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Section A1. Data collection, sources, and cleaning details 

The study system and data collection 

Long-term data (from 1960 to 2015) were collected through population censuses of the nest 

box breeding population of great tits in Wytham Woods (~ 6000 individuals over this 

period). Censuses have been conducted using a standardised procedure since 1960 

(Perrins, 1965a; Perrins & McCleery, 1989) and provide data on breeding phenology, clutch 

size, reproductive success, survival, and a detailed social pedigree. In addition to the spring 

breeding census, mist netting is conducted throughout the winter within Wytham Woods. 

Any new birds caught over winter are fitted with uniquely identifiable metal leg rings and 

Radio-Frequency Identification tags and age, sex, and morphometric data are recorded. 

Data cleaning 

Long term breeding census data were cleaned prior to use. Breeding attempts were 

restricted to first attempts. All known second attempts in any single box and all nests with a 

lay date more than 30 days after the first egg date laid in the woodland (Van Der Jeugd & 

McCleery, 2002) were removed. Several checks were performed to reduce data entry error. 

We ensured; all hatch dates occurred after lay dates, all fledge dates after hatch dates, all 

clutch sizes were larger than or equal to chick numbers, and all chick numbers greater than 

or equal to the number fledging. Any breeding attempts not meeting these criteria were 

removed as it is not possible to know which of the conflicting numbers is the correct entry. 

All duplicate entries were also removed. Six birds appear in historical ringing data as both 

great tits and other species. This is likely a result of data entry error, however, as it is not 

possible to definitively know which entry is correct, the individuals were removed.  
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Age 

For those born in natural cavities or immigrant birds we did not know exact ages. If an 

unknown bird was first caught as a juvenile (i.e. in the first year of its life) then exact age 

can be easily determined by plumage. However, some individuals are first caught and 

ringed as adults. As great tits rarely disperse after their first year (less than 2 % of known 

adults move between years) and are unlikely to have missed multiple years of breeding, we 

assume that individuals first caught as adults are aged two on their first observation. 

However, a few cases exist where there is a discrepancy between breeding data and winter 

ringing data. When no entry exists for a female until it is an adult, but after it has been 

recorded breeding in Wytham for more than one year, it is assumed that the female is a first 

year at the time of first breeding attempt recorded. Across our 55 years of data, only 500 

individuals lived over three years (an average number of less than ten per year), therefore 

we did not distinguish ages beyond three years. From previous analyses it has been shown 

there is little difference in survival and reproductive success between two and three year old 

birds in our study system (Bouwhuis et al., 2009, 2010, 2012), consequently these two 

groups were combined to be a single age class (> one year). 

Caterpillar peak abundance data 

The timing of winter moth caterpillar peak abundance is taken to be the median date on 

which final instar winter moth larvae descend to the ground to pupate. This data have been 

collected as part of a long-term study in Wytham Woods, supplied by Dr L. Cole (see 

(Charmantier et al., 2008)). 

Beech mast index 

Beech mast index has been recorded in Wytham Woods annually since 1947 (Chamberlain 
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et al., 2007). The amount of mast produced by beech trees in winter varies annually 

(Matthews, 1955). In Wytham Woods it is recorded on a three-point scale from low beech 

mast years (0) to high beech mast years (2). Data for this study were provided by Dr Andy 

Gosler.  

Environmental data 

Precipitation data were provided by the Radcliffe Meteorological Station, Oxford (Radcliffe 

Meterological Station). Daily rainfall totals in mm were collected from 1960 to present. 

Temperature data were provided by the MET Office, National Climate Information Centre 

gridded daily data from grid point 447500E 202500N (MET Office, 2009). Daily mean 

temperatures were available from 1960 to 2015.  These data had been generated from 

observations from weather stations across the UK and interpolated for missing values, both 

temporally and spatially by the MET Office.  

Data for parameterisation 

Cleaned breeding census data were combined with long term winter ringing records and 

environmental data to create a working dataset of the format below, organised by breeding 

attempts. Variables listed below are a complete list of those used in statistical model 

selection.  

