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Abstract
Climate models forecast increasing climatic variation and more extreme events,

which could increase the variability in animal demographic rates. More variable

demographic rates generally lead to lower population growth and can be detrimen-

tal to wild populations, especially if the particular demographic rates affected are

those to which population growth is most sensitive. We investigated the population

dynamics of a metapopulation of 25 colonies of a semi-arid bird species, the socia-

ble weaver Philetairus socius, and how it was influenced by seasonal weather dur-

ing 1993–2014. We constructed an integrated population model which estimated

population sizes similar to observed population counts, and allowed us to estimate

annual fecundity and recruitment. Variance in fecundity contributed most to vari-

ance in population growth, which showed no trend over time. No weather variables

explained overall demographic variation at the population level. However, a sepa-

rate analysis of the largest colony showed a clear decline with a high extinction

probability (0.05 to 0.33) within 5 years after the study period. In this colony, juve-

nile survival was lower when summers were hot, and adult survival was lower

when winters were cold. Rainfall was also negatively correlated with adult sur-

vival. These weather effects could be due to increased physiological demands of

thermoregulation and rainfall-induced breeding activity. Our results suggest that

the dynamics of the population on the whole are buffered against current weather

variation, as individual colonies apparently react in different ways. However, if

more and increasingly extreme weather events synchronize colony dynamics, they

are likely to have negative effects.
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1 | INTRODUCTION

Population dynamics are driven by fecundity, survival, emi-
gration and immigration (Caswell, 2001). These demo-
graphic rates are subject to fluctuations induced by

environmental drivers, known as environmental stochasticity
(Lande, Engen, & Sæther, 2003; Schmutz, 2009). The popu-
lation growth rate is not equally sensitive to changes in each
demographic rate, although increased variation in any single
demographic rate does tend to decrease population growth
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rate (Tuljapurkar, Horvitz, & Pascarella, 2003). Pfister
(1998) investigated sensitivity in populations of plants,
invertebrates, reptiles and birds, and found a negative corre-
lation between variance and sensitivity, such that the smaller
the variation in a demographic rate, the greater the sensitiv-
ity of the population growth rate to changes in that demo-
graphic rate. Under selection against such variability, life
histories appear to have evolved to buffer such a demo-
graphic rate against environmental variability (see also Gail-
lard & Yoccoz, 2003; Schmutz, 2009), in a process called
environmental canalization (Gaillard & Yoccoz, 2003).

Environmental stochasticity in the form of climatic varia-
tion has been increasing since 1950 and is forecasted to
increase further in the 21st century, including an increase in
both frequency and intensity of extreme events such as
heavy rainfall and heat waves (IPCC, 2013). Climatic vari-
ability could increase to such an extent that the variability of
canalized traits increases substantially, which could have
severe consequences for populations and increase their risk
of extinction (Boyce, Haridas, & Lee, 2006; Schmutz, 2009;
Tuljapurkar et al., 2003). Because of the nonlinear relation-
ship between demographic rates and population growth,
populations could decline as a result of increasing variation
in the canalized demographic rate, even without changes in
its mean (Boyce et al., 2006). Understanding how environ-
mental stochasticity influences demographic rates has, there-
fore, become of increasing importance (reviews in
Frederiksen, Lebreton, Pradel, Choquet, & Gimenez, 2014;
Jenouvrier, 2013).

Demographic rates respond differently to seasonal
weather. For example, variation in juvenile survival of asp
vipers Vipera aspis in Switzerland was strongly influenced by
variation in winter temperature, whereas a canalized demo-
graphic rate (adult survival) was not (Altwegg, Dummermuth,
Anholt, & Flatt, 2005). In the Arctic, greater snow goose
Chen caerulescens atlantica juveniles survived better when
summers were warmer, but adult survival was not affected by
temperature (Van Oudenhove, Gauthier, & Lebreton, 2014).
Conversely, in Britain, adult survival of blackbirds Turdus
merula was negatively influenced by dry summers and cold
winters, but juvenile survival and fecundity were not
(Robinson, Baillie, & King, 2012). Precipitation is also an
important driver of demography (Siepielski et al., 2017),
especially in dry habitats (Grant, Grant, Keller, & Petren,
2000) where detailed long-term studies are rare. For instance
blue cranes Anthropoides paradiseus, in the semi-arid Karoo
of South Africa, survived better when the late breeding season
was wetter, but fecundity was higher when the early breeding
season was wetter (Altwegg & Anderson, 2009). Relatively
little is known about how weather affects populations in arid
areas where highly variable rainfall is a key ecological driver
(Noy-Meir, 1973).

We investigated the population dynamics of a
metapopulation of sociable weavers Philetairus socius, a
bird species endemic of Kalahari, a semi-arid habitat of
southern Africa. The aim of this study was to investigate the
environmental drivers of population dynamics of the socia-
ble weaver metapopulation during 1993–2014, by con-
structing an integrated population model (IPM, Besbeas,
Freeman, Morgan, & Catchpole, 2002; Schaub & Abadi,
2011). By integrating demographic data and population
counts, IPMs allow us to quantify population growth and
demographic rates more precisely, and to estimate demo-
graphic quantities for which we have no direct observation,
which in our population was true for fecundity in some
years. Specifically, we used the IPM to test (a) the influence
of each demographic rate on the population growth rate and
(b) the influence of seasonal weather on those demographic
rates. Because each colony may have its own dynamics
(Altwegg, Doutrelant, Anderson, Spottiswoode, & Covas,
2014), we also included a separate investigation of the only
colony that was both active during the entire study period
and large enough to yield adequate sample sizes for compar-
ison with the population as a whole. We refer to this colony
as the focal colony below.

