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Supplementary Table 1. Model with biome interaction. The results of a model in which the 

effect of daily temperature extremes is interacted with biome rather than absolute latitude. 

Biomes are aggregated to larger groups, see methods. 



 
Supplementary Table 2. Lag model for the impacts of climate on bird abundance. Columns 

(1-4) show models including 5 to 2 lags of each climate variable. Significant impacts of 

temperature extremes are detected in both the first and second year after exposure, when 

sufficient lags are included. Impacts of precipitation typically show significant effects in the 

second year after exposure, and the third for extreme precipitation and first for total 

precipitation, depending on the lag structure included.    

  



 

Supplementary Table 3. Model for impacts of climate on abundance with an interaction 

indicating whether bird populations fall within the Passeriformes Order. 

  



 

Supplementary Table 4. As Table S3 but excluding birds in the Anseriformes Order. 

  



 

Supplementary Table 5. Model for the impacts of climate conditions on abundance 

growth including an interaction between temperature extremes, latitude and migratory 

status of birds. Data on migratory status of birds is taken from the AVONET database (see 

Methods), in which they are defined as resident or partially or predominantly migratory (the 

latter two we group as non-resident). 

  



 

 
Supplementary Figure 1. The robustness of the impacts of heat extremes on bird 

abundance to geographic bias in observed bird populations. Estimates of the main 

empirical model as shown in Table 1 Column 3 and Figure 2a, having down- (a) and up-

sampled (d) the data to obtain a balanced distribution of observed populations by biome. 

Solid red lines show the median and shaded area the 5th and 95th percentiles of the 

estimated marginal effects resulting from resampling the data 1,000 times. Dashed black 

lines show the estimate from the main model without resampling. The p-value of the 

parameters of the linear (b, e) and interaction term (c, f) coefficients for the impact of heat 

extremes are shown as histograms below, with the percentage of samples in which the 

parameters are significant shown inset (having assessed the coefficient uncertainty using 

Driscoll-Kraay standard errors to reflect spatial dependence as in Table 1 Column 4). 



 
 
Supplementary Figure 2. Heterogenous impacts by taxonomic Order. Estimates impact of 

heat extremes on abundance growth in terrestrial birds using interaction effects with both 

absolute latitude and Order. Panels (a-u) show the response for each Order, arranged from 

those with the largest number of available observed populations to those with the least. 

Solid red lines show the mean estimated response, and heavy and light shaded area the 95% 

confidence intervals based on clustering standard errors at the population level. Dashed 

black lines show the estimate from the main model including all Orders.  The number of 

distinct populations within each Order are show inset in each panel, with the distribution of 

populations shown as the underlying histogram.  

  



 

Supplementary Figure 3. Impacts across Passeriformes and other bird Orders. Estimated 

impact of heat extremes on abundance growth in the Passeriformes order (a) and other 

Orders (b) from a model which includes (a-b, model shown in Supplementary Table 3) or 

removes the Anseriformes Order which contains waterbirds (c-d, model shown in 

Supplementary Table 4). Solid red lines show the mean estimated response, and heavy and 

light shaded area the 95% confidence intervals based on clustering standard errors at the 

population level. Dashed black lines show the estimate from the main model including all 

Orders.   

  



 

Supplementary Figure 4. Impacts of heat extremes on abundance growth rate in bird 

populations which are resident or non-resident in their habitat (partially or largely 

migratory). We assess a model in which the impacts of heat extremes are interacted with 

both latitude and an indicator variable for whether each bird species is resident or non-

resident (results for the model are shown in Table S5). To do so we merge data on ecological 

traits of birds from AVONET (see Methods) which distinguishes whether birds are resident, 

partially or fully migratory. Central estimates for each type of bird populations are shown in 

solid red with 95% confidence intervals shown shaded Dashed black lines show the estimate 

from the main model shown in Fig. 2a.   

  



 

Supplementary Figure 5. Testing the robustness of the impacts of temperature extremes 

on bird abundance growth to potential outliers. The results for the main regression as 

shown in Fig. 2a are shown in dashed black, and the results of additional regressions in 

which individual populations have been dropped from the database and the overall model 

re-estimated are shown in light grey (3,118 additional model results from dropping each 

population once). The regression coefficients for the direct impact of heat extremes and 

their interaction with latitude are significant at the 5% level in every case that a single 

population is dropped from the data before re-estimating the main model. 

 

 
  



 

 
Supplementary Fig. 6. Procedures for estimating attributable impacts of climate change on 

population abundance. (a) The procedure for attributing the intensification of climate 

extremes to global climate change, using global temperatures (blue) correlated with 

historical climate extremes (red) to estimate a time-series of change in climate extremes 

which is attributable to climate change (orange). (b) The procedure for attributing the 

intensification of climate extremes to global climate change, by resampling from the 

historical period (1940-1970) to generate a counterfactual time-series of climate extremes 

until 2020 in the absence of climate change (blue). Note that this shows only one of 1,000 

samples taken in the full procedure. (c) The procedure for extrapolating missing population 

abundance observations using a log-linear extrapolation. Raw abundance data is shown in 

solid black, with a log-linear extrapolated data in dashed black. Estimates of the 

hypothetical abundance in the absence of climate change given the attributable changes in 

climate extremes shown in (a) is then shown in dashed red. Panel (d) is as in (c) but shows 

using a constant mean value to extrapolate abundance data. Data here is taken from a 

population of Mauritius Kestrel at 20.3 degrees South. 

  



 
Supplementary Fig. 7. As Figure 3 of the main manuscript, but interpolating baseline 

population by keeping it fixed at its historical mean. 
  



 
Supplementary Fig. 8. As Figure 3 of the main manuscript but using an alternative method 

to estimate the intensification of climate extremes which are attributable to climate change. 
In this case, counterfactual time-series of historical climate extremes are estimated by 

resampling data from the first thirty years (1950-1980), rather than by fitting relationships 
between climate extremes and global temperatures (see Supplementary Fig. 6b for 

visualisation and methods for further discussion). 
  



 
Supplementary Fig. 9. As Figure 3 of the main manuscript but using an empirical model with 

four rather than five lags for the impacts of climate conditions on abundance. 
  



 
Supplementary Fig. 10. As Figure 3 of the main manuscript but using an empirical model 

with three rather than five lags for the impacts of climate conditions on abundance. 
  



 
Supplementary Fig. 11. As Fig. 3 of the main manuscript but without accounting for density 

dependence when estimating the attributable impacts of climate change. 
  



 
Supplementary Fig. 12. As Fig. 3 of the main manuscript but using a constant mean to 

extrapolate baseline abundance levels, and without accounting for density dependence 
when estimating the attributable impacts of climate change. 

 