Response variables: 
• Survival – whether an individual survived to the next breeding season (1) or not (0).

• Number recruited – number of chicks from that breeding attempt, that were seen

again as breeders at any later date within Wytham Woods.



5 

• Hatch date (t+1) – day on which the first chick hatched in the nest, in days since the

1st April for the year after the focal year. Only available for individuals surviving and

breeding beyond the focal year.

Individual explanatory variables: 
• ID – (factor) uniquely identifiable ring number of breeding female.

• Nest box – (factor) identity of the nest box used for breeding attempt.

• Hatch date – (numeric) day on which the first chick hatched in the nest, in days since

the 1st April.

• Synchrony – (numeric) hatch date minus caterpillar peak abundance date.

• Clutch size – (numeric) maximum number of chicks or eggs observed in the nest.

• Age – (factor) age of female (mother). Bird ages are from breeding season to

breeding season i.e. a bird born in 2000 breeding season would be one in 2001

breeding season and two by the autumn of 2001. Exact age was known for all birds

ringed as nestlings in Wytham Woods. Exact age is needed in order to calculate birth

year, however for the parameterisation of functions a binary coding was used, 1 =

first year bird, 2 = older than first year.

• Immigrant – (factor) female was born in a Wytham Woods nest box (0) or not (1).

• Section – (factor) section of the woodland, determined by management history,

habitat, and nest box density.

• Mother ID – (factor) BTO ring number of the mother of the breeding female.

Environmental explanatory variables: 
• Caterpillar peak abundance date – (numeric) median date on which final instar winter 

moth larvae descend to ground to pupate (days since 1 April).

• Year – (factor) year in which nesting attempt occurred.
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• Population size – (numeric) number of breeding females, who hatched eggs, in the 

woodland that year.

• Spring temperature – (numeric) mean temperature for the period 1 March to 9 May. 

This window of temperature was identified as the optimum critical window in which 

great tits perceive temperature using an absolute sliding time window method in the 

‘climwin’ package in R (Bailey & De Pol, 2016; van de Pol et al., 2016).

• Winter temperature* – (numeric) mean of temperature from the winter following the 

breeding attempt from (1 December to 28/29 February).

• Spring precipitation – (numeric) total precipitation from 1 April to 31 May to cover the 

nesting period and when young chicks are in the nest.

• Winter precipitation* – (numeric) total precipitation from 1 December to 28/29 

February.

• Beech mast index* – (factor) index of winter beech mast production 0 = no mast, 1 = 

little, 2 = high mast.

* these variables end in the calendar year following the current breeding season e.g. winter

temperature would end in February 2001 for the 2000 breeding season. 
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Section A2. Parameterisation of the survival function 

The survival function describes the probability of survival to 𝑡 + 1	as a function of 𝑍 at time 

𝑡. The survival function is assumed to be logistic, following Equation A1. 𝑆(𝐺, 𝐸, 𝑋, 𝜃’, 𝑡) is 

the probability of survival to 𝑡 + 1, given the sum of 𝐺 and 𝐸, and the environmental 

conditions at 𝑡 (𝜃’). 𝑉(𝐺, 𝐸, 𝑋) is a linear predictor of the form in Eq. 3 (in the main 

manuscript). 

Equation A1: 

𝑆(𝐺, 𝐸, 𝑋, 𝜃0, 𝑡) = 	
1

1 + 𝑒3(4(5,6,7))

The parameter values for this function were obtained from a Cormack-Jolly-Seber (CJS) 

model (Jolly, 1965; Seber, 1965), run in the ‘marked’ package in R (Laake, Johnson and 

Conn, 2013), to take account of the recapture rate (81% for this population) as well as 

survival. This model assumes a closed population. While immigration and emigration do 

occur in the study population, a closed population is still approximated as birds immigrating 

remain in the population until death and those emigrating do not return. Consequently, 

emigration did not need to be distinguished from mortality in this population.  

