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Summary: Here, I have refit the three key models in MARAM/IWS/2019/PENG/P4 (Sherley 
et al. 2019) using model selection, model averaging and best-practise guidelines (Zuur et al. 
2009) to choose the best fitting random effect structure (as recommended by Die et al. 2019). 
I have also updated the chick survival analysis for the Western Cape island pair (Robben 
Island and Dassen Island) to include the most recent data, so all analyses now span 11 
years from 2008 to 2018. Based on the best fitting models, Chick Condition at Robben Island 
improved by 23% (Highest Posterior Density Interval, HPDI: −5–51%) when purse-seine 
fishing was banned around the island. Although the 95% HPDI overlapped zero for this 
effect, 96% of the posterior samples were positive. There was also weak evidence for a 
Closure effect at Dassen Island, with 85% of all the posterior estimates being positive. Four 
models were well supported for the Eastern Cape Maximum Distance dataset; based on the 
model averaged results, the penguins foraged 28% (HPDI: 14–44%) closer to St. Croix 
Island during ‘Closed’ years. Finally, based on the best fitting model, Chick Survival 
increased by 10% (HPDI: 6–15%) at Robben Island and 11% (HPDI: 5–16%) at Dassen 
Island during ‘Closed’ years, relative to ‘Open’ years. By updating the Overall Closure Effect, 
I found there is 3 times more evidence for a positive Closure effect than for no effect at 
present. Further consideration of whether it is sensible to include ‘Island’ in the random 
component of these models is warranted. Nevertheless, the inference about the effect of the 
fishing closures is now stronger than reported in Sherley et al. (2019). Moreover, the results 
presented here, in Sherley et al. (2019), and in the recent update of the MARAM power 
analysis (Ross-Gillespie and Butterworth 2020) broadly agree that biologically meaningful 
effects of fishing around African penguin breeding colonies are apparent on variables (e.g. 
chick survival) that impact the demographic process. 

 
1. Introduction 
The Panel at the 2019 International Stock Assessment Workshop made the following key 
recommendations regarding the work outlined in MARAM/IWS/2019/PENG/P4 (hereafter 
Sherley et al. 2019). 

• Model selection methods should be applied to select an appropriate random effects 
structure; 

• Use of a Bayesian fitting process combined with the Widely Applicable Information 
Criterion (WAIC) comparisons should be used to check model selection; 

• The set of covariates to consider in the analysis should be identified by the relevant 
DEA working group. This requires an understanding of how the individual data are 
collected; 

• Best practise for fitting mixed effects models (e.g., Zuur et al., 2009) should be 
followed (if this is not the case already). This should include standard residual 
analysis as well as residual analyses that are tailored to the problem at hand (e.g., 
temporal, spatial or within-season plots of residuals). 

 
Here, I have refit the three key models in Sherley et al. (2019), namely Eastern Cape Maximum 
Distance, Western Cape Chick Condition and Western Cape Chick Survival, using model 
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selection and followed the guidelines in Zuur et al. (2009) to choose the best fitting random 
effect structure. I then present a series of residual analysis for each best fitting model, using 
standardized residuals for models with Gaussian errors and Pearson residuals for models with 
Gamma errors (Zuur et al. 2009, 2013). I have retained the fixed effects used in Sherley et al. 
(2019) because these were selected and/or approved by seabird biologists with understanding 
of how the individual data were collected and that sit on the most relevant DEA working group 
(the Seabird Task Team of the Top Predator Working Group). 
 
The Panel also suggested developing a simple guide to mixed effects models to broaden the 
group of scientists capable of discussing these models meaningfully (Die et al. 2019). 
Although many good simple guides exist (e.g. Harrison et al. 2018), I will attempt to go some 
way to meeting this Panel recommendation here. Mixed effects model contains two 
components: a fixed effect component (the explanatory variables) and the random effects. In 
most cases, the variables we are interested in the effects of are the fixed effects (e.g. the 
closure effect in our case). But there may also be sources of variation that we wish to control 
for when we estimate the fixed effects, but that would require a large number of parameters 
to estimate as fixed effects themselves. For example, the year effect in our case would require 
11 parameter estimates if included as a fixed effect. This can lead to models that are over-
parameterised (e.g. Robinson and Butterworth 2014). Zuur et al., (2009) provide the example 
of such a model that has 45 data points and estimates 17 model parameters, saying “the 
number of parameters used by this model is excessively high”. Over-parameterisation can 
lead to inflated standard errors for parameter estimates (compromising statistical power). 
Instead, to save on model parameters, we can use random effects. 
 
To select the appropriate random effect structure, Zuur et al. (2009) recommend a top-down 
strategy (pp. 121–122) that begins with a model that contains all the fixed components of 
interest and as many interactions as possible, or this is impractical e.g. due to a large number 
of explanatory variables or interaction, a selection of covariates that you think are most likely 
to contribute to the optimal model. For the analysis here, I retained the fixed effect structures 
from Sherley et al. (2019). This means I retain an ‘Island’ × ‘Closure’ interaction in the fixed 
effect component as this leaves open the possibility of island-specific closure (or fishing) 
effects, an approach that has been almost unanimously applied for some time (e.g. Robinson 
2013, Robinson & Butterworth 2014, Hagen et al. 2014, Sherley et al. 2018). Using these fixed 
effect model structures, I then find the optimal structure of the random component. As Zuur et 
al. (2009) put it, “Because we have as many explanatory variables as possible in the fixed 
component, the random component (hopefully) does not contain any information that we 
would like to have in the fixed component”. In other words, effects we are interested in directly 
should be in the fixed component, those we only wish to account for should be random effects. 
In the context of the Island Closures experiment, this means that Island would be best placed 
in the fixed (not random) component of the model (plus, it only used 1 additional degree of 
freedom in the fixed component. Nevertheless, since models containing Island in the random 
component were specifically asked for by one participant at the 2019 International Stock 
Assessment Workshop, I have included some here (but see methods section).  
 