Based on Altwegg et al. (2014)'s findings that survival is
the canalized trait in this species, we expected fecundity (the
number of fledglings) to be the most variable trait, with the
largest contribution to the observed variation in population
growth rate. We then tested environmental effects on demo-
graphic rates, specifically hot summers, cold winters and rain-
fall. First, we hypothesized that since hot summers increase
pressure on physiological functioning through the need for
heat-dissipating behavior (more details in Table 1), they
should have a detrimental effect on survival, and this effect
should be more marked in juveniles than in adults. This is
because juveniles are either fledglings still being fed by their
parents, who have less time to forage, or recently independent
individuals who should be less efficient at foraging. Less for-
aging time during hot summers for parents would also have
an adverse effect on fecundity, as less food would decrease
both the number of eggs produced and nestling fitness condi-
tion and, hence, the number that survive to fledging (but see
Spottiswoode, 2009). Second, we hypothesized that cold win-
ters would decrease adult survival at the end of a taxing sea-
son for breeders, because they need to increase their food
intake at a time when both are less available (more details in
Table 1). Third, we hypothesized that rainfall would have a
positive effect on fecundity and juvenile survival (Mares,
Doutrelant, Paquet, Spottiswoode, & Covas, 2017), owing to
increased food supply, but a negative effect on adult survival
because of the sustained effort required of a lengthier breed-
ing season (Table 1). Alternatively, a positive effect of rain-
fall on adult survival would be expected if the direct benefit
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of increased food availability was larger than the costs of a
prolonged breeding season. Finally, we carried out a popula-
tion viability analysis to investigate dynamics of this declin-
ing population by projecting 5 years beyond the study period
(Altwegg et al., 2014).

2 | METHODS

2.1 | Study area

The study area of ca. 20 km2 is part of Benfontein Game
Reserve, ca. 6 km south-east of Kimberley in the Northern
Cape Province of South Africa (28�520S, 24

�
510E). It is

located in the Savanna biome and Eastern Kalahari Bushveld
bioregion, and consists of open, flat, semi-arid Kimberley
Thornveld characterized by warm, wet summers (Dec–Feb)
with erratic rainfall and dry, cold winters (Jun–Aug) with
frequent frost (Mucina & Rutherford, 2006, see Table 1).

2.2 | Study species

The sociable weaver is a small passerine endemic to the
(semi-)arid savannas of southern Africa (Maclean, 1973a,
1973b). It builds unique haystack-like colonies on trees. Col-
onies house from 2 to 500 individuals (Maclean, 1973c).
Breeding is initiated in response to temperature and rainfall
(Mares et al., 2017) with a minimum of 6 days between the
first good rains (>20 mm) and the first egg laid, which usu-
ally happens around September/October (Mares et al.,
2017); the breeding season can last up to 9 months
(Maclean, 1969, 1973d). Appendix 1 shows the spatial
arrangement of the colonies.

2.3 | Data and analysis

2.3.1 | Integrated population model

To link the population size to the demographic rates (age-
specific survival and fecundity), we developed a female-

TABLE 1 Seasonal weather indices used as covariates in the juvenile and adult survival, and fecundity models

Covariate Justification
Annual life cycle
timing Calculationc, d

Heat (“tmax”)e To avoid heat stress birds use heat-dissipating behavior like panting
(a means of “sweating” leading to water loss and potential
dehydration) and wing spreading, which requires extra energy. To
meet these increased energy and water demands birds need to forage
more actively, thus increasing metabolic rates with subsequent
increases in internal heat generation. If the temperature is too high
for a prolonged period, birds may reduce foraging activity to seek
shade resulting in a decrease in body condition and mass. Parents
also reduce energy-demanding flights to and from their nests to
provision their young to avoid overheatinga

Middle breeding
season (austral
summer Dec–Feb)

max(monthly
mean [daily
max �C])f

Cold (“frost”) Desert birds have a naturally lower metabolic rate during winter to
cope with reduced food and water availability. When temperatures
drop significantly, the cost of thermogenesis (energy requirement) to
maintain body condition is high. When birds lose body mass and
their body condition deteriorates because food is scarce, they are
more susceptible to the cold. If birds have to take shelter in their
nests to keep warm, this will reduce foraging timeb

After the breeding
season (austral
winter Jun–Aug)

max(monthly
number of frost
days)g

Rainfall (“ppt”) In semi-arid habitat rainfall determines food supply and the length of
the breeding season (Dean & Milton, 2001; P. Lloyd, 1999;
Maclean, 1973d)

NA sum(mm)h

sum(mm)/time
interval lengthi

Abbreviations: max, maximum; �C, degrees Celsius; NA, not applicable; mm, millimeters.
aMaclean, 1973b; Bartholomew, White, & Howell, 1976; McKechnie & Wolf, 2010; du Plessis, Martin, Hockey, Cunningham, & Ridley, 2012; Gardner, Amano,
Sutherland, Clayton, & Peters, 2016; Wiley & Ridley, 2016
bMaclean, 1973d; Bartholomew et al., 1976; Smit & McKechnie, 2010; Schwemmer et al., 2014
cOver the period of the first month of capture of a breeding season, to the month before the next season's capture (time interval). The 2005 interval (no data 2006–2007)
runs until before first capture of the 2008 season.
dStandardized into units of SD.
eVariable names (see also Table 2).
fThe maximum of the monthly mean of daily maximum temperatures. Seasonal range during the study period 32.2 to 35.8�C.
gFrost day = daily minimum temperature below 0�C; seasonal range 9 to 24 days.
hUsed in the fecundity model. Seasonal range 229.9 to 1,406.6 mm.
iUsed in the survival model. Annual range 270.8 to 793.4 mm.
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based population model for pre-breeding surveys with two
stages, that is, the number of 1-year-old females (recruit-
ment) and the number of 2-year-old and older females
(Figure 1). The projection matrix (Lefkovitch matrix;
Caswell, 2001) is written as:

