 0.344453 1.525443 

15 European robin 
Erithacus 
rubecula 

44 19 2 0.338642 1.512041 

16 House sparrow 
Passer 
domesticus 

7 9 4 0.456882 1.841219 

17 Long-tailed tit 
Aegithalos 
caudatus 

32 18 5 0.400781 1.668839 

18 
Short-toed 

treecreeper 

Certhia 
brachydactyla 

31 18 1 0.543595 2.191036 

19 Willow warbler 
Phylloscopus 
trochilus 

47 20 69 0.345234 1.527264 

Adult survival estimates were calculated using capture-mark-recapture analysis implemented using 

Program MARK (White and Burnham 1999) with the RMark interface (Laake and Rexstad 2010). 

Apparent adult survival was estimated for each year and site (with standard errors). The analysis 

took into account age (juveniles and adults), included a residency parameter (accounts for transient 

individuals that have zero probability of being in the population on sampling occasions subsequent 

to their initial capture by accounting for differences in survival as a function of time since marking; 

Saracco et al. 2010, Cooch and White 2015) and an encounter probability parameter for both adults 

and juveniles (as not all individuals are guaranteed to be captured when sampling; White and G.C. 

2015, Johnston et al. 2016). Annual adult survival estimates per site were not always estimable due 

to low sample sizes (see Table A1 for details). 

 

Table A2. CES site and weather station coordinates and the distances between the two. 

CES Site Lat (CES) Long (CES) 

Weather 

Station Lat (Stn) Long (Stn) Distance (km) 

C01 52.61 5.90 273 52.70 5.89 10.1 

C02 52.45 5.82 269 52.46 5.53 20.3 

C03 52.34 4.52 240 52.30 4.77 17.7 

C04 52.54 6.47 278 52.44 6.26 18 
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C05 53.21 5.44 270 53.23 5.76 21.2 