The CJS model had survival as a binary response variable, fixed explanatory effects (with 

logit link function) of hatch date, synchrony with caterpillar peak and its quadratic, immigrant 

status, section of the woodland, population size, spring temperature, winter temperature, 

spring precipitation and beech mast index. 

The full survival model (CJS model) included a time varying recapture rate and: 
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• time varying covariates (the same for all individuals); year, spring temperature (t-1),

spring precipitation (t-1), winter temperature, winter precipitation, and beech mast

index.

• individual covariates (do not vary with time); immigrant status and section of

woodland.

• time varying individual covariates (vary with individual and with time); hatch date,

hatch date2, synchrony, synchrony2, clutch size, and clutch size2.

Model selection - survival 

Table A1 .  AIC and ΔAIC values for survival model selection 

AIC ΔAIC 
*in comparison to model on the preceding row Variable removed 

14461.33 0 Null model 

14392.36 -69.33 Full model 

14390.36 -2.00 removed clutch size 

14388.85 -1.51 removed winter precipitation 

14387.98 -0.87 removed quadratic hatch 

14388.35 +0.37 Removed spring temperature 

The final survival model 

Table A2 .  Full model output for the final survival model 

Estimate Standard 
Error 

Lower 
confidence 

interval 

Upper 
Confidence 

interval 
Phi Intercept -0.22 0.07 -0.22 0.05 

Hatch date -0.17 0.08 -0.33 -0.02
Synchrony 0.04 0.06 -0.07 0.16
Sychrony2 -0.04 0.02 -0.08 -0.00
Beech = 0 -0.10 0.07 -0.25 0.04
Beech = 1 0.32 0.09 0.15 0.48
Spring temperature -0.11 0.07 -0.26 0.04
Spring precipitation 0.10 0.03 0.03 0.16
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Winter temperature 0.09 0.03 0.03 0.16 
Immigrant 0.13 0.04 0.04 0.21 
Section of woodland C -0.01 0.09 -0.18 0.15 
Section of woodland CP -0.33 0.10 -0.53 -0.14
Section of woodland EX -0.21 0.07 -0.35 -0.07
Section of woodland MP -0.08 0.09 -0.26 0.09
Section of woodland O -0.28 0.08 -0.44 -0.12
Section of woodland P -0.51 0.18 -0.86 -0.17
Section of woodland SW -0.18 0.09 -0.35 -0.02
Section of woodland W 0.04 0.08 -0.12 0.19
Population size -0.07 0.03 -0.13 -0.00

p Intercept 1.12 0.50 0.14 2.09
1962 0.90 0.69 -0.46 2.26
1963 0.29 0.61 -0.90 1.48
1964 0.04 0.63 -1.19 1.27
1965 -0.76 0.59 -1.93 0.41
1966 -0.28 0.63 -1.53 0.96
1967 -0.38 0.64 -1.64 0.88
1968 -1.00 0.59 -2.17 0.16
1969 -0.99 0.66 -2.28 0.30
1970 -1.33 0.62 -2.55 -0.11
1971 -0.43 0.67 -1.75 0.88
1972 -0.03 0.66 -1.32 1.25
1973 -0.56 0.60 -1.73 0.61
1974 -0.00 0.67 -1.32 1.32
1975 -0.98 0.60 -2.16 0.19
1976 -0.59 0.60 -1.77 0.60
1977 0.40 0.67 -0.92 1.72
1978 -0.07 0.65 -1.34 1.21
1979 0.01 0.64 -1.25 1.27
1980 0.02 0.62 -1.20 1.23
1981 0.60 0.65 -0.68 1.88
1982 0.65 0.63 -0.58 1.88
1983 -0.55 0.63 -1.77 0.68
1984 0.10 0.71 -1.29 1.49
1985 -0.69 0.58 -1.83 0.45
1986 1.55 0.71 0.15 2.95
1987 -0.02 0.64 -1.27 1.22
1988 0.11 0.59 -1.05 1.26
1989 -0.62 0.56 -1.72 0.48
1990 -0.74 0.60 -1.91 0.43
1991 -0.15 0.66 -1.44 1.14
1992 0.98 0.66 -0.32 2.27
1993 0.53 0.59 -0.63 1.69
1994 0.05 0.57 -1.07 1.17
1995 0.45 0.59 -0.70 1.60
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1996 0.43 0.65 -0.84 1.70 
1997 0.17 0.60 -1.00 1.34 
1998 -0.11 0.57 -1.22 1.01 
1999 1.26 0.69 -0.10 2.62 
2000 -0.70 0.54 -1.76 0.36 
2001 0.60 0.59 -0.55 1.75 
2002 -0.78 0.54 -1.84 0.29 
2003 0.12 0.58 -1.02 1.26 
2004 0.16 0.60 -1.02 1.35 
2005 0.54 0.62 -0.67 1.75 
2006 0.41 0.58 -0.74 1.56 
2007 0.46 0.56 -0.64 1.56 
2008 0.77 0.65 -0.50 2.05 
2009 7.74 41.73 -74.05 89.54 
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Figure A1: Relationship between probability of survival and significant 
explanatory variables identified by model selection 

