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Appendix S5: Testing for the effect of covariates

An ANODEV test (Skalski et al. 1993) was used to detect covariate effects on 

demographic parameters by comparing deviances among the time model (Ft), the constant model 

(Fcst) and the covariate model (Fcov): 

𝐹𝑡𝑒𝑠𝑡𝑐𝑠𝑡/𝑐𝑜𝑣/𝑡 =
 (

𝐷𝑒𝑣(𝐹𝑐𝑠𝑡) − 𝐷𝑒𝑣(𝐹𝑐𝑜𝑣)
Ɉ − 1 ) 

 (
𝐷𝑒𝑣(𝐹𝑐𝑜𝑣) − 𝐷𝑒𝑣(𝐹𝑡)

𝑛 − Ɉ ) 

where Ɉ is the number of parameters describing the relationship between the demographic trait 

and the covariate and 𝑛 the number of demographic trait estimates obtained from the time model. 

The proportion of deviance taken into account by the covariate (R²) was also calculated (Grosbois 

et al. 2008): 

𝑅² =
 𝐷𝑒𝑣(𝐹𝑐𝑠𝑡) − 𝐷𝑒𝑣(𝐹𝑐𝑜𝑣) 

 𝐷𝑒𝑣(𝐹𝑐𝑠𝑡) − 𝐷𝑒𝑣(𝐹𝑡) 

We controlled for the false discovery rate (Benjamini and Hochberg 1995) and compared 

Benjamini-Hochberg adjusted P values. As interpreting individual coefficients of a model in 

which collinearity between predictors exists is a long-standing problem in ecological modeling 

(Graham 2003), we also checked collinearity of covariates. The vif (Variance Inflation Factor) 

function in the usdm package (‘usdm’ package v1.1-15; Naimi 2015) were used for this purpose 

and a vif of 2 was taken as an upper limit. No covariates exceeded this limit. Finally, in order to 



avoid a spurious correlation with covariates in the presence of temporal trends, linear and 

quadratic trends in demographic parameters were investigated using ANODEV tests (testing for a 

fixed effect in presence of overdispersion, based on an asymptotic Fisher–Snedecor distribution; 

Table S2), and linear and quadratic trends in climatic and prey covariates were investigated in R. 

Climatic and prey covariates trends were tested with generalized additive models GAM (using 

the package mgcv v1.8 where the smooth term was estimated via thin plate regression, Wood 2017) 

(Figure S1). 

Temporal trends were found in the number of south polar skua breeding pairs (Figure S1), 

and in the survival probabilities of both young and old individuals, and in the breeding and 

breeding success probability for old individuals (Table S2). When temporal trends were detected 

we followed the procedure in Grosbois et al. (2008, p. 374-375) to test for covariate effects. 

 Table S1. Set of covariates tested on each age-class of each demographic trait. L: tested with a linear 

regression. Q: tested with a quadratic regression. Parameters were: (φ) apparent survival probability, 

(r) probability of return to the colony, (β) probability of breeding, (γ) probability of successful breeding

(one or two chicks), (δ) probability of successful breeding with two chicks. 

Parameter φ β γ δ 

Age-class 1-2yo 3-28yo 4-6yo 7-28yo 4-6yo 7-28yo 4-7yo 8-28yo

Density-dependence L L L L L L L L 

Number of emperor penguin 
dead chicks 

L L L L L L L 

Number of breeding pairs of 
Adélie penguins 

L L L L L L L 

Air temperature during summer L+Q L+Q L+Q L+Q L+Q L+Q 

Air temperature during spring L+Q L+Q L+Q L+Q L+Q L+Q L+Q 

Sea ice concentration during 
summer 

L+Q L+Q L+Q L+Q L+Q L+Q 

Sea ice concentration during 
spring 

L+Q L+Q L+Q L+Q L+Q L+Q L+Q 

Sea surface temperature 
anomalies in the wintering area 

L+Q L+Q L+Q L+Q L+Q L+Q L+Q 



Table S2. Testing for linear and quadratic temporal trends in demographic parameters. Trends were 

tested with an analysis of deviance (ANODEV). ANODEV is the F-statistic (F(df1,df2)), R² is the 

proportion of variance taking into account by the trend. Selected trends are indicated in bold. 

Parameters were: (φ) apparent survival probability, (r) probability of return to the colony, (β) probability 

of breeding, (γ) probability of successful breeding (one or two chicks), (δ) probability of successful 

breeding with two chicks. 

Parameter Age-class 
Linear trends Quadratic trends 

ANODEV P-value R² Trend ANODEV P-value R² Trend 

φ
1-2yo 19.39(1,24) <0.001 0.45 + 20.10(2,23) <0.001 0.64 +

3-28yo 8.098(1,24) 0.009 0.25 + 3.999(2,23) 0.032 0.26 +

β 
4-6yo 0.356(1,24) 0.556 0.02  0.176(2,23) 0.840 0.02 

7-28yo 7.051(1,24) 0.014 0.23 - 5.990(2,23) 0.008 0.34 -

γ
4-6yo 2.829(1,24) 0.106 0.11  2,485(2,23) 0.105 0.18 

7-28yo 4.461(1,24) 0.045 0.16 - 2.644(2,23) 0.102 0.19 

δ 
4-7yo 1.391(1,24) 0.250 0.06  3.269(2,23) 0.056 0.22 

8-28yo 0.105(1,24) 0.748 0.00  0,725(2,23) 0.495 0.06 

Table S3. Mean parameter estimates of selected models with linear and quadratic temporal trends in 

demographic parameters tested with an analysis of deviance (ANODEV). Parameters were: (φ) 

apparent survival probability, (r) probability of return to the colony, (β) probability of breeding, (γ) 

probability of successful breeding (one or two chicks), (δ) probability of successful breeding with two 

chicks. 95% confidence intervals are shown between brackets. 

Parameter Age-class 
Linear trends Quadratic trends 

Linear estimate Linear estimate Quadratic estimate 

φ
1-2yo 0.51 (0.24 ; 0.78) -1.04 (-2.29 ; 0.21) 2.08 (0.32 ; 3.83) 
3-28yo 0.36 (0.18 ; 0.55) 2.53 (2.36 ; 2.69) 0.15 (-0.52 ; 0.81) 

β 7-28yo -0.40 (-0.62 ; -0.18) -1.81 (-2.97 ; -0.65) 1.24 (0.27 ; 2.21) 

γ 7-28yo -0.40 (-0.54 ; -0.26)



Figure S1. Plots of smooth parameters of climate and prey covariates from 1988 to 2013. A) Smooth 

of the number of breeding pairs of south polar skua on the Core Area of Pointe Géologie B) Smooth of 

the number of Adélie penguin breeding pairs. C) Smooth of the number of dead chicks of emperor 

penguin. D) Smooth of sea ice concentration (SIC) for the Dumont d’Urville Sea area in summer. E) 

Smooth of sea ice concentration (SIC) for the Dumont d’Urville Sea area in spring. F) Smooth of the air 

temperature (Temp) recorded at the Dumont d'Urville station in summer. G) Smooth of the air 

temperature (Temp) recorded at the Dumont d'Urville station in and spring. H) Smooth of the sea 

surface temperature anomaly (SSTa_wintering) in the wintering area. p-value: approximate 

significance of smooth terms. 
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