N1

Na

� �
t+1

= ϕJ
f
2

ϕJ
f
2

ϕA ϕA

2
4

3
5 N1

Na

� �
t

where N1 is the number of 1-year-old females, Na the
number of 2-year-old and older females, ϕJ juvenile sur-
vival, ϕA adult survival and f is the number of fledglings
produced per adult female, divided by 2 because the projec-
tion matrix only considers females and the sex ratio in the
population was even (Doutrelant, Covas, Caizergues, & du
Plessis, 2004). We assumed that all adult females had the
same demographic rates, because we did not have the data to
estimate age-specific rates. However, using two age classes
allowed us to examine the sensitivity of our results to that
assumption as we know that many 1-year-old females do not
breed (Covas, Doutrelant, & Du Plessis, 2004). This sensi-
tivity analysis, which set fecundity of 1-year-olds to zero
(upper left hand corner of the matrix, that is, ϕJ × f /2),
showed that the results were robust to the assumption
(Appendix 2).

The population model was translated into an IPM (Abadi,
Gimenez, Arlettaz, & Schaub, 2010; Besbeas et al., 2002;
Besbeas, Lebreton, & Morgan, 2003; review in Schaub &
Abadi, 2011). The IPM consists of conditionally linked models
to estimate population size (N, Section Population size below),
juvenile and adult apparent survival (ϕ, section Survival) and
fecundity (f, section Fecundity). All models were formulated as
state-space models (Buckland, Newman, Thomas, & Koesters,
2004; Gimenez et al., 2007) and implemented in a Bayesian

framework with vague priors for all parameters (Kéry &
Schaub, 2012; details and the R and WinBUGS code in
Appendix 3).

Population size
Data. We selected data pertaining to the largest and longest-
studied 25 colonies in the metapopulation—there were also
unstudied colonies in the area—and treated these as observa-
tions of one population (hereafter “population”; Appendix 1).
More than 70% of resident colony members were caught during
a capture session aimed at capturing all birds present at a col-
ony, shortly before the start of the breeding season (Covas, du
Plessis, & Doutrelant, 2008). Escaped adults were counted and
added to determine colony size (capture methodology in Covas,
Brown, Anderson, & Brown, 2002, 2004; Spottiswoode,
2007). Colony counts ranged from 3 to 211 individuals.

The study period 1993–2014 consisted of 370 potential
colony counts, that is, colony/year combinations, from the
first capture of each colony (Appendix 4). No data were col-
lected in 2006 and 2007. Of the remaining 370 colony/year
combinations, 65 were zero because those colonies were not
inhabited during those years, and 42 colony counts were
missing because those colonies were not studied in those
years. We used linear interpolation to estimate the missing
colony counts (bold numbers in Appendix 4 table). The sum
of the annual colony counts was divided by 2 for the popula-
tion counts (female-based models, see above). The popula-
tion counts were treated as a pre-breeding census and ranged
from 164 (2013) to 414 (2009). For the focal colony (colony
2 in Appendix 1 and 4), population counts ranged from
3 (2013) to 106 (1993). We used subsequent counts made
between 2014 and 2018 to judge how well the model projec-
ted population sizes beyond the end of the study period.

Model to estimate population size. The number of 1-year-old
females N1 in year t + 1 was modeled with a Poisson distri-
bution as:

N1, t+1 � Poisson N1, t ϕJ, t f t=2ð Þ+Na, t ϕA, t f t=2ð Þ� � ð1Þ

(see section “Integrated population model” above for param-
eter explanation). The number of 2-year-old and older
females Na is bounded by zero, when no females survive,
and N1 + Na in year t, when all females survive. Therefore,
Na was modeled with a Binomial distribution as:

Na, t+1 �Binomial N1, t +Na, t,ϕA, t
� � ð2Þ

Not all colonies were surveyed from the start of the study
period (see Appendix 4). To account for the new females
entering the population through this study area expansion,

FIGURE 1 Life cycle graph of the sociable weaver. The
population model is female-based with a prebreeding census and two
stages: 1-year-old females (N1) and 2-year-old and older females (Na).
The demographic parameters are age-specific survival (ϕJ, ϕA) and
fecundity (f )
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we added their observed number to the estimated population
size at year t + 1:

Ntot, t+1 =N1, t+1 +Na, t+1 + new femalest + 1

Fecundity was estimated based on the estimated number
of adult females before the females from new colonies were
added, thereby ensuring that the model did not try to accom-
modate this “surge” in new females as local recruitment.
Population growth rate from year t to year t + 1 (λ) was
based on the estimated population size of year t and year
t + 1 before the females from new colonies were added, to
avoid treating the new females as population growth:

λt = N1, t+1 +Na, t+1
� �

= N1, t +Na, t
� �

The observation process was modeled with a Normal dis-
tribution for the observation error, since we did not assume
that the observation error differed between large and small
colonies; thus, the population count data (y) were
modeled as:

yt =N1, t +Na, t +new femalest + ηt

where ηt is the temporal random effect, which is assumed to
have a Normal distribution: ηt ~ Norm(0, σ2η). The variance σ2η
is then the observation error. This structure does not account for
the possibility that not all individuals were counted each year
(detection probability <1) but we did not have the data to esti-
mate the detection probability directly. We believe that our
method (capturing all individuals present at a colony and cou-
nting the few that escape capture) yields counts with little bias.