Plotted point size is scaled by the number of data points that have that value, larger indicating a 
greater number of points. Shaded areas around lines and lines around point estimates represent the 

95% confidence interval of each relationship.  
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Section A3. Parameterisation of the development function 

For the quantitative genetic IPM, the development function describes the change in mean 𝐸 

from time 𝑡 to 𝑡 + 1 and the variance around this change. As 𝐺 values are assigned for life, 

this function redistributes 𝐸 values within each 𝐺 value. The development function can be 

approximated as a Gaussian probability function (Easterling et al. 2000) of the expected 

values of 𝐸 at 𝑡 + 1 (𝐸′) and its variance, given 𝐸 at 𝑡. The form of the Gaussian probability 

function is shown in Eq. A2, where 𝑉(𝐸, 𝑋) is the linear predictor from Eq. 3 (main 

manuscript), which gives the value of 𝐸′ given the environmental conditions at  𝑡 + 1. 𝜎: is 

the variance of the probability function. 𝐷(𝐸0|𝐸, 𝑋, 𝜃, 𝑡) is the probability distribution of 𝐸 at 𝑡 

+ 1, given the 𝐸 and the environmental conditions at 𝑡 + 1 (𝜃). 

Equation A2: 

𝐷(𝐸0|𝐸, 𝑋, 𝜃, 𝑡) =
1

√2𝜋𝜎:
𝑒3

(634(6,7))@
:A@

The linear predictor was parameterised from a generalized linear mixed effect model 

(GLMM) with hatch date at  𝑡 + 1 as a response variable, year as a random effect, and 

hatch date (𝑡), synchrony (𝑡) and its quadratic, age, section of woodland, population size, 

and spring temperature (𝑡 + 1) as explanatory variables (Gaussian link function). This 

model was run using the ‘lme4’ package (Bates et al., 2015) in R. 𝜎: was taken as the 

variance of the residuals around the fitted relationship from the GLMM. We model the 

variance as the same at each 𝑡, regardless of environmental conditions as it showed no 

relationship with any explanatory variables in the model. Due to the inclusion of age in this 

function, we implemented two formulations of the development function in both IPMs, one 

with an intercept representing juvenile birds (first year breeding) and the second with an 

intercept for birds older than one year. This makes the models age structured. 
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For the standard IPM functional form and parameterisation of the development function is 

the same except that it operates on the phenotype (𝑍) as a whole not on 𝐸. This is because 

in a standard IPM we track only a single distribution of 𝑍 not a bivariate distribution of 𝐺 and 

𝐸. 

