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“Climate” data
• National Climate Information Centre 5x5 km 

gridded daily air temperature and precipitation.*

• Hadley Centre (monthly, 1°x1°) Sea Ice and Sea 

Surface Temperature data set (HadISST).**

• Centre for Ecology & Hydrology lake surface 

water temperatures.***

Phenology data
• see Supplementary 

Table 1

Site location data

Site matching, extraction

Estimation of climate sensitivity profiles (see Fig. 1)
• for each phenology series, identification of seasonal periods within which the 

upper and lower limits of temperature and precipitation sensitivity are found.

• one generalized linear model for each phenology metric/species/site/data set.

• extraction of seasonal periods for limits of climate sensitivity, and averaging of 

temperature and precipitation data within these.

Collation of outputs from all analyses

Matching of climate and 

phenology data

“Global” models of climate sensitivity
• data from all phenology time series, and matching climate data, aggregated. 

• phenological data from all time series modelled collectively as a function of 

mean temperature and precipitation during the seasonal windows from the 

climate sensitivity profiles, using generalized linear mixed effects models.

• additional models run with trophic level and Class as fixed effects to 

examine differences in “average” climate sensitivity among these high-level 

groups of taxa.

Data sources

* Perry, M. & Hollis, D. The generation of 

monthly gridded datasets for a range of 

climatic variables over the UK. Int. J. Climatol., 

25, 1041-1054 (2005). 

** http://www.metoffice.gov.uk/hadobs/hadisst/

***https://gateway.ceh.ac.uk/home

http://www.metoffice.gov.uk/hadobs/hadisst/


Supplementary Discussion  

Thackeray et al. "Phenological sensitivity to climate across taxa and trophic levels" 

 

Seasonal timing of climate sensitivity 

In the accompanying manuscript we focus upon differences in the magnitude of climate 

sensitivity among taxonomic and trophic groups. However, species and populations also differ 

with respect to the time of year in which climatic change is most (and least) influential to 

phenological events.  

 

Seasonal windows within which warming was most strongly correlated with earlier events (i.e. 

the lower limit of CSPtemp, and most negative temperature-timing correlations) were distributed 

throughout the year. However, many of the strongest phenological responses were seen with 

changing spring temperatures (March-April, Extended Data Fig. 2a). Though variable, the 

width of these seasonal windows was frequently approximately two months. Phenological 

events typically advanced most strongly in response to warming during seasonal windows 

ending during the preceding 3 months (Extended Data Fig. 3a). When present, positive 

correlations between seasonal warming and the timing of phenological events (i.e. the upper 

limit of CSPtemp, indicating delays with warming) were detected throughout the year (Extended 

Data Fig. 2b). The time of year during which increasing precipitation was most strongly 

correlated with earlier (Extended Data Fig. 2c) or later (Extended Data Fig. 2d) phenological 

events was highly variable. Phenological events were typically most sensitive to precipitation 

within time windows ending within the preceding 3 months (Extended Data Fig. 3c, d). CSPs 

for responses to precipitation were not evaluated for marine plankton due to a lack of matched 

precipitation data and are, in any case, biologically implausible. 



Widespread predator-prey/herbivore-forage de-synchronisation may occur if taxa at different 

trophic levels consistently respond to climatic variation within different seasonal windows. 

However, taxa within each trophic level showed great variability in the seasonal timing of 

windows capturing the upper and lower limits of climate sensitivity. There was no consistent 

difference in the timing or duration of these windows among trophic levels (Extended Data 

Fig. 4). Linear mixed effects (LME) models indicated that <1% of the variability in the 

duration, start date and end date of these seasonal windows could be statistically related to 

trophic level. It is therefore unlikely that differences in the seasonal timing of climate 

sensitivity explains systematic differences in rates of phenological change among trophic 

levels1. This contrasts with the observed trophic-level differences in the magnitude of climate 

sensitivity (Figure 3 in the manuscript).  