Survival
Data. We estimated survival using capture-mark-recapture
(CMR) data of adults and juveniles. Juveniles were individ-
uals that were either ringed as nestlings (at day 17; method-
ology in Covas et al., 2008) or immature birds that had
fledged earlier during that season. The sociable weaver is a
monomorphic species (Doutrelant et al., 2004) and not
enough individuals were genetically sexed to distinguish
between the sexes in the analyses.

During breeding seasons 1993–2013, 2,577 juveniles
(1,257 recaptures) and 2,821 adults (2,517 recaptures) were
ringed. No individuals of either age class were captured dur-
ing seasons 1997, 2006 and 2007, and no adults were cap-
tured during season 2005. At the focal colony, 451 juveniles
(82 recaptures) and 442 adults (219 recaptures) were ringed.

Model to estimate survival. We used a standard Cormack-
Jolly-Seber-type model for open populations to estimate

survival (Lebreton, Burnham, Clobert, & Anderson, 1992).
This model with time-dependent survival and recapture—
ϕ(t)p(t)—assumes homogeneity in survival and recapture
(Lebreton et al., 1992). Because mortality cannot be sepa-
rated from permanent emigration, estimated survival is
apparent survival (hereafter “survival”). We tested
goodness-of-fit (GOF) in program U-CARE 2.3.2 (Choquet,
Lebreton, Gimenez, Reboulet, & Pradel, 2009) of the global
model for each “age at initial capture” dataset (juveniles and
adults) and found evidence for lack of fit (Global test:
χ2 = 469.88, df = 123, p < .001). For “ringed as juveniles,”
lack of fit was primarily due to birds disappearing at a higher
rate during their first year compared to later (3.SR:
χ2 = 143.17, df = 14, p < .001) and being less likely to be
captured if they were captured at the previous occasion (2.
CT: χ2 = 71.99, df = 13, p < .001); for “ringed as adults,”
lack of fit was primarily because the assumption of homoge-
neous recapture probabilities was violated (2.CT:
χ2 = 139.64, df = 12, p < .001, 3.SM: χ2 = 55.65,
df = 21, p < .001).

We attempted to address lack-of-fit by including
unobservable states and modeling individual variation in
detection probability. Because not all colonies were sur-
veyed each year, some individuals were temporally
unavailable for recapture. We therefore used a multi-state
model in which recapture is conditional on being present
in a studied colony (Gimenez et al., 2007; Schaub,
Gimenez, Schmidt, & Pradel, 2004). Survival was
modeled as state-independent. The state transition matrix
is given by:

True state (t + 1)

True state (t) Present Absent Dead

Present ϕ × (1 − Ψ10) ϕ × Ψ10 1 − ϕ

Absent ϕ × Ψ01 ϕ × (1 − Ψ01) 1 − ϕ

Dead 0 0 1

(ϕ = survival, Ψ10 = transition to being unavailable for cap-
ture, Ψ01 = transition to becoming available for capture).
Because omission of colony captures varied over the years,
we treated the transition probabilities as time-dependent.
The observation matrix is given by:

Observed state (t + 1)

True state (t) Seen Not seen

Present p 1 − p

Absent 0 1

Dead 0 1

(p = recapture).
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Subsequently, we defined a hierarchical model to esti-
mate survival with a mean and random temporal effect per
age group (juveniles and adults):

logit ϕAge, t
� �

= μAge + εAge tð Þ ð3Þ

where ϕAge, t is the survival probability per age group from
year t to year t + 1, μAge overall mean logit survival per age
group, and εAge(t) the temporal random effect per age group
on the logit scale. The temporal random term is assumed to
have a Normal distribution: εAge(t) ~ Norm(0, σ2Age). σ2Age
is the temporal variance in age-specific survival. Since the
capture occasions (time intervals) were not of the same
length, we adjusted the survival rates to annual rates to facil-
itate comparison with other studies.

Recapture rate p was modeled with a mean and individ-
ual random effect to account for any overdispersion not
accounted for by the multi-state survival model (Abadi,
Botha, & Altwegg, 2013; Kéry & Schaub, 2012):

logit pið Þ= β+ γ ið Þ ð4Þ

where pi is individual recapture, β overall mean logit recap-
ture, and γ(i) the individual random effect on the logit scale.
The individual random term is assumed to have a Normal
distribution: γ(i) ~ Norm(0, σ2γ). σ2γ is the individual vari-
ance in recapture on the logit scale.

The GOF test for the focal colony CMR data was not sig-
nificant (overall χ2 = 34.30, df = 48, p = .93) suggesting
that the model structure was appropriate for this data set.
Because these data did include missing colony captures, sur-
vival was modeled as for the whole population
(Equation (3)), but recapture was modeled with an overall
mean and a random temporal effect:

logit ptð Þ= β+ω tð Þ

where pt is temporal recapture, β overall mean recapture on
the logit scale, and ω(t) the temporal random effect on the
logit scale. The temporal random term is assumed to have a
Normal distribution: ω(t) ~ Norm(0, σ2ω). σ2ω is the tempo-
ral variance in recapture on the logit scale.