Model selection – development 

The full model had a random effect of year and explanatory fixed effects of; hatch date (at 

t), synchrony (t), spring temperature, spring precipitation, winter temperature (t), winter 

precipitation (t), beech (t), immigrant status, age, section of woodland, and population size 

(t+1). Clutch size was not included in this analysis because it is not independent of hatch 

date and directionality is assumed in the opposite direction. Due to the need to include 

hatch dates from t and t+1 for this analysis, we could only include individuals which bred in 

multiple years (N = 2122).  

Table A3 .  AIC and ΔAIC values for development model selection 

AIC ΔAIC 
*in comparison to model on the preceding row Variable removed 

6940.95 NA Null model 

5914.81 -1026.14 Full model 

5908.24 -6.57 removed beech mast index 

5902.78 -5.46 removed winter temperature 

5897.34 -5.44 removed winter precipitation 

5894.21 -3.13 removed immigrant status 

5890.96 -3.25 removed spring precipitation 
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The final development model 

Table A4 .  Full model output for the final development model 

Estimate Standard error T value 
Intercept -0.14 0.07 -1.98
Hatch date 0.12 0.07 1.68
Synchrony 0.22 0.06 3.95
Synchrony2 -0.03 0.01 -3.98
Spring temperature -0.71 0.03 -24.45
Section of woodland C -0.15 0.04 -3.80
Section of woodland CP 0.03 0.05 0.72
Section of woodland EX 0.01 0.03 0.25
Section of woodland MP -0.19 0.04 -4.82
Section of woodland O 0.08 0.04 2.18
Section of woodland P 0.18 0.09 2.04
Section of woodland SW 0.15 0.04 3.80
Section of woodland W 0.01 0.04 0.32
Age = 2 0.12 0.02 5.90
Population size (t+1) 0.06 0.04 1.38
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Figure A2 .  Relationship between hatch date at t+1 and significant explanatory 
variables identified by model selection 

Plotted point size is scaled by the number of data points that have that value, larger indicating a 
greater number of points. Shaded areas around lines and lines around point estimates represent the 

95% confidence interval of each relationship.  



16 

Section A4. Parameterisation of the recruitment function 

The recruitment function describes the number of offspring produced by an individual with 

each	𝑍 value, which survive to recruit to the population at 𝑡 + 1. This can occur in the year 

following birth as great tits can reproduce from one year of age. The recruitment function 

takes an exponential form, Eq. A3. 𝑅(𝐺, 𝐸, 𝑋, 𝜃’, 𝑡) is the number of offspring surviving to 

enter the population as breeders in 𝑡 + 1, given the 𝑍	value of the mother at 𝑡, and the 

environmental conditions at 𝑡. 𝑉(𝐺, 𝐸, 𝑋)	is a linear predictor of the same form as Eq. 3 (in 

the main manuscript). 

Equation A3: 
	𝑅(𝐺, 𝐸, 𝑋, θ’, 𝑡) = 	 𝑒3(4(𝐺,𝐸,D) 

The parameter values for this function were obtained from a Poisson GLMM with number of 

recruits as response variable (count data), a random effect of year, and fixed explanatory 

effects (log link function) of hatch date, synchrony and its quadratic, clutch size and its 

quadratic, section of the woodland, population size, spring precipitation, winter precipitation, 

and beech mast index. This model was run using the ‘lme4’ package (Bates et al., 2015) in 

R. The model was run for 200,000 iterations, with BOBYQA optimisation (the default in the 

lme4 package). 

Model selection – recruitment 

The full model had random effects of year and nest box, to take account of multiple 

observations per year and per nest box and fixed effects of; hatch date, hatch date2, 

synchrony, synchrony2, spring temperature (t-1), spring precipitation (t-1), winter 

temperature, winter precipitation, clutch size, clutch size2, beech mast index, immigrant 

status, age, section of the woodland, and population size. 
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Table A5 .  AIC and ΔAIC values for recruitment model selection 