 

Inclusion of marine plankton 

Marine plankton data could not be included in the LME models of responses to both 

temperature and precipitation, due to the lack of matched precipitation data. Therefore we re-

ran analyses, including the marine plankton data and only temperature as a predictor. Inclusion 

of the marine plankton data in a temperature-only LME model resulted in the detection of larger 

seasonal variations in phenological temperature sensitivity for primary producers (cf Fig. 3c,e 

and Extended Data Fig. 5b,c). Nevertheless, we still observe the same qualitative differences 

in climate sensitivity among trophic levels. High marine plankton sensitivity may be a function 

of the rapid and direct responses of marine plankton to temperature change2 but such an 

interpretation must be tempered by the fact that the coarser (monthly) temporal resolution of 

these data affects the relative precision with which changes in seasonal timing can be estimated 

for these organisms compared to the other taxa in the analysis.  



Potential analytical biases 

Herein, we present the results of work to address potential biases that might affect our analysis 

of phenological climate sensitivity. The first potential source of bias is that the volume of data 

available differs among taxonomic groups, as is the case in all multi-species syntheses, and we 

wish to assess the extent to which our modelled mean phenological climate responses might 

have been biased by this data inequality. Therefore, we conducted Monte Carlo re-sampling, 

iteratively selecting 5, 20, 50 and 100 phenological series from each taxonomic group and re-

fitting climate-phenology models with these sampled data sets. All taxonomic groups were 

represented by >5 phenological times series, but some constituted less data than the larger 

sample sizes. In these cases (only sample sizes of 20 - 100 phenological series), we retained all 

available data for the taxonomic groups in question when re-sampling. Specifically, we had to 

retain all available data for mammals and crustaceans when re-sampling 100 series per group, 

and we had to retain all data for fish and amphibians when re-sampling any more than 5 series 

per group. The number of available series exceeded 100 for plants, insects, birds and 

phytoplankton. Therefore, re-sampling 5 series at a time removed taxonomic bias within each 

sample, while re-sampling at the other levels dramatically reduced it. All re-sampling was done 

without replacement.  

 

This approach allowed us to compare taxonomic group and trophic level responses while fully 

investigating the potential for taxonomic bias. Extended Data Fig. 6 show the outcome of this 

re-sampling exercise. For both the taxonomic group and trophic level mixed-effects models we 

show mean climate responses estimated when using the full data set (solid symbols). We also 

show variability in the mean responses for each of these groups, when they are estimated after 

re-sampling (horizontal bars). To be confident that estimates of mean phenological climate 



sensitivity based upon the full data set are not biased by taxonomic group representation, we 

would need estimates of sensitivity from the full data set to be near the centre of the range of 

sensitivity estimates based upon re-sampling the data (i.e. the solid symbols would need to fall 

near the centre of the bars). In the vast majority of cases, this is what happens. Only the estimate 

of the upper limit of phenological temperature sensitivity for plants (based upon the larger 

sample sizes) and the lower limit of temperature sensitivity for amphibians present a degree of 

bias. However, in both cases, the effects estimated from the full data set and the re-sampled 

data sets lead to the same inference i.e. that the upper limit for plants represents a weak 

correlation with temperature, and the lower limit for amphibians represents a tendency for 

earlier events with warming. Furthermore, any potential biases with respect to trophic level do 

not affect the general inferences made about the contrast in climate sensitivity between 

secondary consumers and other levels. We therefore conclude that taxonomic biases have a 

minimal effect upon our results.   

 

Another potential bias in our analysis is that phenological time series length is variable, 

affecting the length of time over which climate-phenology correlations are assessed. In order 

to assess the extent to which differences in mean trophic level and taxonomic group responses 

are biased by variable time series length, we also re-fitted our models but based only on pre- 

and post-1980 data. 