Below I present the results of models based on a Bayesian fitting process and provide the 
Widely Applicable Information Criterion (WAIC; Watanabe 2010) for each model, as 
recommended by Die et al. (2019). However, since leave-one-out (LOO) cross-validation is 
now generally recommended over WAIC for Bayesian model selection (Gelman et al. 2014, 
Piironen & Vehtari 2017, Vehtari et al. 2017), I base my model selection on Pareto smoothed 
importance sampling (PSIS) LOO cross-validation (PSIS–LOO; Vehtari et al. 2019a) and 
provide model averaged results based on stacking of predictive distributions (Yao et al. 2018). 
 
2. Methods 
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Datasets and the basic analytical approach remain the same as in Sherley et al. (2019), with 
the exception that the chick survival models (section 3.3) which now use data from 2008–2018 
and are now implemented using a log-normal hazard function rather than an exponential 
hazard function (initial analysis indicated this provided a slightly better model fit, see Appendix 
1 for details). All models were implemented using Markov Chain Monte Carlo (MCMC) 
estimation in JAGS (v. 4.3.0; Plummer 2003), with all priors as specified in Sherley et al. 
(2019). The fixed component of each model is specified in the results section along with the 
various random-effects structures tested. To implement the WAIC and PSIS–LOO model 
selection I fit each candidate model using the jags function in the ‘jagsUI’ library (version 1.5.0; 
Kellner 2018) for R (version 3.5.2; R Core Team 2019) and traced the log-likelihood for each 
observation using the log density distributions implemented in JAGS (Plummer 2017). I then 
pass the posterior samples for the log-likelihood for each model to the waic and loo functions 
in the ‘loo’ library (version 2.2.0; Vehtari et al. 2019b) for R to calculate the WAIC and PSIS–
LOO value respectively for each model. Finally, stacking weights (Yao et al. 2018) for all the 
candidate models were calculated by passing the expected log pointwise predictive density 
(elpd) values for each model observation (the pointwise output from the loo function) to the 
stacking_weights function in the ‘loo’ library (see Vehtari & Gabry 2019). All JAGS models 
were fit using 3 MCMC chains of 120 000 iterations each, with the first 20 000 iterations 
discarded as burn-in and a thinning rate of 10, leaving 30 000 samples for inference. Unless 
otherwise specified, we present means and 95% highest posterior density intervals (HPDI) as 
the credible intervals. Convergence of all models was checked visually and using Gelman–
Rubin diagnostics. All models unambiguously converged (all 𝑅# values ≤ 1.001). 
 
Lastly, we used the best fitting models for each dataset to convert all effect sizes to a 
percentage effect following the approach in Sherley et al. (2019). We then we combine these 
six percentage effect posteriors with the four from the datasets that have not been updated 
here (two islands for Eastern Cape Chick Condition, two islands for Western Cape Maximum 
Foraging Distance), but that featured in Sherley et al. (2019). We then recalculate the Overall 
Closure Effect (%) presented in Sherley et al. (2019) based on the updated results presented 
here. This approach follows that developed recently to combine regional % declines into a 
weighted global change % for IUCN Red List assessments (Sherley et al. 2020). Here all 
posterior samples are of length 30 000, so each data set is automatically given equal 
weighting. We plot this combined distribution, and calculate the mean, median, 95% credible 
intervals and the percentages of the Overall Closure Effect posterior that are above and below 
zero and the pre-identified 10% threshold for management action (Cochrane 2016). 
 
Note that models with ‘Island’ alone as the only random effect were omitted because such a 
model structure effectively accounts for the exact same source of variation twice (in both the 
fixed and random component) and, because there are only two islands (two levels of the 
effect), the models cannot estimate the standard deviation for the Island random effect 
(because you cannot reliably estimate a variance from two observations). The result is that 
the models cannot partition the variance between the fixed and random effects, and either 
would not converge (after 500 000 iterations) or produced biologically impossible estimates 
for the Island fixed effect (e.g. chick condition estimates spanning the positive to negative 
100s, Appendix 2). I noted this potential issue with having ‘Island’ in the random effect during 
the discussions at the 2019 International Stock Assessment Workshop. 
 
3. Results and Discussion 
3.1. Chick Condition, Western Cape 
The fixed effect structure used for these models had the following components: ‘Island’ main 
effect, ‘Closure’ main effect, ‘Island’ × ‘Closure’ interaction, a sardine biomass main effect and 
an anchovy biomass main effect. The random effects structures tested are shown in Table 1, 
along with their corresponding WAIC, PSIS–LOO scores and stacking weights.  All models 
are random intercept models. 
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The best fitting model contained the random ‘Island/Year/Month’ intercept and yielded positive 
point estimates for the closure effect at Robben Island of 22.9% (HPDI: −4.5–51.1%; mean 
effect size = 0.07, 95% HPDI: −0.010–0.14) and at Dassen Island of 13.1% (HPDI: −12.4–
39.0%; mean effect size = 0.03, 95% HPDI: −0.03–0.10). Although neither effect was credibly 
different from zero based on the 95% HPDI range, 95.6% of all the posterior estimates for the 
closure effect were > 0 at Robben Island (down from 99.99% in Sherley et al. 2019). Although 
not directly comparable to a frequentist p-value, this could be thought of as corresponding to 
a p-value of 0.044 on a one-tailed test (i.e. assuming a priori that fishing cannot improve chick 
condition). In addition, 81.7% of the posterior estimates exceeded a 10% effect size. Although 
this is down from 99.8% in Sherley et al. (2019), there is still strong evidence (> 80% 
probability) from this model for closure effect at Robben Island that exceeds the 10% threshold 
(Cochrane 2016). Moreover, the evidence for a closure effect at Dassen Island is greater 
based on M1 (Table 1) than it was in Sherley et al. (2019), with 84.6% of all the posterior 
estimates being > 0 (up from 45.5% in Sherley et al. 2019) and 57.2% exceeding a 10% effect 
size (up from 9.4% in Sherley et al. 2019).  

Table 1. Model selection results for the candidate models with different random effect structures, 
tested to assess the impact of the fishing closures on African penguin chick condition at Robben 
and Dassen Islands. M3 (Year/Month) corresponds to the original model presented in Sherley et 
al. (2019). Effect sizes marked in bold text are credibly different from zero (≥ 97.5% of the 
posterior > 0). Models are ranked by PSIS–LOO value (the smaller the PSIS–LOO, the better the 
relative model fit). 