C06 53.11 4.79 235 52.92 4.79 20.3 

C07 53.20 6.80 280 53.13 6.59 16.8 

C08 52.33 5.16 265 52.13 5.27 23.7 

C09 52.91 5.83 273 52.70 5.89 23.9 

C10 51.85 5.12 356 51.86 5.15 1.9 

C11 52.61 5.64 269 52.46 5.53 18.2 

C12 51.57 4.90 350 51.57 4.93 2.1 

C13 53.04 5.40 267 52.90 5.38 15.8 

C14 52.54 4.83 249 52.64 4.98 15.6 

C15 53.26 4.95 251 53.39 5.35 30.9 

C16 51.69 4.47 344 51.96 4.44 29.8 

C17 52.23 6.61 283 52.07 6.65 17.3 

C18 52.28 6.52 283 52.07 6.65 24.8 

C19 52.29 6.09 278 52.44 6.26 20.5 

C20 52.63 6.08 273 52.70 5.89 15.5 

C21 52.42 5.23 269 52.46 5.53 20.4 

C22 52.53 6.46 278 52.44 6.26 16.6 

C23 51.83 5.93 375 51.66 5.71 24.5 

C24 52.85 5.44 267 52.90 5.38 6.2 

C25 51.84 5.96 275 52.06 5.89 25.1 

C26 52.44 6.88 290 52.27 6.90 18.5 

C27 51.34 5.79 377 51.20 5.76 16.1 

C28 52.42 4.56 240 52.30 4.77 19.7 

C29 51.44 5.24 370 51.45 5.41 12.4 

C30 51.84 4.39 344 51.96 4.44 13.4 

C31 52.14 4.33 210 52.17 4.42 6.8 

C32 52.31 5.21 265 52.13 5.27 20.5 

C33 53.33 6.42 277 53.41 6.20 16.9 

C34 53.07 5.33 267 52.90 5.38 19.4 

C35 52.86 6.00 273 52.70 5.89 19.1 

C36 52.31 6.13 278 52.44 6.26 16.9 

C37 51.57 3.57 310 51.44 3.60 14.2 

C38 52.27 6.47 278 52.44 6.26 23.7 

C39 53.04 4.74 235 52.92 4.79 13.2 

C40 51.65 4.77 350 51.57 4.93 14.7 

C41 53.33 6.43 277 53.41 6.20 17.8 

C42 52.81 6.42 279 52.75 6.58 12.6 

C43 52.91 5.03 235 52.92 4.79 16.3 

C44 52.86 5.88 273 52.70 5.89 17.5 

C45 53.31 6.05 277 53.41 6.20 14.7 

C46 53.46 5.66 251 53.39 5.35 21.8 

C47 53.21 6.03 270 53.23 5.76 18.8 

C48 51.90 5.12 356 51.86 5.15 4.9 

C49 52.54 5.95 273 52.70 5.89 18.7 

C50 52.57 6.15 278 52.44 6.26 16.9 
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C51 51.35 6.13 391 51.50 6.20 17.4 

C52 51.36 5.49 370 51.45 5.41 11.2 

C53 52.14 5.09 260 52.10 5.18 7.6 

C54 53.20 6.59 280 53.13 6.59 8 

C55 52.27 5.48 265 52.13 5.27 20.9 

C56 51.97 4.69 348 51.97 4.93 16.4 

C57 53.44 6.87 286 53.20 7.15 32.6 

C58 53.41 6.22 277 53.41 6.20 1.9 

C59 52.22 6.55 283 52.07 6.65 17.5 

C60 51.51 5.84 375 51.66 5.71 18.8 

C61 52.33 5.16 265 52.13 5.27 23.7 

C62 53.48 6.16 277 53.41 6.20 8.3 

C63 51.91 6.03 275 52.06 5.89 20 

C64 51.87 6.08 275 52.06 5.89 25 

C65 51.96 5.74 275 52.06 5.89 15.4 

C66 52.52 4.91 249 52.64 4.98 14.8 

C67 52.53 6.15 278 52.44 6.26 12.7 

C69 52.42 5.23 269 52.46 5.53 20.3 

C70 52.29 5.53 269 52.46 5.53 18.3 

C71 53.28 6.00 270 53.23 5.76 17.4 

C72 51.82 5.94 375 51.66 5.71 24.2 

C73 53.17 6.70 280 53.13 6.59 9 

C74 52.37 5.58 269 52.46 5.53 10.4 

C75 52.81 4.69 235 52.92 4.79 14.3 

C76 53.04 6.04 270 53.23 5.76 28.6 

C77 53.31 6.89 286 53.20 7.15 21.5 

C78 52.57 6.14 278 52.44 6.26 16.8 

C79 52.16 6.26 275 52.06 5.89 27.6 

C81 51.55 5.03 350 51.57 4.93 7 

C82 53.48 6.18 277 53.41 6.20 8.4 

C83 52.63 6.47 279 52.75 6.58 14.7 

C84 53.44 6.87 286 53.20 7.15 32.6 

C85 52.31 5.20 265 52.13 5.27 20.6 

C86 52.17 6.10 275 52.06 5.89 18.9 

C87 51.98 5.66 275 52.06 5.89 18.2 

C88 53.10 5.39 267 52.90 5.38 22.7 

 

Table A3. Climate windows for all species. Blank spaces indicate where those climate variables had no effect on 

body condition, and those species were excluded from the SEM analysis. Start and finish indicate the earliest 

and latest dates of the windows, respectively. 