 

The result of pre- and post-1980 analysis for trophic level differences (Extended Data Fig. 7) 

is very similar to that obtained for the whole dataset. This re-analysis does not affect the main 

result that we wish to communicate; that temperature sensitivity is lowest for secondary 



consumers. In the case of taxonomic group differences in climate sensitivity (Extended Data 

Fig. 8), major inferences also remain the same when basing the analysis upon post-1980 data:  

 the lower limit of temperature sensitivity (the tendency for “earliness” with warming) 

is greatest for plants, freshwater phytoplankton, insects, amphibians and crustaceans. 

 the upper limit of temperature sensitivity (the tendency for “lateness” with warming) is 

greatest for freshwater phytoplankton and mammals. 

 the lower limit of precipitation sensitivity (the tendency for “earliness” with higher 

precipitation) is greatest for freshwater phytoplankton. 

 the upper limit of precipitation sensitivity (the tendency for “lateness” with higher 

precipitation) is greatest for freshwater phytoplankton and insects. 
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Supplementary Notes | Schematic overview of the analytical approach. 

Supplementary Table 1 | Breakdown of the phenological data set used in the analysis. 

Supplementary Table 2 | Breakdown of the data used in each mixed effects model presented 

in the manuscript. 

Supplementary Discussion | Analysis of the seasonal timing of periods of climate 

sensitivity, and assessment of possible sources of analytical bias. 



Supplementary Table 1 | Summary information for the phenological data sets used in the analyses. Information is aggregated at the level of taxonomic Classes 

represented by each monitoring scheme. “Number of taxa” and “Number of sites” are totalled for each Class i.e. not all taxa are recorded at all sites. “Year 

range” indicates the first and last years with data from taxa within each Class. Note that phenological events are categorised according to the scheme used in 

the mixed-effects models (as first/onset, mean/median/peak and last-type events). To maximise data availability within each taxonomic group, Classes were 

aggregated into phytoplankton, crustacea and plants in the mixed-effects models.    

Monitoring 
scheme□ 

Taxonomic Classes 
represented 

Number 
of taxa 

Number 
of sites 

Year range Metric class and specific phenological events 
included (see also Extended Data Table 2) 

Alderfly monitoring 
scheme (Malcolm 
Elliott, FBA) 

Insecta (insects) 1 1 1966-1995 First/onset date: emergence of first individual. 
Mean/median/peak date: emergence of 50% of 

population. 
 

Nest Record 
Scheme (BTO) 
 

Aves (birds) 37 60‡ 1961-2012 First/onset date: mean day on which first egg 
laid. 

Chillingham cattle 
records 

Mammalia (mammals) 1 1 1961-2011 First/onset date: date of first calf born for 
population each year.  Mean/median/peak date: 

median birth date for population each year. 
 

Cumbrian Lakes 
monitoring scheme 
(CEH) 
 

Actinopterygii (ray-finned fish) 
 
 
 
ǁBranchiopoda (crustaceans: 
cladocera) 
 
§Chlorophyceae, 
§Chrysophyceae, 
§Coccolithophyceae, 
§Conjugatophyceae, 
§Coscinodiscophyceae, 
§Cryptophyceae, 
§Cyanophyceae,  
§Dinophyceae, 
§Euglenophyceae, 
§Fragilariophyceae, 
§Klebsormidiophyceae, 
§Synurophyceae, 
§Trebouxiophyceae 
(phytoplankton Classes) 
 
ǁMaxillopoda (crustaceans: 
copepods/barnacles) 
 

1 
 
 
 
2 
 
 
9 
2 
1 
4 
2 
2 
8 
3 
1 
2 
1 
1 
5 
 
 
2 

2 
 
 
 
1 
 
 
4 
4 
2 
4 
4 
4 
4 
4 
1 
4 
4 
1 
4 
 
 
1 

1961-2010 
 
 
 

1961-2010 
 
 

1961-2005 
1961-2005 
1961-2003 
1961-2005 
1961-2003 
1965-2005 
1961-2005 
1961-2005 
1961-2003 
1961-2005 
1961-2005 
1966-2003 
1961-2005 

 
 

1961-2010 

Mean/median/peak date: day of maximum 
abundance on spawning grounds, and 50th 

percentile of cumulative annual abundance on 
spawning grounds. 