Fecundity
Data. We counted the number of fledglings (defined as nes-
tlings that survived to day 17, which was the age at which
nestlings were last checked and survivors to this age entered
the CMR data set) produced by the population during five
entire breeding seasons: 1999 (for 14 out of 19 active colo-
nies included in the study), 2000 (16/18), 2010 (14/17),
2011 (13/17) and 2012 (14/16). Productivity ranged from

12 (in 2011) to 237 fledglings (in 1999). For the focal col-
ony, productivity ranged from 2 (2011, 2012) to 45 (1999).

From 2010 onwards, 7 of the 25 colonies were protected
against snake predation of eggs and fledglings. The data
were too sparse and the time frame too short to model
protected and unprotected colonies separately. Since visual
inspection of the data did not show a marked effect of pro-
tection on productivity during those 3 years (see also
K. Lloyd, 2016), we assumed no difference between protec-
ted and unprotected colonies.

Model to estimate fecundity. Fecundity was estimated as
number of fledglings produced per adult female, that is, as
an average across breeders and nonbreeders, as detailed data
on breeding were unavailable (our results were not sensitive
to the assumption of homogeneous fecundity, Appendix 2):

Jt �Poisson Ntf tð Þ

where Jt is the number of fledglings produced in year t, Nt is
the number of estimated adult females at the start of year
t (not the observed number of adult females, to avoid inclu-
sion of the observation error), and ft is the fecundity in year
t. Fecundity was modeled with a mean and a temporal ran-
dom effect:

log f tð Þ= α+ νt ð5Þ

where ft is the fecundity in year t, α overall mean fecundity
on the log scale and νt the temporal random effect of fecun-
dity on the log scale (νt ~ Norm(0, σ2ν) with variance σ2ν).

Demographic drivers of observed population dynamics. To
investigate which demographic parameter(s) had the greatest
impact on the observed population dynamics, we conducted
a retrospective sensitivity analysis (Caswell, 2001). To do
that, we estimated the correlations between population
growth rate and age-specific survival rates and fecundity,
from the posterior joint distribution. The correlations
reported are the posterior modes of those correlations,
together with the probability of a positive correlation. The
correlations give an indication of the degree of influence of
the temporal variation of the respective demographic rate on
the temporal variation of population growth rate (Freeman,
Robinson, Clark, Griffin, & Adams, 2007; Robinson, Green,
Baillie, Peach, & Thomson, 2004). To compare the vari-
ances of age-specific survival on the logit scale, and fecun-
dity on the log scale, we back-transformed their variances to
the original scales.

Population viability analysis. We conducted a population
viability analysis to investigate the dynamics of the
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population and of the focal colony for 5 years beyond the
end of the study period, by extending the time indices in the
state part of the population model (Equation 1 + 2) and of
the priors of survival (Equation 3), recapture (Equation 4)
and fecundity (Equation 5). Projected estimates of the demo-
graphic rates can be estimated from the distributions of the
means and random effects (Kéry & Schaub, 2012). We
added 5 years to the study period of 19 years (seasons). The
posterior distribution was used to estimate extinction proba-
bility during the 5 years following the end of the study
period.

Seasonal weather drivers of population dynamics
Data. Weather data were obtained from the weather sta-
tion at Kimberley Airport, ca. 10 km from the center of
the study site and at the same elevation. We used tempera-
ture of the hottest summer month (hereafter “tmax”), num-
ber of frost days of the month with the most frost days
(“frost”) and total rainfall (“ppt”) as indices of seasonal
weather (justification and calculation in Table 1). Because
the time intervals were unequal, total rainfall was divided
by the time interval to estimate annual rainfall for the sur-
vival model (“ppt”). None of the weather indices were
correlated with each other (p ≥ .08, r = −.43 − .11) or
showed a trend over the study period (Pearson's product
moment correlation tmax r = .28 and frost r = .11, both
p ≥ .26; ppt: Spearman's rank correlation test p = .93,
r = −.02; Appendix 5).

Model to correlate climate indices with demographic rates.
To investigate whether temporal variation in the demo-
graphic rates could be explained by climatic variation, we
constrained the survival and fecundity rates in the IPM to be
a linear function on the link scale (logit for survival and log
for fecundity) of the weather covariates in residual variance
models, using a fixed weather effect and the random tempo-
ral effect. The amount of total temporal variance explained
by the climatic variable can then be estimated by comparing
the total temporal variance estimated by the models without
covariates (Equation 3/Equation 5) with the residual vari-
ance estimated by the models with covariates (Loison,
Sæther, Jerstad, & Røstad, 2002):

C= 1− σ2
δ resð Þ=σ2

δ totalð Þ� �

where C is the fraction of temporal variance explained by
climatic variance, σ̂2δ (res) is the temporal variance in the
mixed-effect model, and σ̂2δ (total) is the variance in the
model with only a temporal random term.

3 | RESULTS

3.1 | Population dynamics

Figure 2 shows the pre-breeding population sizes estimated by
the IPM, which were similar to the observed population counts
for both the focal population and the colony. The colony that
we examined separately was clearly declining over the study
period 1993–2013 (Pearson's correlation t17 = −16.23,
p < .001, r = −.97 [95% CI: −0.98 − −0.92]). Annual recruit-
ment (1-year-old females) is shown in Appendix 5.