Species Start Finish 
Bearded reedling 1-Sep 17-Oct 

Bluethroat 
  

Common blackbird 29-May 12-Jul 

Common chaffinch 29-May 23-Jul 

Common chiffchaff 25-Jul 6-Aug 
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Common grasshopper warbler 
  

Common linnet 29-May 9-Jul 

Common redstart 13-Jun 1-Jul 

Common reed bunting 29-May 15-Jun 

Common starling 5-Mar 12-Mar 

Common whitethroat 
  

Dunnock 28-May 2-Jul 

Eurasian blackcap 12-May 9-Jul 

Eurasian blue tit 
  

Eurasian bullfinch 8-Jun 29-Jun 

Eurasian jay 
  

Eurasian reed warbler 14-May 23-May 

Eurasian tree sparrow 22-Sep 18-May 

Eurasian wren 28-May 8-Jul 

European crested tit 
  

European goldfinch 
  

European greenfinch 
  

European pied flycatcher 
  

European robin 28-May 8-Jul 

European stonechat 
  

Garden warbler 
  

Great tit 
  

House sparrow 14-May 4-Jun 

Icterine warbler 
  

Long-tailed tit 9-Jun 22-Jun 

Marsh tit 
  

Marsh warbler 
  

Sedge warbler 
  

Short-toed treecreeper 27-Apr 17-May 

Song thrush 
  

Spotted flycatcher 
  

Tree pipit 
  

Willow tit 
  

Willow warbler 10-Jun 27-Jun 

 

Change	in	wing	length	over	time	
Across all species, we found no significant change in wing length over time (regression slope 

estimate= 2.703 ± 1.784, p-value= 0.164). We also tested whether wing length was changing over 

time for each species individually and found that only 6 species out of 55 showed any significant 

changes. Only four of these were included in the main analyses (the blackbird, dunnock, Eurasian 

wren and house sparrow. 
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Table A4. Estimates from a linear regression of wing length over time. The 19 species which showed temperature-induced 

changes in body condition (and were therefore included in the SEM) are bolded. 

 Species Int Slope SE p-value Significant 

1 Eurasian reed warbler 75.8764 -0.0047 0.0085 0.5780 NonSig 
2 Willow warbler 39.3263 0.0134 0.0104 0.1995 NonSig 
3 Common chiffchaff 69.0688 -0.0051 0.0107 0.6306 NonSig 
4 Great tit 50.2871 0.0123 0.0088 0.1617 NonSig 

5 Sedge warbler 20.3040 0.0228 0.0133 0.0870 NonSig 

6 Eurasian blackcap 87.9287 -0.0067 0.0087 0.4412 NonSig 
7 Eurasian blue tit 78.4984 -0.0064 0.0097 0.5101 NonSig 

8 Eurasian wren -34.8316 0.0416 0.0096 0.0000 Sig 
9 Common reed bunting 33.0144 0.0219 0.0175 0.2127 NonSig 

10 Common blackbird 57.8501 0.0354 0.0162 0.0296 Sig 
11 Garden warbler 64.2125 0.0071 0.0109 0.5177 NonSig 

12 Marsh warbler 14.2462 0.0278 0.0098 0.0049 Sig 

13 Dunnock 11.7148 0.0292 0.0092 0.0016 Sig 
14 European robin 47.1385 0.0125 0.0104 0.2273 NonSig 
15 Common whitethroat 74.3928 -0.0012 0.0114 0.9184 NonSig 

16 Bearded reedling -18.4111 0.0379 0.0273 0.1690 NonSig 
17 Song thrush 60.0923 0.0287 0.0176 0.1046 NonSig 

18 Bluethroat 88.7763 -0.0077 0.0136 0.5707 NonSig 

19 Willow tit 104.2685 -0.0223 0.0143 0.1194 NonSig 

20 Lesser whitethroat 50.4220 0.0076 0.0145 0.6009 NonSig 

21 Long-tailed tit -6.5368 0.0338 0.0205 0.0997 NonSig 
22 Eurasian tree sparrow 160.4400 -0.0458 0.0273 0.0966 NonSig 
23 Common chaffinch 40.8326 0.0228 0.0263 0.3868 NonSig 
24 Common grasshopper warbler 42.2379 0.0113 0.0162 0.4849 NonSig 

25 Common linnet 99.2068 -0.0097 0.0267 0.7178 NonSig 
26 House sparrow 232.1848 -0.0767 0.0357 0.0342 Sig 
27 Common starling -66.9457 0.0966 0.0545 0.0784 NonSig 
28 Great spotted woodpecker 146.8799 -0.0072 0.0288 0.8039 NonSig 