 
 
 
 
 
 

First/onset date: day of year on which 25% of 
cumulative seasonal abundance has been 

accrued.  Mean/median/peak date: day of year 
on which peak abundance occurs. Last date: 

day of year on which 75% of cumulative 
seasonal abundance has been accrued 

Isle of Rum Red 
Deer Project 
(Universities of 
Edinburgh and 
Cambridge) 
 

Mammalia (mammals) 1 1 1972-2011 Mean/median/peak date: mean birth date for 
population in each year. 

 

St Kilda Soay 
Sheep Project 
(Universities of 
Edinburgh and 
Cambridge) 
 

Mammalia (mammals) 1 1 1985-2011 Mean/median/peak date: mean birth date for 
population in each year. 

 

Harbour seal 
monitoring scheme 
(University of 
Aberdeen) 
 

Mammalia (mammals) 1 1 1988-2010 Mean/median/peak date: day of year on which 
50% of the population annual maximum pup 

count occurs. 

Isle of May Long-
term Monitoring 
Study (CEH) 

Actinopterygii (ray-finned fish) 
 
 
Aves (birds) 

1 
 
 
6 

1 
 
 
1 

1973-2006 
 
 

1963-2011 

First/onset date:  date fish reach population 
mean age of 5 days. 

 
First/onset date: date of first egg laid and chick 

hatched in population each year. 
Mean/median/peak date: median egg date, 
chick hatch, and chick ringing for population 

each year. 
 

Loch Leven 
monitoring scheme 
(CEH) 

§Coscinodiscophyceae 
(phytoplankton Class) 
 
ǁBranchiopoda (crustaceans: 
cladocera) 
 

2 
 
 
1 

1 
 
 
1 

1968-2007 
 
 

1972-2007 

First/onset date: day of year on which 25% of 
cumulative seasonal abundance has been 

accrued.  Mean/median/peak date: day of year 
on which peak abundance occurs. Last date: 

day of year on which 75% of cumulative 
seasonal abundance has been accrued. 

 
Atlantic Salmon 
monitoring scheme 
(Marine Scotland) 

Actinopterygii (ray-finned fish) 1 2 1967-2005 First/onset date: date of first arrival on 
spawning grounds.  Mean/median/peak date: 

mean date of smolt migration. 



 

□BTO, British Trust for Ornithology; CEH, Centre for Ecology & Hydrology; FBA, Freshwater Biological Association; PTES, People’s Trust for Endangered 

Species; RIS, Rothamsted Insect Survey; SAHFOS, Sir Alister Hardy Foundation for Ocean Sciences; SMRU, Sea Mammal Research Unit. 

†SAHFOS data were derived from Standard Marine Areas, rather than point locations.  

‡Original BTO and PTES observational data were aggregated to county level. Number of counties reported here.  

§Aggregated within a broader phytoplankton taxonomic group for modelling.  

ǁ Aggregated within a broader crustacea taxonomic group for modelling.  

¶ Aggregated within a broader plant taxonomic group for modelling.  

 

National Dormouse 
Monitoring 
Programme 
(PTES) 
 

Mammalia (mammals) 1 14‡ 1988-2011 First/onset date:  date of first birth for 
population in each year. 

Mean/median/peak date: median birth date for 
population in each year. 

Light Trap Network 
(RIS) – Moths 
 

Insecta (insects) 170 42 1965-2010 First/onset date: date on which 5% of 
cumulative annual catch occurred. 

Mean/median/peak date:  date on which 50% of 
cumulative annual catch occurred. 

 
Suction Trap 
Network (RIS) – 
Aphids 
 

Insecta (insects) 55 17 1965-2010 First/onset date: date on which first flight and 

5% of cumulative annual catch occurred. 