Model 
Number 

Random effects 
structure WAIC PSIS–

LOO 
Stacking 
weight 

Robben 
Closure 

effect mean 
(95% HPDI) 

Dassen 
Closure 

effect mean 
(95% HPDI) 

M1 Island/Year/Month 10365.9 10366.2 0.946 0.07 
(−0.01–0.14) 

0.03 
(−0.03–0.10) 

M3 Year/Month 10680.5 10680.7 0.022 0.10 
(0.05–0.14) 

−0.002 
(−0.05–0.04) 

M4 Island/Month 11348.0 11348.0 0.002 0.10 
(0.08–0.12) 

0.01 
(−0.02–0.03) 

M6 Month 11449.9 11449.9 0.019 0.10 
(0.08–0.12) 

−0.002 
(−0.03–0.02) 

M2 Island/Year 11499.6 11499.6 0.000 0.08 
(−0.01–0.16) 

0.02 
(−0.07–0.10) 

M5 Year 11582.6 11582.6 0.012 0.11 
(0.06–0.15) 

0.01 
(−0.03–0.06) 

Model-averaged results 0.07  
(−0.01–0.14) 

0.03 
(−0.03–0.10) 

Notes: / denotes nesting of the random effects, thus Island/Year/BirdID = Month nested in 
Year, nested in Bird Identity. WAIC = Widely Applicable Information Criterion (Watanabe 
2010). PSIS–LOO = Pareto smoothed importance sampling, leave-one-out cross-
validation (PSIS–LOO; Vehtari et al. 2019a). HPDI = highest posterior density interval. 

The best-fitting model in this case was given ~95% of the stacking weights (Table 1), so 
averaging across all the models based on the stacking weights gives similar results to the best 
fitting model (Table 1). The model averaged closure effect at Robben Island represented an 
improvement during closed years of 23.6% (−4.9–51.9%) with 96% of all the posterior 
estimates > 0 and 82% > 10% (Figure 1). To put this in perspective, to be considered credibly 
different from zero (and thus bold in Table 1), 97.5% would need to be > 0. For Dassen Island, 
the corresponding model averaged estimates represented an increase of 13% (−12–39%) with 
83% of all the posterior estimates > 0 and 55% > 10% (Figure 1). 
 
A notable difference between the best fitting model (M1, Table 1) and the model presented in  
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Sherley et al. (2019; M3, Table 1) is also that the estimate for the ‘Island’ × ‘Closure’ interaction 
was not credible different from zero in the former, but is in the latter (Figure 2). Proceeding to 
simplify the fixed effects in M1 by dropping the ‘Island’ × ‘Closure’ interaction first yields a 
‘Closure’ main effect of 0.047 (−0.0018–0.095) with 97.1% of the posterior estimates > 0, 
which corresponds to an 18% increase at Dassen Island and a 15% increase at Robben 
Island. The PSIS–LOO of this simplified model = 10366.0, thus there is no evidence from 
either classical Bayesian inference or model selection to retain the interaction in the model. 
Simplifying this model further, to drop the ‘Island’ main effect (which also overlapped zero) as 
well yields a ‘Closure’ main effect of 0.046 (−0.0005–0.094) with 97.33% of the posterior 
estimates > 0, which corresponds to a 17% increase in chick condition during ‘Closed’ years 
at both islands. The PSIS–LOO of this simplified model = 10367.0, so again this model would 
be considered the more parsimonious. See Appendix 3 for the candidate set of models tested 
and model selection results for the fixed component of the model. 

 
 
Figure 1. Posterior probability density plots along with the mean (solid black line) and 95% 
highest posterior density interval (HPDI, dashed lines) for the effect of Closure on chick condition 
at Dassen Island (top) and Robben Island (bottom) from (left) the model averaged results based 
on stacking (Table 1) and (right) the original model fit from Sherley et al. (2019, right). In both 
cases, the 95% highest posterior density intervals for the Robben Island Closure effect do not 
overlap zero (shown by the solid red line). 

Finally, something to note is that the inclusion of ‘Island’ in the random component of these 
models consistently decreased the precision of the ‘Island’ fixed effect in all models but not 
the ‘Closure’ fixed effect or the ‘Island’ × ‘Closure’ interaction (Figure 2). This hints that, even 
with the ‘Island’ random effect nested, the models are struggling to partition the variance due 
to the different island between the fixed and random effects. Further advice should be sought 
from the 2019 Panel on whether ‘Island’ should be included in both the fixed and random 
effects based on this observation (also see Appendix 2) and the statement in the introduction 
from Zuur et al. (2009). 
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To conclude here, although the effect is not unambiguous (as it was in Sherley et al. 2019), 
the results from M1 (Table 1) provide strong evidence for a meaningful ‘Closure’ effect at 
Robben Island (>95% of all the posterior > 0) and simplifying this model strongly suggests an 
overall ‘Closure’ effect (i.e. improvements at both Dassen and Robben Island) on chick 
condition on the Western Cape (>97% of all the posterior > 0). Just as it has been argued that 
because of the random effect structure used, Sherley et al. (2019) made a type I error in 
concluding that a ‘Closure’ effect was apparent on chick condition at Robben Island 
(Butterworth and Ross-Gillespie 2019), I suggest that ignoring the evidence presented here 
strongly risks making a Type II error. Updating the chick condition analysis to include 2019 
data should be seen as a priority. 

 
Figure 2. Posterior distributions, means and 95% credible intervals for the ‘Island’ main effect 
(left), ‘Closure’ main effect (middle, which represents the difference at Dassen Island in these 
models) and ‘Island’ × ‘Closure’ interaction (right, which represents the effect at Robben Island) 
for all 6 models compared using model selection to find the best fitting random effect (Table 1). 
The models are split above and below the horizontal dashed line based on whether ‘Island’ was 
included in their random effect structure (M1, M2 and M4), which is specified on the left-hand 
side, or not (M3, M5, M6). Each model’s standard deviation (SD) is specified to the right-hand 
side. The SD shown in red in the top left-hand corner is the SD for the corresponding parameter 
from a frequentist model using the aggregated annual means and ‘Year’ as a random effect. 