29 Barn swallow 108.9958 0.0070 0.0376 0.8523 NonSig 

30 Icterine warbler 26.4211 0.0258 0.0190 0.1751 NonSig 

31 Short-toed treecreeper 0.5013 0.0309 0.0203 0.1298 NonSig 
32 European greenfinch 14.5385 0.0364 0.0231 0.1168 NonSig 

33 Eurasian bullfinch 71.7621 0.0058 0.0217 0.7915 NonSig 
34 Common nightingale 89.4288 -0.0033 0.0299 0.9127 NonSig 

35 Common redstart 55.5523 0.0117 0.0215 0.5850 NonSig 
36 Marsh tit 41.9646 0.0107 0.0295 0.7171 NonSig 

37 Savi's warbler 21.7735 0.0239 0.0282 0.3984 NonSig 

38 European goldfinch 45.6558 0.0160 0.0416 0.7005 NonSig 

39 European pied flycatcher -20.1482 0.0495 0.0253 0.0532 NonSig 

40 European crested tit 87.7338 -0.0119 0.0298 0.6904 NonSig 

41 Spotted flycatcher 27.9799 0.0296 0.0327 0.3684 NonSig 

42 European stonechat 113.0306 -0.0235 0.0297 0.4324 NonSig 

43 Eurasian jay 67.2637 0.0554 0.0792 0.4854 NonSig 
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44 Eurasian nuthatch 237.8109 -0.0755 0.0460 0.1069 NonSig 

45 Common kingfisher -15.3031 0.0467 0.0457 0.3103 NonSig 

46 White wagtail -20.4211 0.0543 0.0611 0.3775 NonSig 

47 Tree pipit 203.6955 -0.0584 0.0481 0.2285 NonSig 

48 Goldcrest 49.3992 0.0018 0.0321 0.9544 NonSig 

49 Western yellow wagtail -10.6086 0.0452 0.0863 0.6081 NonSig 

50 Meadow pipit 229.6499 -0.0750 0.0840 0.3785 NonSig 

51 Eurasian penduline tit 71.7288 -0.0077 0.0329 0.8168 NonSig 

52 Coal tit 77.8179 -0.0077 0.0654 0.9069 NonSig 

53 Common redpoll 257.6602 -0.0934 0.0726 0.2272 NonSig 

54 Great reed warbler -383.9362 0.2392 0.0607 0.0004 Sig 

55 Sand martin -5343.5391 2.7035 1.7842 0.1640 NonSig 

 

2. Calculation	of	estimates	

Body	condition	
Body condition residuals were taken from the model, 

Body Condition ~ Wing length + Age class + Time + Time
2 

+ Season + Season
2
 + Sex + (1|Indiv.ID)) 

where individual ID is included as a random intercept term, and time of day and day within the 

season are included as quadratic terms.  

After the residuals were converted to a percentage of the species’ mean weight (to make 

comparable across species), we next calculated the mean and the standard error of these body 

condition percentages for each site and year per species. The standard error was calculated as 

sqrt(variance/n). However, in the case where there was a sample size of 1, we assigned the standard 

error to be the maximum standard error value that was calculated. As these error values are only 

used to help with weighting in the structural equation model, we felt that as long as they were noted 

to have high errors, this would be adequate. 

Population	growth	rate	
We can be confident that a change in abundance from 30 to 10 individuals in two consecutive years 

would be a real and strong change, whereas we would be less certain if it only varied by a few 

individuals (e.g. 3 to 1) as some individuals could have been missed during sampling and the sign of 

the change in growth rate could change. Consequently, we calculated a value to weight annual 

population growth rates depending on this certainty. Weights were calculated as the absolute 

difference between the consecutive years.  

!"#$ℎ& = ()*(,- − ,-/0) 
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For instance, if nt = 30 and nt+1 = 10 between two consecutive years the population growth rate 

between these years would be weighted more heavily in the SEM than if nt = 3 and nt+1 = 1.  