Continuous 
Plankton Recorder 
(SAHFOS) 
 

§Bacillariophyceae, 
§Dinophyceae  
(phytoplankton Classes) 
 
Gastropoda (gastropod 
molluscs) 
 
ǁMalacostraca (crustaceans: 
crabs, lobsters, shrimp) 
 
ǁMaxillopoda (crustaceans: 
copepods/barnacles) 
 

18 
7 
 
 
1 
 
 
1 
 
 

13 

7† 

7† 

 

 

5† 
 
 

7† 

 
 

7† 

 

1961-2011 
1961-2011 

 
 

1961-2011 
 
 

1961-2011 
 
 

1961-2011 

 
 
 
 
 

Mean/median/peak date: month in which 
maximum abundance occurred. 

Sea trout 
monitoring study 
(Malcolm Elliott, 
FBA) 
 

Actinopterygii (ray-finned fish) 1 1 1966-2000 Mean/median/peak date: median spawning 
date for population in each year. 

Grey seal 
monitoring scheme 
(SMRU) 
 

Mammalia (mammals) 1 34 1987-2010 Mean/median/peak date: mean pup (birth) date 
for population in each year. 

UK Butterfly 
Monitoring 
Scheme (CEH, 
Butterfly 
Conservation) 
 

Insecta (insects) 53 122 1973-2012 First/onset date: date of first appearance each 
year.  Mean/median/peak date: date of mean 
abundance each year. Last date: date of last 

appearance each year. 

UK Phenology 
Network 
(Woodland Trust, 
CEH) 
 

Aves (birds)                                 
 
 
 
Amphibia (amphibians)                        
 
 
Insecta (insects)                            
 
 
¶ Liliopsida (monocotyledon 
plants)            
 
¶ Magnoliopsida (dicotyledon 
flowering plants) 
 
¶ Pinopsida (conifers) 

20 
 
 
 
1 
 
 

10 
 
 

72 
 
 

301 
 
 
2 

42 
 
 
 

11 
 
 
9 
 
 

16 
 
 
9 
 
 
2 
 

1961-2012 
 
 
 

1968-2012 
 
 

1965-2012 
 
 

1961-2012 
 
 

1961-2012 
 
 

1961-2012 

First/onset date: first recorded sighting each 
year (for migrants). Last date: last recorded 

sighting each year (for migrants) 
 

First/onset date: first recorded spawning each 
year. 

 
First/onset date: first recorded sighting each 

year. 
 

First/onset date: dates of first flowering or first 
cut. Last date: date of last cut. 

 
First/onset date: dates of first flowering, first 

leaf, budburst or first ripe fruit. 
 

First/onset date: dates of first flowering or first 

leaf. 



Supplementary Table 2 | Break down of the number of phenological series, distinct sites and taxa represented within each categorisation used as 

a fixed effect in the climate-phenology models. .  

 

 

 

 

 

 

 

 

 

□ Some poorly represented taxonomic groups (each fewer than 10 phenological series) were excluded from these models, but were still included 

in the trophic level models.  

 

 

Model Group (within modelled 
fixed effect) 

Number of 
phenological 

series 

Number 
of sites 

Number 
of taxa 

□Taxonomic Group 
model, excluding 
marine plankton 
data (Fig. 4, 
Extended Data 
Figs. 2, 4) 

Amphibians 
Birds 
Crustacea 
Fishes 
Insects 
Mammals 
Phytoplankton 
Plants 
 

11 
946 
21 
11 

7873 
67 
439 
427 

11 
754 
2 
6 

191 
52 
5 
17 

1 
57 
5 
4 

283 
6 

43 
375 

Trophic level 
model, including 
marine plankton 
data (Extended 
Data Fig. 1) 
 

Primary Producer 
Primary Consumer 
Secondary Consumer 

1006 
8046 
951 

29 
313 
741 

446 
299 
75 

Trophic level 
model, excluding 
marine plankton 

data (Fig. 3, 
Extended Data 
Figs. 2, 3) 

Primary Producer 
Primary Consumer 
Secondary Consumer 

870 
8015 
915 

22 
306 
734 

422 
293 
64 