AIC ΔAIC 
*in comparison to model on the preceding row Variable removed 

13375.28 NA Null model  

13136.66 -238.62 Full model 

13134.69 -1.97 removed quadratic hatch 

13132.75 -1.94 removed immigrant 

13130.84 -1.91 removed spring temperature 

13128.95 -1.89 removed age 

13128.28 -0.67 removed winter temperature 

13128.75 +0.47 removed winter precipitation 

The final recruitment model 

Table A6 .  Full model output for the final recruitment model 

Estimate Standard error p value 
Intercept -1.34 0.09 0.00 
Hatch date -0.10 0.06 0.12 
Synchrony -0.23 0.05 0.00 
Synchrony2 -0.12 0.02 0.00 
Beech = 1 -0.00 0.15 0.98 
Beech = 2 0.56 0.12 0.00 
Spring precipitation 0.11 0.06 0.05 
Winter precipitation 0.08 0.05 0.11 
Clutch size 0.13 0.02 0.00 
Clutch size2 -0.04 0.01 0.01 
Section of woodland C -0.29 0.09 0.00 
Section of woodland CP 0.09 0.09 0.32 
Section of woodland EX 0.21 0.07 0.00 
Section of woodland MP -0.13 0.09 0.13 
Section of woodland O -0.10 0.08 0.20 
Section of woodland P 0.14 0.15 0.36 
Section of woodland SW 0.17 0.08 0.03 
Section of woodland W 0.15 0.08 0.04 
Population size -0.08 0.07 0.23 
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Figure A3 . Relationship between number of recruits and significant 
explanatory variables identif ied by model selection 

Plotted point size is scaled by the number of data points that have that value, larger indicating a 
greater number of points. Shaded areas around lines and lines around point estimates represent the 

95% confidence interval of each relationship.  
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Section A5. Parameterisation of inheritance function 

This inheritance function describes the change in hatch date given the mother’s mean hatch 

date and the environmental conditions at 𝑡. The inheritance function, like development, can 

be approximated as a Gaussian probability function. In a standard IPM the Gaussian 

probability function describes the expected values of 𝑍 at 𝑡 + 1 (𝑍′) and its variance, given 𝑍 

at 𝑡, Eq. A4. 𝑉(𝑍, 𝑋) is the linear predictor from Eq. 3 (in the main manuscript), which gives 

the value of 𝑍′ given the environmental conditions at  𝑡 + 1. 𝜎: is the variance of the 

probability function. 𝐻(𝑍0|𝑍, 𝑋, 𝜃, 𝑡) is the probability distribution of 𝑍 at 𝑡 + 1, given the 𝑍 and 

the environmental conditions at 𝑡 + 1 (𝜃). 

Equation A4: 

𝐻(𝑍0|𝑍, 𝑋, 𝜃, 𝑡) =
1

√2𝜋𝜎:
𝑒3

(F34(F,7))@
:A@

This function was parameterised using the coefficients from a GLMM with daughter hatch 

date as the response variable, a random effect of year, and mean mother hatch date, 

section of the woodland, population size, spring temperature, and spring precipitation as 

fixed explanatory variables.  

The below is repeated from the main manuscript with some additional details of 

implementation of statistical models in R:  

The quantitative inheritance function consists of two elements. The first captures genetic 

inheritance. This is done assuming an infinitesimal model of quantitative genetic 

inheritance, where selection occurs but additive genetic variance is maintained and 

normally distributed. At each time step the breeding values of offspring are generated from 

a random normal distribution. The mean of the breeding values of the selected mothers 
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(those that produced recruits) defines the mean of the distribution of offspring breeding 

values at t + 1. The variance is defined as additive genetic variance from the animal model 

(Wilson et al., 2010), therefore variance does not erode during our simulations. Equation 

A5 represents this first element of inheritance where GI,JKL is the distribution of breeding 

values of offspring at t + 1, GM,JKL is the distribution of breeding values of selected mothers 

at t + 1, and 	VO is the additive genetic variance. 

Equation A5: 

GI,JKL	~	Ν(GM,JKL, 	VO) 

The second element represents non-genetic inheritance which are changes in plasticity. 