3.2 | Demographic rates

Figure 3 shows the annual apparent juvenile and adult sur-
vival probabilities and fecundity (number of fledglings per
estimated adult female) of the population and the focal colony
over 1993–2013. For the population, mean juvenile survival
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rate of the focal colony was 0.88 (0.82–0.93) and ranged from 0.46
(0.18–0.81) to 1.21 (0.69–1.93)
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was 0.430 (95% credible interval [CRI] 0.315–0.554) and
mean adult survival was 0.660 (0.610–0.711). The temporal
variance was 0.046 for juvenile survival (0.017–0.110), and
0.010 (0.004–0.024) for adult survival. Mean fecundity was
0.645 (0.387–0.987) fledglings per female per year. The tem-
poral variance for fecundity was 0.406 (0.172–0.892). For the
focal colony, mean juvenile survival was 0.335 (0.171–0.525)
and mean adult survival was 0.638 (0.556–0.724). The tem-
poral variance was 0.042 for juvenile survival (0.002–0.155),
and 0.022 (0.0004–0.072) for adult survival. Mean fecundity
was 0.650 (0.367–0.963) fledglings per female per year. The
temporal variance for fecundity was 0.241 (0.0004–0.841).
The estimates for the recapture and transition probabilities are
in Appendix 6.

3.3 | Demographic drivers of observed
population dynamics

The retrospective sensitivity analysis indicated that the vari-
ability of population growth rate was not tightly linked to vari-
ability in survival: the correlations with both juvenile and adult
survival rates were weakly positive, but the 95% credible inter-
vals broadly overlapped zero (Figure 4). Fecundity, however,

showed a positive correlation with population growth rate,
indicating that the observed population dynamics were most
influenced by variability in this demographic rate (the proba-
bility of a positive correlation was 0.56, Figure 4). Estimated
juvenile survival was not correlated with either adult survival
or fecundity (p ≥ .37, r = −.11/.22). Adult survival, however,
was negatively correlated with fecundity (Pearson's correla-
tion: t16 = −2.76, p = .01, r = −.57 (−0.82 − −0.14).

3.4 | Population viability analysis

Projecting the population size 5 years beyond the study
period indicated that the sociable weaver population will
remain relatively stable (Figure 2). However, the uncertainty
of the projections rapidly increased to such an extent that
this inference is rather tenuous. To illustrate, the 95% CRI
for the population size of 220 females before the start of the
2018 breeding season was 24 to 927. Extinction risk within
5 years of the end of the study period was zero, since none
of the simulations predicted a population size of zero during
that period. Subsequent counts at this population were well
within the credible intervals but showed a faster increase
than projected.
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FIGURE 3 Demographic rates
of the sociable weavers at Benfontein
(1993–2013). Closed symbols and
solid lines pertain to the population,
and open symbols and dashed lines to
the focal colony. The population and
colony estimates were offset slightly to
show the 95% credible intervals (CRI;
vertical lines). (a) Annual apparent
juvenile survival: Population mean
0.43 (95% CRI: 0.32–0.55), range 0.21
(0.14–0.28)–0.68
(0.55–0.81/0.54–0.82); colony mean
0.34 (0.17–0.53), range 0.25
(0.09–0.50)–0.57 (0.41–0.75).
(b) Annual apparent adult survival:
Population mean 0.66 (0.61–0.71),
range 0.47 (0.41–0.54)–0.77
(0.68–0.87); colony mean 0.64
(0.56–0.72), range 0.42 (0.20–0.67)–
0.74 (0.59–0.91). (c) Fecundity:
Population mean 0.65 (0.39–0.99),
range 0.05 (0.03–0.09)–1.68
(0.85–2.78); colony mean 0.65
(0.37–0.96), range 0.35 (0.10–0.82)–
1.40 (0.33–4.11)
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The projected size of the focal colony showed a further
decline (Figure 2). The 95% CRI's indicated that the uncer-
tainty included extinction in each of the 5 years (lower 95%
CRI = 0; Figure 2). The extinction risk increased slowly:
0.05 in 2014, 0.11 in 2015, 0.18 in 2016, 0.26 in 2017 and
0.33 in 2018. Mean extinction probability was 0.18 over
2014–2018. Subsequent counts at this colony were within
the credible intervals and showed fairly stable colony sizes.

3.5 | Seasonal weather drivers of population
dynamics

The demographic parameters of the population of 25 sociable
weaver colonies at Benfontein were not strongly correlated

with any of the seasonal weather indices (Table 2). The pos-
terior distributions of all climate covariates broadly over-
lapped zero (Table 2: top). Appendix 5 shows the patterns of
the demographic parameters and the climatic covariates over
the study period.

In contrast to the population as a whole, we found that
several weather indices explained a considerable proportion
of the temporal variance of the demographic rates in the
focal colony (column labeled “C” in Table 2). Hot summers
(see Table 1 for definition of covariates) were negatively
correlated with juvenile survival (tmax in Table 2),
explaining 59% of the temporal variation in juvenile survival
(total temporal variance on the logit scale (tot) = 0.85 (95%
CRI: 0.06–3.12), residual temporal variance (res) = 0.35
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(0.00–2.08); column C in Table 2). Longer or more frequent
frost episodes were negatively correlated with adult survival
(frost in Table 2). This climate index explained 58% of the
temporal variation in adult survival (tot = 0.41 (0.01–1.35),
res = 0.17 (0.00–0.71); column C in Table 2). Wetter years
were negatively correlated with adult survival (ppt in
Table 2), explaining 41% of the temporal variation in adult
survival (tot = 0.41 (0.01–1.35), res = 0.24 (0.001–1.00);
column C in Table 2).