3.2. Maximum distance travelled, Eastern Cape 
The fixed effect structure used for these models had the following components: ‘Island’ main 
effect, ‘Closure’ main effect, ‘Island’ × ‘Closure’ interaction, a sardine biomass main effect, an 
anchovy biomass main effect and a brood mass main effect (implemented as an imputed z-
score standardised total brood mass (see Sherley et al. 2019). The random effects structures 
tested are shown in Table 2, along with their corresponding WAIC, PSIS–LOO scores and 
stacking weights. All models are random intercept models. 
 
For this dataset, there were four well supported models (M6, M3, M2 and M1, Table 2), but 
the estimated closure effect sizes and 95% HPDI were essentially identical in all four models 
(Table 2). The results of all four were unchanged from the result reported in Sherley et al. 
(2019). They were also unambiguous, with 100% of the posterior indicating a positive effect 
of the Closure (max. distance decreasing in closed years) in all four models and 99.99% of 
the posteriors for the effect size at St. Croix exceeding a 10% effect size. Averaging across 
the models, according to the stacking weights assigned to each model, the effect size at St 
Croix Island was −0.33 (−0.49–−0.19; Figure 3), corresponding to breeding penguins foraging 
28% (14–44%) closer to St. Croix Island during ‘Closed’ years, or a mean maximum distance 
travelled of 20.9 (17.1–24.4) km at St. Croix during ‘Closed’ years and 29.4 (26.5–32.8) km 
during ‘Open’ years. In all models, the closure effect at Bird Island was not credibly different 
from zero, as reported in Sherley et al. (2019). 
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In conclusion the inference here remains unchanged from that presented in Sherley et al. 
(2019) for Maximum distance travelled at the Eastern Cape islands. 

Table 2. Model selection results for the candidate models with different random effect structures, 
tested to assess the impact of the fishing closures on the maximum distance travelled to forage 
by breeding African penguins at Bird and St. Croix Islands. M3 (Year/BirdID) corresponds to the 
original model presented in Sherley et al. (2019). Effect sizes marked in bold text are credibly 
different from zero (≥ 97.5% of the posterior < 0). Models are ranked by PSIS–LOO value (the 
smaller the PSIS–LOO, the better the relative model fit). 

Model 
Number 

Random effects 
structure WAIC PSIS–

LOO 
Stacking 
weight 

St. Croix Closure 
effect mean (95% 

HPDI) 

Bird Closure 
effect mean 
(95% HPDI) 

M6 BirdID 5719.9 5754.4 0.552 −0.32 
(−0.43–−0.21) 

−0.01 
(−0.08–0.07) 

M3 Year/BirdID 5719.4 5754.8 0.081 −0.32 
(−0.43–−0.21) 

−0.01 
(−0.09–0.07) 

M2 Island/BirdID 5720.5 5756.1 0.000 −0.32 
(−0.43–−0.21) 

−0.01 
(−0.08–0.07) 

M1 Island/Year/BirdID 5720.0 5757.6 0.000 −0.32 
(−0.43–−0.21) 

−0.01 
(−0.08–0.07) 

M4 Island/Year 5787.1 5787.4 0.328 −0.34 
(−0.53–−0.15) 

0.04 
(−0.14–0.22) 

M5 Year 5793.0 5793.0 0.040 −0.41 
(−0.58–−0.24) 

0.07 
(−0.09–0.22) 

Model-averaged results −0.33 
(−0.49–−0.19 

0.01 
(−0.11–0.16) 

Notes: / denotes nesting of the random effects, thus Island/Year/BirdID = Month nested in 
Year, nested in Bird Identity. WAIC = Widely Applicable Information Criterion (Watanabe 
2010). PSIS–LOO = Pareto smoothed importance sampling, leave-one-out cross-
validation (PSIS–LOO; Vehtari et al. 2019a). HPDI = highest posterior density interval. 

 
Figure 3. Posterior probability density plots along with the mean (solid black line) and 95% 
highest posterior density interval (HPDI, dashed lines) for the effect of Closure on maximum 
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foraging distance at Bird Island (top) and St. Croix Island (bottom) from (left) the model averaged 
results based on stacking (Table 2) and (right) the original model fit from Sherley et al. (2019, 
right). In both cases, the 95% highest posterior density intervals for the St. Croix Island Closure 
effect do not overlap zero (shown by the solid red line). 
 

3.3. Chick Survival, Western Cape 
The fixed effect structure used for these models had the following components: ‘Island’ main 
effect, ‘Closure’ main effect, a sardine biomass main effect, and an anchovy biomass main 
effect (see Sherley et al. 2019). The shared frailty term structures (akin to random intercepts) 
tested are shown in Table 3, along with their corresponding WAIC, PSIS–LOO scores and 
stacking weights. 
 
The best fitting model contained the random ‘Island/Year/Month’ intercept and yielded an 
estimated Closure effect size of 0.38 (HPDI: 0.21–0.58). This corresponds to an improvement 
in survival of 10.3% (5.4–15.2%) at Robben Island and 10.6% (5.2–16.2%) at Dassen Island 
when the closure was in place. And, as with Max. foraging distance at the Easern Cape 
islands, this effect was unambiguous, with 100% of the posterior indicating a positive effect of 
the Closure. Respectively, 53% and 57% of the posterior distribution exceeded the 10% 
threshold for management action at Robben Island and Dassen Island. 
 
Averaging across all the models based on the stacking weights (Table 3) gives similar results 
to the best fitting model. The model averaged ‘Closure’ effect estimate was 0.36 (HPDI: 0.18–
0.54), with 99.9% of the posterior indicating a positive effect (Figure 4). At Dassen Island, 
chick survival improved by 10.1% (0.2–19.7%) with 97.7% of the posterior estimates > 0 and 
51% > 10%. At Robben Island, chick survival also improved by 9.9% (1.1–18.2%) with 97.9% 
of all the posterior estimates > 0 and 49% > 10%.  
 
In conclusion, the closure effect is credible, even when taking the uncertainty of all model 
structures into account. And, at present the inference here remains unchanged from that 
presented in Sherley et al. (2018, 2019) for chick survival at the Western Cape islands, even 
with 3 more years of data added to the analysis. 