This part of the function redistributes E values within each G value. This environmental 

effect can be interpreted as the plastic component of the phenotype. Hatch date is a trait 

influenced by genes, the maternal environment, and the external environment. Although 

here we assume that permanent environment effects are negligible. Each female offspring 

has a genetic predisposition to a certain hatch date but also matches the local environment 

through E. This element has a functional form that is the same as the standard IPM, but 

operates on the expected values of E at t + 1 (E′) and its variance, given E at t (Eq. A6).  

The linear predictor of the expected values was estimated mechanistically using a 

quantitative genetic approach through the animal model (Wilson et al., 2010). This included 

the breeding value as a random explanatory variable within the model, allowing estimation 

of the variance of breeding values in the population (additive genetic variance), as well as 

maternal effect and permanent environment effect. We included fixed explanatory variables 
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of section of woodland, population size, spring temperature, winter temperature, spring 

precipitation, and winter precipitation. Models were run for 50 000 iterations, burn in 5000 

and sampled every 50 iterations to reduce auto-correlation and produce a good posterior 

distribution. 𝜎: taken as the total phenotypic variance estimated by the animal model minus 

the additive genetic variance (the residual environmental variance). The variance of the 

Gaussian function, σ:, was taken as the total phenotypic variance estimated by the animal 

model minus the additive genetic variance (the residual environmental variance).  

Equation A6: 

H(E0|E, X, θ, t) =
1

√2πσ:
e3

(Z3[(Z,D))@
:\@

Model selection – standard inheritance 

The full model of fixed effects had explanatory variables of; hatch date of the mother, spring 

temperature, spring precipitation, winter temperature, winter precipitation, section of 

woodland, and population size. Synchrony and clutch size were not included as they are 

not independent of hatch date.  

Table A7 .  AIC and ΔAIC values for standard inheritance model selection 

AIC ΔAIC 
*in comparison to model on the preceding row Variable removed 

8440.87 NA Null model 

8411.35 -229.52 Full model 

8405.61 -5.74 removed winter temperature 

8400.95 -4.66 removed winter precipitation 
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The final standard inheritance model 

Figure A4 .  Relationship between hatch date and significant explanatory 
variables identified by model selection Plotted point size is scaled by the number of data 
points that have that value, larger indicating a greater number of points. Shaded areas around lines 

and lines around point estimates represent the 95% confidence interval of each relationship.  

Table A8 .  Full model output for the final standard inheritance model 

Estimate Standard error T value 
Intercept -0.01 0.07 -0.13
Mother hatch date 0.07 0.01 5.10
Spring temperature -0.57 0.07 -8.09
Spring precipitation 0.14 0.06 2.25
Section of woodland C -0.15 0.04 -3.89
Section of woodland CP -0.06 0.04 -1.44
Section of woodland EX -0.01 0.03 -0.38
Section of woodland MP -0.34 0.04 -8.84
Section of woodland O 0.13 0.03 3.81
Section of woodland P 0.07 0.06 1.18
Section of woodland SW 0.17 0.04 4.86
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Section of woodland W -0.04 0.03 -1.18
Population size -0.11 0.07 -1.48

Model selection – quantitative genetic inheritance 

The full model of fixed effects had explanatory variables of; spring temperature, spring 

precipitation, winter temperature, age, section of woodland, and population size. Synchrony 

and clutch size were not included as they are not independent of hatch date. Following the 

protocol in Wilson (Wilson et al., 2010) model selection was performed by systematically 

removing the variable with the largest relative standard error (relative to estimate), until all 

remaining variables had estimates greater than two times the standard error.  

No fixed effects had estimates less than two times the standard error in the quantitative 

genetic inheritance model. 