4 | DISCUSSION

We investigated the population dynamics of a
metapopulation of 25 colonies of sociable weavers and its
demographic drivers and climatic correlates during
1993–2014. Variation in population growth rate was driven
by variation in fecundity during the study period. There was
no discernible correlation between climatic variation and the
dynamics of the overall population, but seasonal weather
was strongly correlated with the demographic rates of the
focal colony.

Population dynamics of the sociable weaver are most
sensitive to variation in survival and least sensitive to

variation in fecundity (Altwegg et al., 2014). Therefore
survival should be canalized, that is, evolved to be least
variable. In accordance with Pfister's (1998) hypothesis
that the demographic rate to which population growth is
most sensitive should exhibit the least variation, and vice
versa, we found that temporal variation in adult survival
was low (0.01) compared to the variation in fecundity
(0.05), and that the latter contributed most to the observed
variation in population growth rate. However, the correla-
tion with population growth rate was not strong, which
could have been a result of the weak negative correlation
between fecundity and adult survival (Doak, Morris,
Pfister, Kendall, & Bruna, 2005).

The cooperative breeding strategy of sociable weavers
may help to buffer adult survival against environmental
stochasticity, since parents reduce their feeding effort in the
presence of helpers (Covas et al., 2008) and since survival
of younger females is higher in the presence of helpers
(Paquet, Doutrelant, Hatchwell, Spottiswoode, & Covas,
2015). Survival of ground tit Pseudopodoces humilis parents
on the Tibetan Plateau showed a similar pattern (Li et al.,
2015). At our study site, sociable weaver females also
reduced their reproductive investment in the presence of

TABLE 2 Covariate influence on demographic parameters of sociable weavers at Benfontein (1993–2013) in South Africa. Each covariate was
fitted in a separate model, simultaneously for the three demographic parameters

Population Demographic rate Covariate Regression coefficienta SD

95% CRI

CbLower Upper

Population Juvenile survival tmax −0.21 0.26 −0.72 0.32

frost −0.03 0.24 −0.46 0.51

pptc −0.02 0.26 −0.54 0.50

Adult survival tmax 0.01 0.13 −0.24 0.25

frost −0.10 0.12 −0.34 0.15

pptc 0.13 0.13 −0.13 0.38

Fecundity tmax −0.23 0.26 −0.76 0.28

pptd 0.25 0.25 −0.25 0.74

Colony Juvenile survival tmax −0.65 0.34 −1.33 −0.005 0.59

frost 0.36 0.38 −0.41 1.09

pptc −0.18 0.43 −1.03 0.70

Adult survival tmax 0.18 0.30 −0.38 0.81

frost −0.40 0.20 −0.79 −0.01 0.58

pptc −0.48 0.21 −0.88 −0.05 0.41

Fecundity tmax −0.07 0.39 −0.85 0.67

pptd −0.12 0.38 −0.81 0.64

Abbreviations: SD, standard deviation; CRI, credible interval; tmax, maximum of monthly mean of daily maximum temperature over the interval; frost, maximum of
monthly number of frost days over the interval; ppt, total rainfall.
aOn the logit scale.
bFraction of temporal variance of the demographic parameter explained by the climate index in cases where the 95% CRI did not include 0.
cAnnual total.
dInterval total.
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helpers by laying lighter eggs (Paquet, 2013), as has also
been observed in superb fairy-wrens Malurus cyaneus
(Russell, Langmore, Cockburn, Astheimer, & Kilner, 2007).
These and other studies suggest that cooperative breeders
trade off fecundity against survival, which would result in
low variation in adult survival despite varying environmental
stochasticity. Our analysis did not find any weather corre-
lates of population dynamics at the overall population level.
If colonies respond differently to climatic stochasticity as
suggested by Altwegg et al.'s (2014) findings, this could
result in an absence of weather correlates at the population
level. Correspondingly, we did find weather correlates of all
demographic parameters of the focal colony.

In the focal colony, as hypothesized, juvenile survival
was lower during years with hot summers; this weather
index explained more than half of the temporal variation
during the study period. Higher temperatures would force
parents, and independent juveniles, to exhibit heat-
dissipating behavior to avoid hyperthermia like panting, gut-
tural fluttering and wing spreading (du Plessis et al., 2012).
These behaviors lead to physiological stress (Wolf & Wal-
sberg, 1996) at a time when less food is available and shade-
seeking behavior reduces the birds' foraging range (Austin,
1976; Bartholomew et al., 1976; Maclean, 1973b). Adult
sociable weavers, who appear to trade off fecundity for sur-
vival (as discussed above), could avoid the detrimental
impacts of elevated temperatures by choosing to maintain
their body condition and thermoregulation at the expense of
looking after their young. This strategy has been observed in
several desert species (Wiley & Ridley, 2016). High temper-
atures would also increase evaporation of surface water. Col-
lias and Collias (1978) observed that juvenile sociable
weavers drank water more frequently than adults and
inferred that they might need more water than adults. Con-
trary to expectation, fecundity was not correlated with hot
summers. While less food does decrease nestling fitness and
increase nestling mortality in sociable weavers (Covas et al.,
2008; Spottiswoode, 2009), variation induced by other fac-
tors such as snake predation (which is high in this species,
Maclean, 1973e; Covas et al., 2008), could have obscured
the effect.