Table 3. Model selection results for the candidate models, tested to assess the impact of the 
fishing closures on African penguin chick survival at Robben and Dassen Islands. M3 
(Year/NestID) corresponds to the original random effect structure presented in Sherley et al. 
(2019). Effect sizes marked in bold text are credibly different from zero (≥ 97.5% of the posterior 
> 0). Models are ranked by PSIS–LOO value (the smaller the PSIS–LOO, the better the relative 
model fit). 

Model 
Number 

Random effects 
structure WAIC PSIS–

LOO 
Stacking 
weight 

Closure effect mean 
(95% HPDI) 

M1 Island/Year/NestID 15140.0 15675.4 0.768 0.38 (0.21–0.55) 
M3 Year/NestID 16474.0 16595.6 0.003 0.39 (0.27–0.52) 
M5 Year 17144.9 17145.5 0.201 0.30 (0.16–0.44) 
M4 Island/Year 17151.5 17151.6 0.024 0.36 (−0.02–0.74) 
M2 Island/NestID 17170.4 17171.0 0.004 0.37 (0.24–0.50) 
M6 NestID 17201.0 17201.1 0.000 0.36 (0.23–0.49) 

Model-averaged results 0.36 (0.18–0.54) 
Notes: / denotes nesting of the random effects, thus Island/Year/BirdID = Month nested in 
Year, nested in Bird Identity. WAIC = Widely Applicable Information Criterion (Watanabe 
2010). PSIS–LOO = Pareto smoothed importance sampling, leave-one-out cross-
validation (PSIS–LOO; Vehtari et al. 2019a). HPDI = highest posterior density interval. 
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Figure 4. Posterior probability density plots along with the mean (solid black line) and 95% 
highest posterior density interval (HPDI, dashed lines) for the main effect of Closure on chick 
survival at Dassen Island and Robben Islands from (left) the model averaged results based on 
stacking (Table 3) and (right) the original random effect structure from Sherley et al. (2019; M3, 
Table 3). In both cases, the 95% highest posterior density intervals for the Robben Island Closure 
effect do not overlap zero (shown by the solid red line). 

 
3.4. Overall Closure Effect 
The Overall Closure Effect (%) is calculated by combining the posterior distributions for the 
percentage effect sizes for all ten penguin responses (Figure 5) into a single vector in R using 
the c (combine) function. The posterior distributions are combined with equal weighting (30 
000 posterior samples each) given to each penguin response. This is akin to the approach 
developed recently to combine regional % declines into a weighted global change % for IUCN 
Red List assessments (Sherley et al. 2020). We plot this combined distribution, with all 
negative posterior samples (≤ 0) shown in red, all positive posterior samples (>0) shown in 
green (Figure 5), and calculate the mean, median, 95% HPDI and the percentages of the 
Overall Closure Effect posterior that are above both zero and the 10% threshold for 
management action (Cochrane 2016). 

Table 4. Comparison of the Overall Closure Effect presented in Sherley et al. (2019) and the one 
calculated here. 

Parameter Sherley et al. 2019 This report 
Mean (%) 8.5 8.3 

Median (%) 8.5 8.7 
95% HPDI (%) (−36–45) (−36–40) 
% positive (>0) 71.7 75.2 

Ratio of evidence for a closure effect 2.53 3.03 
% exceeding management threshold (>10%) 44.3 44.3 

Ratio >10% to <−10% 3.69 3.96 

The mean (95% HPDI) of the combined posterior distribution for the Overall Closure Effect 
mean was 8.3 (−36–40)% (Figure 5E; the median was 8.7%). Overall, 75.2% of the posterior 
was positive and 24.8% was negative (Figure 5E). Taking a 50:50 split in the posterior as the 
null, then the 50.4% point difference between the two halves of the posterior suggests that the 
evidence for a closure effect is 3 times greater than the evidence for no effect at present 
(75.2/24.8 = 3.03). Moreover, if only the posterior samples exceeding a 10% effect are 
considered (in line with the pre-identified threshold for management action; Cochrane 2016), 
the evidence for a closure effect is stronger: 44.3% of the posterior samples in Figure 5E were 
> 10% and 11.2% were < −10%. This suggests that the evidence for a closure effect exceeding 
the threshold for management action is almost 4 times greater than the evidence for no effect 
at present (44.3/11.2 = 3.96). In general, these results provide slightly stronger evidence for 
an Overall Closure Effect than the results presented in Sherley et al. (2019) (Table 4). 
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Figure 5. Posterior distributions, means and 95% highest posterior density interval (HPDI) for 
(A) chick body condition index and (B) the maximum distance travelled by foraging penguins at 
Dassen Island, Robben Island, St Croix Island and Bird Island, and for (C) chick survival at 
Dassen Island and Robben Island for years where fishing was permitted [‘O’] or not permitted 
[‘C’]. Open [‘O’] results are shown in black, Closed [‘C’] are in orange for Dassen, purple for 
Robben, blue for St Croix, dark green for Bird. Black tick marks denote the posterior mean 
(calculated at mean anchovy and sardine biomass in both A and B and at mean brood mass in 
B), grey ticks the 95% HPDI and grey polygons the range of the posterior distribution. The 
horizontal solid black lines show the overall mean at each island pair for chick condition (in A) or 
maximum distance (in B) and chick survival (in C) across 11 years (2008–2018). (D) Posterior 
distributions for the percentage difference between ‘Closed’ years and ‘Open’ years for chick 
body condition [Condition Index], the maximum distance travelled from the island by foraging 
penguins [Max. Distance] and chick survival [Chick Surv.] at Dassen Island [Dass.], Robben 
Island [Robb.], Bird Island [Bird] and St Croix Island [St Cr.]. The mean and 95% credible intervals 
are shown on each posterior distribution as solid black lines. The zero axis (no effect of closure) 
is shown as a dashed black line. (E) Posterior distribution (polygon), median (dotted black line) 
and 95% HPDI (dashed black lines) for the Overall Closure Effect (%), the overall difference 
between ‘Closed’ years and ‘Open’ years based on combining the 10 individual posteriors in D. 
The solid black lines show a pre-agreed 10% threshold for management action. In (D) and (E), 
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all 10 individual posteriors distribution have equal weighting (30 000 posterior samples) and all 
samples yielding a positive % effect for penguins shown in green [+ve] and those yielding a 
negative % effect of the closure on the penguins are shown in red [−ve]. Chick body condition 
index and chick survival results for Dassen Island and Robben Island, and maximum distance 
travelled by foraging penguin results for St Croix Island and Bird Island are based on the best 
fitting models presented here (see Tables 1–3). Chick body condition index results for St Croix 
Island and Bird Island and maximum distance travelled by foraging penguin results for Dassen 
Island and Robben Island are unchanged from Sherley et al. 2019. 