The equation to calculate rs,t used here means that population growth rate estimates could be 

slightly more extreme in years when zero individuals were recorded. However, the population 

growth rate is weighted based on the sample size to reduce any impact on the relationships in the 

SEM. Additionally, to test that our data were robust, we re-ran the full analysis without any zero 

values and found that the trends remained the same.  

3. Details	of	the	SEM	analysis	
The model was implemented with the following equations for each response variable: 

1. Population growth rate ~ Reproduction + Temperature +  (1:Reproduction |Species/Site) + 

(1:Temperature |Species/Site) 

2. Reproduction ~ Body Condition + Temperature + (1:Body Condition |Species/Site) + 

(1:Temperature |Species/Site) 

3. Body Condition ~ Temperature +  (1:Temperature | Species/Site) 

We used the following code in R to calculate the structural equation modelling analysis. 

 

Linear	Approximation	for	logistic	relationships	

The r code used to calculate the structural equation model is as follows: 
modelList = psem( 
    ### Population Growth Rate 
    lme(Population ~  Reproduction + Temperature,  
        random = list(Species = pdDiag(~ Temperature +Reproduction), 
Site = pdDiag(~ Temperature +Reproduction)),  
        na.action=na.exclude, 
        weights = varFixed(~ 1/(sqrt(PopWt))), 
        data=data), 
    ### Reproduction 
    glmer(Reproduction ~ Body Condition + Temperature +  
(1|Species/Site) +  (0 + Body Condition|Species/Site) + 
(0+Temperature|Species/Site),  
          family = binomial(link = "logit"), 
          weight = N, 
          data = data), 
    ### Body condition 
    lme(Body Condition ~ Temperature,  
        random = list(Species = pdDiag(~ Temperature), Site = pdDiag(~ 
Temperature)),  
        na.action=na.exclude,  
        weights = varFixed(~ BMresSE), 
        data=data) 
  )#End List 
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Figure A2. Illustration of how the linear approximation for logistic relationships (i.e. any relationship with 

reproductive success as the response variable) is calculated. This example shows an example for a non-linear 

response between annual reproductive success and temperature. The black slope shows the non-linear 

relationship for a species, and the red linear slope shows the linear approximation, i.e. the tangent at the 

mean. 
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Intra-	and	inter-specific	analysis	
Using the amount of among species variance (2) and the within-species variance (3) for each 

pathway (random slopes) in our SEM model, we calculated the total amount of variation explained 

by species as: 

%	(67,$	*8"9#"*	3(:#(&#7, = 	 2
2 + 3 

4. Explaining	species	and	site	differences	

We investigated a number of hypotheses to examine whether any species- or site-specific 

characteristics could explain variation in pathways. We used two species’ characteristics, body size 

and life-expectancy, which could act as proxies for ecologically similar species. Structural body size 

was calculated as the average wing length across all individuals of that species across all years. Life-

expectancy was calculated as 1/(1- annual survival rate) of the species over the entire period (see 

Table S1).  

We investigated several local site-specific characteristics; Wet or dry habitat types (where wet 

habitats were composed of reed bed and wet scrub, and dry habitat types as dry scrub, garden and 

woodland), and predation pressure (the number of adult individuals of sparrowhawks and other 

goshawks at each site averaged across all years). 

We also investigated several characteristics that were site- and species-dependent: the strength of 

density dependence, population density (a proxy for habitat quality), and mean body condition (for 

each species and site). To test density-dependence, we calculated the strength of density-

dependence by linear regression of the population growth rate (rt) over the population size in year t. 

Population density was calculated as the number of adult or juvenile individuals of the same species 

caught (per meter of net per day) for each site averaged across all years. Site mean temperature 

(based on each species-specific temperature window) was calculated by averaging mean 

temperatures at each site over all years.  
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1. Normality	of	random	intercept	and	slope	terms	for	the	SEM	
All random intercepts and slopes showed adequately normal distributions. 