Frost events were negatively correlated with adult sur-
vival in the focal colony, and explained more than half of
the temporal variation in adult survival. At the end of a tax-
ing breeding season, breeders and helpers may not be in
optimal condition. Freezing cold may then force them to
increase thermogenesis to retain optimal body temperature
while food is harder to find (Maclean, 1973d; Smit &
McKechnie, 2010). Their need for extra energy requires
them to expend more energy to fulfill that need, which could
incur mortality costs when condition is already poor. Forag-
ing time could also be reduced by the need for thermal

refuge in the nest, when the cold is too intense to combat
through increased thermogenesis.

Rainfall was negatively correlated with adult survival
in the focal colony. In these arid regions, food availability
is closely linked to summer rainfall (Dean & Milton,
2001) and is an important determinant of breeding timing,
clutch size and duration of the breeding season (Covas
et al., 2008; Lloyd, Taylor, Du Plessis, & Martin, 2009;
Maclean, 1969; Mares et al., 2017). While increased food
abundance is expected to be beneficial, the increased
investment in breeding activity associated with higher
rainfall may entail a cost. The slight negative correlation
between adult survival and fecundity is consistent with
this idea. In food supplemented colonies not included in
the present study, more individuals bred independently,
that is, not as helpers, and at an earlier age (Covas, Dout-
relant, & Du Plessis, 2004), and egg laying started
3 weeks earlier than in control colonies (Spottiswoode,
2009). We found support for our hypotheses of lower sur-
vival during hot summers, with a more-pronounced effect
on juvenile survival, lower adult survival during cold win-
ters and higher adult survival when rainfall was higher.
We did not find support for our hypotheses that fecundity
would be lower during hot summers and higher with
higher rainfall. Fecundity is the end result of several com-
ponents, that is, clutch size, hatching success, fledging
success, number of broods and breeding season length
(Ricklefs, 2000). This is at first sight puzzling because
some of these components are known to be directly corre-
lated to rainfall, implying that others may obscure an
overall effect on fecundity. For example, at our study site
Covas et al. (2008) found that rainfall increased clutch
size, improved fledgling condition of pairs without
helpers, and increased feeding rates of parents, and Mares
et al. (2017) found that it increased the number of
clutches. The timing was also important, since fecundity
(fledging production) was higher with higher rainfall in
early summer (Mares et al., 2017).

The IPM appeared suitable to determine the population
dynamics of the population of 25 colonies, as the estimated
demographic rates were similar to those of earlier studies of
this metapopulation. The estimated mean annual adult sur-
vival of 0.66 (0.61–0.71) was the same as that found using
various subsets of the same data by Covas, Brown, et al.
(2004: 18 colonies, 1993–2000), and similar to the median
of 0.62 of Altwegg et al. (2014: 17 colonies, 1993–2009).
Brown, Covas, Anderson, and Brown (2003) estimated
mean adult survival of 0.66 in colonies of 60 or less individ-
uals and 0.75 for larger colonies for the same sample studied
by Covas, Brown, et al. (2004). Mean annual fecundity of
0.65 (0.39–0.99) fledglings per female was similar to the
0.70 of Altwegg et al. (2014) based on 4 years of data of
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17 colonies. The demographic rates estimated by the IPM
therefore closely matched our expectations for this
population.

Over the study period, mean population growth rate of
the population was higher than that of the focal colony
(0.994 [0.985–1.009] vs. 0.88 [0.82–0.93]). The clear
declining population trend and lower population growth rate
of the focal colony could reflect the observed pattern of indi-
viduals moving from declining colonies to colonies that are
doing better (Altwegg et al., 2014). Projecting the IPM
5 years beyond the study period suggested that the popula-
tion was expected to remain stable and the focal colony was
expected to keep declining. Although the uncertainty of the
projected population sizes was large (Figure 2), subsequent
counts at these colonies were in line with the projections.

Understanding population dynamics and the effects of
environmental stochasticity on the different demographic
rates has become progressively more important in a world of
increasing climatic variation and extremes (Boyce et al.,
2006; IPCC, 2013; Tuljapurkar et al., 2003). The effects of
climatic variation on demography currently appear to be
modulated by local effects leading to colonies reacting in
different ways (see also Altwegg et al., 2014). If increasing
climatic variation increasingly dominates local drivers of
population dynamics, it could synchronize the colonies'
responses to environmental stochasticity. Increased synchro-
nicity would increase the entire population's extinction risk
(Bateman, Coulson, & Clutton-Brock, 2011; Schaub, von
Hirschheydt, Grüebler, & Aubry, 2015). Our results from
the focal colony suggest that an increase in hot weather
could decrease recruitment in this population, since juvenile
survival was negatively correlated with periods of high tem-
peratures. Rainfall is forecasted to decrease and commence
later in our study region (Hulme, Doherty, Ngara, New, &
Lister, 2001; Niang et al., 2014), which could be beneficial
to adults up to some point, since rainfall was negatively cor-
related with adult survival in the focal colony. However,
coupled with the positive effect of rainfall on reproductive
output (Covas et al., 2008; Mares et al., 2017), less and later
rainfall would most likely result in a negative impact on
population growth rate through decreased fecundity. Even
though total rainfall is forecasted to decrease, extreme rain-
fall events are likely to continue to increase (DEA, 2013;
Mason, Waylen, Mimmack, Rajaratnam, & Harrison, 1999;
Niang et al., 2014); whether and how these projected
changes affect the persistence of this keystone species
(Rymer, Thomson, & Whiting, 2014) remains to be seen.
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