 
3.5. Conclusions and next steps 
It has been argued that the effects presented in Sherley et al. (2019) were not robust because 
the allegedly poorly chosen random effect structure resulted in fixed effect estimates that were 
overly precise (Butterworth and Ross-Gillespie 2019). However, the results presented here 
suggest little meaningful change in inference whether or not Island was included as a higher-
level random effect. This result has also just been supported by a new simulation study on the 
robustness of linear mixed-effects models which concluded that “missing random effect 
predictors had little effect on the fixed effect estimates but had systematic effects on the 
estimates of random effects. The variance due to unmodelled higher level predictors [like 
Island in our case] was almost completely absorbed by the nested random effect variance of 
interest” (Schielzeth et al. 2020). 
As a consequence of our updated results, it has now been shown that meaningful, unbiased, 
positive effects of the fishing closures are apparent in all three of the following cases: 
 

a) When the observation level (disaggregated) data were modelled using random effects 
that were selected a priori by the analyst to adequately reflect the sampling structure 
of the data (Sherley et al. 2018, 2019); 

b) When the observation level (disaggregated) data were modelled using random effects 
that were selected using model selection (this document), as advised by the 2019 
Panel (Die et al. 2019); 

c) When the aggregated data (annual means) are modelled appropriately (e.g. Sherley 
and Winker 2019) to avoid over-parameterization (as in Robinson 2013, Robinson and 
Butterworth 2014), even when those models account for the differing precision of each 
annual estimate (Sherley et al. 2015). 

 
Moreover, the most recent update of the MARAM power analysis (Ross-Gillespie and 
Butterworth 2020) also finds “evidence in the current data of a biologically meaningful fishing 
effect” on chick condition at Robben Island, fledging success at Robben Island (chick survival 
measures a component of fledging success), and chick survival at Dassen Island. Those 
results from Ross-Gillespie and Butterworth (2020) concur with results presented here in 
section 3.1 and 3.3. Plus, Ross-Gillespie and Butterworth (2020) also find that “a biologically 
meaningful fishing effect is likely to be detected” if the experiment continues for 2–5 years 
(using a dataset that ended in 2015) for chick survival at Robben Island. This broadly concurs 
with the results presented here in section 3.3 as well. In other words, we have now iterated 
to a place where two independent sets of analyses agree that biologically meaningful 
effects of fishing around African penguin breeding colonies are apparent and, 
importantly, that some of those effects are on variables (chick survival, fledging success) that 
contribute to the demographic process. 
 
I propose the next steps should be: 

i) Seek guidance from the 2019 Panel on the sense of including ‘Island’ in both 
the random and fixed components of these models (given the results herein 
and recommendations in Zuur et al. 2009). 

ii) Based on the advice pertaining to i), if necessary, undertake model selection 
as presented here for the other variables examined in Sherley et al. (2019), 
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namely chick condition in the Eastern Cape and maximum foraging distance in 
the Western Cape. 

iii) Based on the advice pertaining to i), if necessary, recalculate the Overall 
Closure Effect presented in Sherley et al. (2019) using these updated model 
structures. 

iv) Seek written confirmation from the 2019 International Stock Assessment 
Workshop Panel that the results herein [and if necessary the outcomes of steps 
i) to iii)] satisfy the recommendations in Die et al. (2019) and, if so, make a final 
management recommendation regarding the Island Closures Experiment to 
the Department of Environment, Forestry and Fisheries by December 2020. 
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Appendix 1: JAGS output for the chick condition model with 
‘Island’ as the only random effect 

 
Chick Condition, Western Cape: Having ‘Island’ as the only random effect results in poorly 
estimated SDs for the main Island fixed effect “beta.island” and for the ‘Island’ random effect 
“sigma.int” (because the model cannot partition the variance), with the downstream effect of 
biologically implausible values in the range of estimates for chick condition at each island in 
the Open and Closed years (i.e. mu.oD, which is the Open years at Dassen Island). The 
relevant values in the Table are highlighted in bold text. 

Parameter mean sd 2.50% 50% 97.50% overlap0 f Rhat n.eff 
mu.oD −0.25 57.69 −127.47 0.08 124.78 TRUE 0.50 1 30000 
sigma 0.41 0.00 0.41 0.41 0.42 FALSE 1.00 1 13649 
mu.cD −0.24 57.69 −127.46 0.09 124.81 TRUE 0.50 1 30000 

beta.close 0.01 0.01 -0.01 0.01 0.03 TRUE 0.84 1 30000 
beta.island 0.71 81.03 −175.13 0.14 178.40 TRUE 0.50 1 30000 
sigma.int 49.93 28.77 2.56 49.84 97.39 FALSE 1.00 1 7589 
beta.sard −0.19 0.04 −0.27 −0.19 −0.10 FALSE 1.00 1 30000 
beta.anch −0.01 0.01 −0.03 −0.01 0.00 TRUE 0.90 1 13888 
beta.inter 0.10 0.02 0.07 0.10 0.13 FALSE 1.00 1 20448 

bC.bI 0.11 0.01 0.09 0.11 0.13 FALSE 1.00 1 11459 
mu.oR 0.46 57.41 −124.16 0.24 126.65 TRUE 0.51 1 30000 
mu.cR 0.57 57.41 −124.06 0.37 126.76 TRUE 0.51 1 30000 

Notes: mean = posterior mean; sd = posterior standard deviation; 2.50% = the lower 95% 
credible limit; 50% = the posterior median; 97.50% = the upper 95% credible limit; overlap0 
= whether the 95% credible interval overlaps zero; f = the proportion of the posterior with 
the same sign as the mean (i.e., our confidence that the parameter is positive or negative), 
Rhat is the Gelman-Rubin diagnostic, indicating convergence at Rhat = 1) and n.eff is a 
crude measure of the effective sample size (iterations used to estimate that parameter, 
higher is better).  
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Appendix 2: Details of the new Chick Survival models. 
 