The final quantitative genetic inheritance model 

Table A9 .  Full model output for the final quantitative genetic inheritance 
model 

Posterior 
mean 

Lower confidence 
interval Upper confidence interval 

Intercept 0.05 -0.01 0.11 
Spring temperature -0.6 -0.62 -0.57
Spring precipitation 0.15 0.13 0.17
Winter temperature 0.03 0.01 0.05
Winter precipitation -0.08 -0.1 -0.06
Section of woodland C -0.19 -0.29 -0.11
Section of woodland CP -0.10 -0.19 -0.01
Section of woodland EX -0.05 -0.12 0.02
Section of woodland MP -0.37 -0.45 -0.27
Section of woodland O 0.07 -0.02 0.15
Section of woodland P 0.10 -0.06 0.24
Section of woodland SW 0.17 0.09 0.25
Section of woodland W -0.03 -0.11 0.05
Population size -0.13 -0.16 -0.10
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Figure A5 .  Relationship between hatch date and significant explanatory 
variables identified by model selection 

Plotted point size is scaled by the number of data points that have that value, larger indicating a 
greater number of points. Shaded areas around lines and lines around point estimates represent the 

95% confidence interval of each relationship.  
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Section A6. Cross validation of different measures of population size 

While constructing the IPMs for this study, we tested two different measures of population 

size in the statistical functions. The two measures were total population size (resident 

population + new immigrants) and the resident population size only. We ran model 

selection for each function once with the total population size and once with the resident 

population size. The only change to the final functions was in the survival function, which 

included an effect of spring temperature when total population size was used but not for 

resident population size only. We then parameterised the quantitative genetic IPM once for 

each measure of population size. We cross validated these two IPMs following the method 

detailed in the main manuscript and compared the results (Fig. A6, Table A10).   

As our model construction can only project the resident population because we do not 

incorporate immigration or emigration in our model formulation, we might have expected 

resident only population size to perform better in terms of capturing density dependence in 

our population. However, it was total population size that led to a smaller under prediction 

of population size. Consequently, total population size was used for the main manuscript 

and all subsequent analyses as this better captured the population dynamics of this 

population. We used total population size within our model, but could not project total 

population size due to the lack of an emigration or immigration tern in our model. Therefore, 

we included an adjustment of the population size before feeding it back into the model as 

an input for the next time step. This correction was applied by assuming the projected 

population size at each time step was a projection of 58% of the total population size, 

scaling back to the total by diving by 0.58. 58% is the mean proportion of resident birds 

over the study period and is relatively consistent (Fig. A7). Including this correction also 
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improved our projected population size estimates, reducing underestimation (Fig. A8, Table 

A11). 

Figure A6 . Cross validation of projected population size and mean trait values, 
generated from 5-year simulations of test years not used in parameterisation 

(10 sets of 5 years) . 
For each panel observed values are indicated by the grey line. Panels a and b show projections 

from quantitative genetic IPM parameterised with resident population size, c and d show projections 
from the quantitative genetic IPM parameterised with total population size 
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Table A10. Discrepancy between simulated results and observed values, 
average across all  K-fold cross validation predictions 

Mean absolute error (MAE) for population size and trait values (hatch date) for different measures of 
population size rounded to nearest whole number 

Model MAE 
Population size Phenology 

Resident only population size 86 3 
Total population size 85 3 

Figure A7 .  Proportion of total population that were born in Wytham 
Woods over years of the study 
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Figure A8 .  Cross validation of projected population size and mean trait 
values, generated from 5-year simulations of test years not used in 

parameterisation (10 sets of 5 years) . 
For each panel observed values are indicated by the grey line. Panels a and b show projections 
from quantitative genetic IPM parameterised with total population size, c and d show projections 

from the quantitative genetic IPM parameterised with total population size with a correction 
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Table A11. Discrepancy between simulated results and observed values, 
average across all  K-fold cross validation predictions 

Mean absolute error (MAE) for population size and trait values (hatch date) for total population size 
as the measure of population density, with and without a correction 

Model MAE 
Population size Phenology 

Total population size 85 3 
Total population size with correction 64 3 
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Section A7. Phenotypic variance of the different IPMs 

Figure A9 .  Plot of phenotypic variance from standard IPM and quantitative 
genetic IPM 

Simulation run for the observed data used to parameterise the model (1961 to 2010). Variance is on 
original scale 