 

Figure A2. Distribution of random intercept and slope values for each of the three response variables (top two rows show 

the population growth rate, middle two rows show reproductive success and the bottom two rows show body condition). 

The first column shows the distribution of intercept values for each response variable. The middle column shows the 

distributions of path estimates (or partial slope estimates) for the explanatory variable temperature. The right column 

shows the  distributions of path estimates for the explanatory variables reproduction (for the top two plots) and body 

condition (the lower two plots). The distributions of species’ and site estimates are both shown and indicated by the text in 

the plots. 
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2. Additional	results	from	the	SEM	output	

 

Figure A2. Graphical representation of the relationships for each pathway in the structural equation 

model with the underlying data. Each black point shows the estimate for all years and sites including 

all populations from all species. The slopes are red if the 95% confidence intervals do not cross zero. 

Note that each point is weighted based its accuracy. 
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TableA1. List of species and site characteristics tested with linear models to explain variation in path slopes across species and sites. We also note our expected outcomes and the actual 

outcomes. Species/Site characteristics that are bold indicate that they are species characteristics, while un-bolded ones are site/local characteristics. Because some hypotheses specified 

specific sign outcomes (i.e. less fat insulation when warmer increases your reproductive success) while others only specified a stronger or weaker effect (i.e. temperature is likely to have a 

stronger impact on larger species) we have in some cases conducted these analyses on absolute values (noted with a * if this is the case). These hypotheses were identified partly from 

(McLean et al. 2016) and from expert opinion. These model estimates are listed in the strength (absolute values) column. The model estimates that include the sign of the slope responses are 

given in the last column.  

Pathway Species/Site 
Characteristic 

Hypothesis Expected outcome Actual outcome Strength 
(absolute 

values) 

Sign 

!Repro/ 
! Cond 

Predator 
density 

If decreased body condition means you  spend less time foraging and 
can fly better, then you might expect a decrease in body condition to be 
positive for reproduction in areas with higher predation as these birds 
avoid predators more effectively (Lima 1986). 

Decreased condition 
= increased 
reproduction at sites 
with more predators 

 Decreased 
condition = lower 
reproduction at 
sites with more 
predators 

NA Int= -0.004  
Slope= 0.109 
[0.025, 0.193] 

Site mean 
body condition 

If the population is on average heavier, then losing body condition may 
have less negative consequences, but if the population is on average 
already lighter it could have stronger negative consequences on 
reproduction because any mass lost will have a stronger biological 
impact. 

Decreased condition 
= decreased 
reproduction at sites 
with more low mean 
body condition 

No effect NA No effect 

Population 
density 

If low densities represent poor quality sites, you might expect decreases 
in body condition to have a negative association with reproduction. In 
good quality sites (with high population densities), decreased body 
condition may be less important if there is a more constant food supply 
or less stressors in general. 

Decreased condition 
= decreased 
reproduction at sites 
with low population 
density 

No effect NA No effect 

!Repro/ 
! Temp 

Wet/dry 
habitats 

Temperature might have a stronger negative effect on populations in dry 
habitats because wet habitats might lessen the direct effects of hot 
weather through easy re-hydration or the opportunity for bathing (and 
therefore cooling) in available standing water (Oswald et al. 2008, 
McLean et al. 2018). 

Increased 
temperature = 
decreased 
reproduction in dry 
habitats 

No effect NA No effect 

Population 
Density 

If low densities represent poor quality sites, then changes in 
temperature may have a stronger effect on reproduction. In good 
quality sites (with high population densities), decreased body condition 
may be less important if there is a more constant food supply or less 
stressors in general. 

More dense = weaker 
relationship between 
temperature and 
reproduction 

More dense = 

stronger 

relationship 

Int=0.018 
Slope= 0.107 
[0.027, 0.187] 

No effect 
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between 

temperature and 

reproduction;  

No direction 
Life 

expectancy* 
Short-lived species (i.e. fast-species) are more sensitive to changes in 
reproductive success, and therefore they are typically better adapted to 
keep reproductive success as stable as possible (Sæther and Bakke 2000, 
Gaillard et al. 2000). Consequently, temperature may have a weaker 
effect on reproduction in short-lived species. 