Previously I have estimated chick failure rates (deaths/unit time of exposure or hazard 
functions) using an exponential hazard function and used an exponential distribution to 
transform these failure rates into survival estimates (Sherley et al. 2013, 2015, 2018) as this 
is the simplest model structure (it assumes hazards [mortality rates] are constant over time). 
However, preliminary analysis using the flexsurvreg function from the ‘flexsurv’ library in R 
(Jackson 2016) that used a frequentist approach with null models and no frailty terms to 
compare exponential, Weibull, Gompertz and log-normal hazard functions supported the use 
of log-normal hazards (∆AICc = 49.1 over the next best model). We confirmed this by 
comparing the pareto smoothed importance sampling leave-one-out cross-validation (PSIS–
LOO; Vehtari et al. 2019a) scores between a model specified in JAGS using an exponential 
hazard function (PSIS–LOO = 21620.7) and one using a log-normal hazard function (PSIS–
LOO = 16594.0). Both models used the shared frailty structure presented in previous analyses 
(Year/Nest ID; Sherley et al. 2018, 2019) and included the fixed effects outlined in eqn. A2.1. 
The log-normal hazard function gave a substantially improved model fit (∆PSIS–LOO = 
5027.7) and estimates of chick survival were not credibly different from those presented in the 
past (Figure A2.1). 
 
Thus, here we estimated failure rates (deaths/unit time of exposure or hazard functions) for 
‘Open’ or ‘Closed’ years using a log-normal error distribution (Christensen et al. 2010). We 
used Year, Island and Nest Identity to specify hierarchical shared frailty terms (see Table 3 in 
the main text), which are analogous to random effects (Therneau et al. 2003); i.e. the survival 
rates of chicks within the same nest, year and island could be considered non-independent. 
The mean hazard function (Λ) was estimated as: 
 

𝑡!,#,$,% 	~	Lognormal(Λ!,#,$,% , 𝜏), 
Λ!,#,$,% = 𝛼 + 𝛽&𝑥# + 𝛽'𝑧! + 𝛽((𝑆# − �̅�) + 𝛽)(𝐴# − �̅�) + 𝜔#,$ ,		 

𝑖 = 1,2,				𝑗 = 1,… ,8,				𝑘 = 1,… ,𝑚!,# = 239,			𝑙 = 1,…𝑛!,#,$ = 3	699,					𝜔#,$~Normal(0, 𝜎') 
 

(eqn. A2.1) 
 

𝑡!,#,$,% denotes the observed time of exposure for each chick (𝑙), in nest 𝑘, in year 𝑗, at island 
𝑖; 𝜔#,$ denotes the shared frailty term (here, nest nested in year); 𝛼 is the intercept; the	𝛽’s are 
the coefficients to be estimated for the fixed-effects; 𝑥# is a binary covariate for the island 
closure effect (‘Open’ = 0, ‘Closed’ = 1); 𝑧! is a binary covariate denoting to which island a 
chick belongs (Dassen = 0, Robben = 1); 𝑆# and 𝐴# are sardine and anchovy (respectively) 
biomass estimates associated to year 𝑗 and �̅� and �̅� the mean biomass of each species over 
the years considered; and the variance (𝜎) shared frailty term and the standard deviation (𝜏) 
for the log-normal distribution were estimated from the data. 
 
The Λs were then transformed into estimates of chick survival (𝑆) at 𝑑 = 74 days (following 
Sherley et al. 2013, 2015, 2018) as: 
 

𝑆(𝑑) = 1 − Φ((log(𝑑) − Λ) × √𝜏) 

 

(eqn. A2.2) 
 

where Φ is the cumulative distribution function of the normal distribution (Christensen et al. 

2010). 
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Figure A2.1. Comparisons of the mean (points) and 95% highest posterior density intervals (whiskers) 

for Chick Survival estimates for Dassen Island (D) and Robben Island (R) during years that were ‘Open’ 

(O) or ‘Closed’ (C) to fishing from a parametric survival model specified in JAGS using an exponential 

hazard function (white points) (as in Sherley et al. 2018, 2019) and a log-normal hazard function (black 

points). Both models had the same random effect (shared frailty terms; nest ID nested in year) and the 

same fixed effect structure (eqn A2.1).  
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Appendix 3: Fixed-effect model selection for the Chick Condition, 
Western Cape dataset. 

 
Table A3.1. Model selection results for the candidate models with different fixed effect structures, 
tested to assess the impact of the fishing closures on African penguin chick condition at Robben 
and Dassen Islands. The random effect structure used in all models was the best supported 
model from Table 1, M1 (Island/Year/Month). Models are ranked by PSIS–LOO value (the 
smaller the PSIS–LOO, the better the relative model fit) and the best supported model from Table 
1 (M1) is included for reference. 

Model 
Number Fixed effects WAIC PSIS–

LOO 
Stacking 
weight 

Effect size* 
(95% HPDI) % >0 

MF5 C + I + C×I + S 10364.8 10365.4 0.291 0.07 
(−0.01–0.14) 95.5 

MF3 C + S 10364.9 10365.5 0.312 0.05 
(0.00–0.10) 96.1 

MF4 C + I + S 10364.9 10365.6 0.253 0.05 
(0.00–0.09) 97.0 

MF1 C + I + S + A 10365.8 10366.0 0.145 0.05 
(0.00–0.09) 97.1 

M1 C + I + C×I + S + A 10365.9 10366.2 0.000 0.07 
(−0.01–0.14) 95.6 

MF2 C + S + A 10366.4 10367.0 0.000 0.05 
(0.00–0.09) 97.3 

Notes: WAIC = Widely Applicable Information Criterion (Watanabe 2010). PSIS–LOO = 
Pareto smoothed importance sampling, leave-one-out cross-validation (PSIS–LOO; 
Vehtari et al. 2019a). HPDI = highest posterior density interval. C = Closure main effect, I 
= Island main effect, C×I = Island-Closure interaction, S = sardine biomass main effect, A 
= anchovy biomass main effect. * For models containing the Island-Closure interaction, 
the effect size given is the interaction (effect of closure at Robben Island) for models 
without the Island-Closure interaction, the effect given is the main Closure effect. 