Short-lived = weaker 
relationship between 
temperature and 
reproduction 

Short-lived = 
stronger 
relationship 
between 
temperature and 
reproduction No 
direction 

Int=0.049 
Slope= -0.018 [-
0.031, -0.004] 

No effect 

Migration* Reproductive success of long-distant migrants may be more sensitive to 
changes in food conditions, or physiological heat stress after only just 
returning from their migrations (Both et al. 2006). 

Migrants = stronger 
relationship between 
temperature and 
reproduction 

No effect No effect No effect 

! Pop/ 
!Repro 

Density 
dependence* 

Species that experience strong density-dependent regulation might have 
weaker, more negative relationships between reproduction and 
population growth if, for instance, increases in reproduction at one life-
stage are counteracted by decreases in another life-stage. For example, 
reduced annual fledgling production due to changes in phenology can be 
counteracted by increased post-independence survival of offspring 
(Reed et al. 2013b). 

Strong density 
dependence = 
weaker relationship 
between 
reproduction and 
population growth 

Strong density 
dependence = 
stronger, positive 
relationship 
between 
reproduction and 
population growth  

Int=0.210 
Slope= 0.015 
[0.006, 0.024] 
 

Int= 0.161 
Slope= 0.013 
[0.002, 0.024] 

Life 
expectancy* 

Expect a stronger relationship between reproduction and population 
growth in species that are short-lived as the population growth rate is 
more sensitive to changes in reproduction in such species (Morris et al. 
2008). 

Long life expectancy 
= stronger 
relationship between 
reproduction and 
population growth 

Expect a stronger 
relationship 
between 
reproduction and 
population growth 
in species that are 
short-lived as the 
population growth 
rate is more 
sensitive to 
changes in 
reproduction in 
such species 
(Morris et al. 
2008). 

No effect No effect 
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Size* Expect a stronger relationship between reproduction and population 
growth in species that are smaller as these species are likely to be ‘r’ 
species and thus the population growth rate is more sensitive to changes 
in reproduction (Sæther and Bakke 2000). 

Smaller structural 
size = stronger 
relationship between 
reproduction and 
population growth 

Expect a stronger 
relationship 
between 
reproduction and 
population growth 
in species that are 
smaller as these 
species are likely 
to be ‘r’ species 
and thus the 
population growth 
rate is more 
sensitive to 
changes in 
reproduction 
(Sæther and 
Bakke 2000). 

No effect No effect 

Density 
dependence* 

Changes in temperature might have a weaker effect on population 
growth for species that experience strong density dependence because 
changes to reproduction or survival are likely to be ‘counteracted’ or 
buffered by reduced/increased competition (Reed et al. 2013b). 

Strong density 
dependence = 
weaker relationship 
between 
temperature and 
population growth 

Changes in 
temperature 
might have a 
weaker effect on 
population growth 
for species that 
experience strong 
density 
dependence 
because changes 
to reproduction or 
survival are likely 
to be 
‘counteracted’ or 
buffered by 
reduced/increased 
competition (Reed 
et al. 2013b). 

No effect No effect 

Life 
expectancy* 

If temperature effects work via survival, then more long-lived species 
would be more likely to have stronger changes in population growth 
rates (Sæther and Bakke 2000). 

Long life expectancy 
= stronger 
relationship between 
temperature and 
population growth 

If temperature 
effects work via 
survival, then 
more long-lived 
species would be 

No effect No effect 
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more likely to 
have stronger 
changes in 
population growth 
rates (Sæther and 
Bakke 2000). 

! Pop/ 
!Temp 

Migration* Changes in conditions at the breeding areas might have stronger effects 
on migrant species, if they are more sensitive to poorer conditions or if a 
‘mismatch’ with important resources occurs (Both et al. 2006). 