 

Averaging across all the models in Table A3.1 according to the stacking weights gives an 
effect size of 0.05 (−0.01–0.12) with 96.2% of the combined posterior > 0 (Figure A3.1). 
 

 
Figure 4. Posterior probability density distribution, mean (solid black line) and 95% highest 
posterior density interval (HPDI, dashed lines) for the effect of Closure on chick condition at 
Dassen Island and Robben Island from the model averaged results based on stacking (Table 
A3.1). A zero effect is shown by the solid red line.  
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Appendix 4: Diagnostic plots for the three best fitting models. 
 
Chick Condition, Western Cape 
 

 
Figure A4.1. Trace plots used to assess convergence of the three MCMC chains used to estimate 
parameters in the best fitting Western Cape Chick Condition model (M1, Table 1). 
 

 
Figure A4.2. Standardised residual versus predicted (left) and histogram of standardised residuals 
(right) for the best fitting linear mixed model (Gaussian error, identity link, M1, Table 1) used to assess 
the effect of the fishing closures on chick condition at Dassen Island and Robben Island.  
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Figure A4.3. Posterior predictive check of the model adequacy for the best fitting model (M1, Table 1) 
assessing the effect of the fishing closure on chick condition at Dassen Island and Robben Island, 
plotting simulated versus observed sums-of-squares discrepancies based on Standardized residuals. 
The Bayesian p-value = 0.499. 
 

 
Figure A4.4. Additional model validation plots for the best fitting model (M1, Table 1) assessing the 
effect of the fishing closure on chick condition at Dassen Island and Robben Island. Standardized 
residuals are plotted against Year (top, 2008 to 2018), Closure status (bottom left, “Closed” or “Open” 
to fishing) and Island (bottom right, Dassen Island and Robben Island). 
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Figure A4.5. Posterior predictive p-values (based on 200 samples for each Island-Year case) from the 
best fitting model (M5, Table 1) for penguin chick condition by year and island in the Western Cape, 
2008–2018. The horizontal line shows the expected frequency based on a uniform distribution of 
posterior predictive p-values.  
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Maximum distance travelled, Eastern Cape 
 

 
Figure A4.6. Trace plots used to assess convergence of the three MCMC chains used to estimate 
parameters in the best fitting Eastern Cape Chick Maximum Distance model (M6, Table 2). 
 

 

 
Figure A4.7. Pearson’s residuals versus fitted (left) and histogram of Pearson residuals (right) for the 
best fitting generalised linear mixed model (Gamma errors, log link, M6, Table 2) used to assess the 
effect of the fishing closures on maximum distance travelled at Bird Island and St. Croix Island  
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Figure A4.8. Posterior predictive check of the model adequacy for the best fitting model (M6, Table 2) 
assessing the effect of the fishing closure on Maximum Foraging Distance at Bird Island and St. Croix 
Island, plotting simulated versus observed sums-of-squares discrepancies based on Pearson residuals. 
The Bayesian p-value = 0.448. 
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Figure A4.9. Additional model validation plots for the best fitting model (M6, Table 2) assessing the 
effect of the fishing closure on Maximum Foraging Distance at Bird Island and St. Croix Island. Pearson 
residuals are plotted against Year (top, 2008 to 2018), Closure status (bottom left, “Closed” or “Open” 
to fishing) and Island (bottom right, Dassen Island and Robben Island). 
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Figure A4.10. Posterior predictive p-values (based on 200 samples for each Island-Year case) from 
the best fitting model (M6, Table 2) for Maximum Foraging Distance by year and island in the Eastern 
Cape, 2008–2018. The horizontal line shows the expected frequency based on a uniform distribution 
of posterior predictive p-values.  
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Chick Survival, Western Cape 

 
Figure A4.11. Trace plots used to assess convergence of the three MCMC chains used to estimate 
parameters in the best fitting Western Cape Chick Survival model (M1, Table 3). 
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Figure A4.12. Probability (P-P) plots for Chick Survival at Dassen Island (top) and Robben Island 
(bottom) during years that were Closed (left) and Open (right) to fishing. Black points (+) show the 
relationship between the estimated survival probability (𝑆"(𝑡)) at 𝑡	 = 	1, … ,90 days based on the non-
parametric Kaplan-Meier (KM) model and the estimated survival probability based on the parametric 
log-normal (LN) model (𝑆(𝑡; 𝜃/!)), where 𝑛 = the number of chicks sampled at each island in each 
closure regime. Both the Kaplan-Meier and log-normal model used here for the validation plots had no 
frailty term included. If the specified hazard function fits well to the underlying mortality, the plotted 
curves should approximate a straight line in these plots. The black lines show linear regression fits to 
each data subset, with the adjusted R2 (R-sq), intercept (Int.) and slope estimates of the model shown 
in the top-left hand corner of each panel. The red lines show perfect 1-1 fits (intercept = 0, slope = 1) 
for reference.  
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Figure A4.13. Model validation plots for Chick Survival at Dassen Island (top) and Robben Island 
(bottom) during years that were Closed (left) and Open (right) to fishing. Panels show the comparison 
of the non-parametric Kaplan-Meier (KM) estimate of survival (grey points, +) and its 95% confidence 
intervals (grey polygons) and the predicted survival rates (solid black curves) and 95% credible intervals 
(black dashed curves) based on a model with a log-normal hazard function and no shared frailty term. 
The vertical red line marks time = 74 days, the age at which the predicted chick survival is compared 
between islands and closure statuses in the results section of this document and elsewhere (Sherley 
et al. 2013, 2015, 2018, 2019). Crucially, the predictions from the log-normal model and the KM estimate 
(which is derived only from the observations) are not credibly different at 74 days, which indicates 
adequate model fit to predict chick survival at time = 74 days. 