Migrants = stronger 
relationship between 
temperature and 
population growth 

Changes in 
conditions at the 
breeding areas 
might have 
stronger effects 
on migrant 
species, if they are 
more sensitive to 
poorer conditions 
or if a ‘mismatch’ 
with important 
resources occurs 
(Both et al. 2006). 

No effect No effect 

Wet/dry 
habitats* 

Temperature might have a stronger effect on populations in dry habitats 
as heat effects may be stronger (Oswald et al. 2008, McLean et al. 2018). 

Dry habitats = 
stronger relationship 
between 
temperature and 
population growth 

Temperature 
might have a 
stronger effect on 
populations in dry 
habitats as heat 
effects may be 
stronger (Oswald 
et al. 2008, 
McLean et al. 
2018). 

No effect No effect 

Population 
Density* 

If low densities represent poor quality sites, then changes in 
temperature may have a stronger effect on reproduction. 

Low density = 
stronger relationship 
between 
temperature and 
population growth 

If low densities 
represent poor 
quality sites, then 
changes in 
temperature may 
have a stronger 
effect on 
reproduction. 

No effect No effect 
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3. Post	hoc	analysis	on	association	between	body	condition	and	
population	growth	rate	

Given that we were unable to include the body condition -> population growth pathway in the SEM, we 
have instead conducted a post hoc analysis to investigate the relationship between the two variables. In 
order to determine whether any relationship between the two exists, we conducted a regression with 
population growth rate as the response variable and body condition as the explanatory variable and we 
followed the same regression structure used in the SEM, using the same random slope and intercept 
structure and model weighting. In this way, we can gain some further insight into whether the effects of 
temperature on population growth might be mediated by a missing body condition -> survival -> population 
pathway. 

We found that most species and sites did not have a strong association between population growth rate 
and body condition in general, although some sites did show stronger changes (both negative and positive, 
Figure A2). 

 

 

Figure A3. Boxplot showing the regression slope estimates for population growth rate with body condition for 
each site and species. Each box in the boxplots represents a species, the dotted vertical line shows a slope 
of zero. The red dots show each species average slope and the boxplot displays the distribution of slopes 
across sites. 
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We next compared these site slope estimates from the regression of population growth rate with body 
condition to the total slope of population growth rate with temperature to determine whether the 
association between body condition and population growth can predict population growth sensitivity to 
temperature (see Figure A3 below). The sensitivity of population growth rate to temperature was not well 
explained by the simple regression slopes of population growth over body condition (between-species 
slope = -0.04, 95%CI: -0.1, 0.005).  

These two new results imply that sites and species in which variation in body condition explained variation 
in population growth rate well, were not the sites and species in which population growth rate was 
particularly temperature sensitive. Or in other words, body condition as a trait is unlikely to be mediating 
the observed temperature sensitivity of population growth rate in this study. 

 

Figure A4. The slope of body condition over temperature explains between-species variation in the total 
effect of temperature on the population growth rate (a), but the slope of population growth over body 
condition does not explain within- or between-species variation in the total effect of temperature on the 
population growth rate (b). The red slopes show the overall (between-species) relationship between body 
condition sensitivity and population/reproduction sensitivity to temperature. The grey dots show all site 
estimates, and the black slopes show trends across sites for each species individually. 

4. Contradiction	with	previous	findings	about	whether	a	species	signal	
exists	between	temperature	and	body	condition	

In our previous work we found that the percentage of among-species variation in the temperature to body 

condition pathway was much smaller than we did here (McLean et al. 2018). This difference can be 

attributed to several key differences in the two analyses. Firstly, in McLean et al. (2018) the climate 

sensitivities of body condition to temperature are calculated on individual-level data, whereas, here we 

have averaged body condition estimates per site/year +-SE because all other estimates (survival, 

reproduction and population growth) are not possible to investigate on individual-level data. This analysis 

has site nested within species, does not account for any other climate variables, and only looks at linear 

effects, factors that all differ from the previous study.  


