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Abstract

1. Interactions between density and environmental conditions have important ef-
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fects on vital rates and consequently on population dynamics and can take com-
plex pathways in species whose demography is strongly influenced by social

context, such as the African lion, Panthera leo. In populations of such species, the
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response of vital rates to density can vary depending on the social structure (e.g.
effects of group size or composition).

. However, studies assessing density dependence in populations of lions and

Handling Editor: Elise Zipkin other social species have seldom considered the effects of multiple socially ex-
plicit measures of density, and—more particularly for lions—of nomadic males.
Additionally, vital-rate responses to interactions between the environment and
various measures of density remain largely uninvestigated.

3. To fill these knowledge gaps, we aimed to understand how a socially and spatially
explicit consideration of density (i.e. at the local scale) and its interaction with en-
vironmental seasonality affect vital rates of lions in the Serengeti National Park,
Tanzania. We used a Bayesian multistate capture-recapture model and Bayesian
generalized linear mixed models to estimate lion stage-specific survival and
between-stage transition rates, as well as reproduction probability and recruit-
ment, while testing for season-specific effects of density measures at the group
and home-range levels.

4. We found evidence for several such effects. For example, resident-male survival
increased more strongly with coalition size in the dry season compared with the
wet season, and adult-female abundance affected subadult survival negatively in
the wet season, but positively in the dry season. Additionally, while our models
showed no effect of nomadic males on adult-female survival, they revealed strong

effects of nomads on key processes such as reproduction and takeover dynamics.
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provided the original work is properly cited.
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1 | INTRODUCTION

Population dynamics are shaped by vital-rate responses to both
density-dependent and -independent (e.g. environmental) factors.
Interactions between density and environmental variables (hereaf-
ter environment-density interactions) occur across many systems,
with important consequences on populations dynamics (Coulson
etal,, 2001; Gamelon et al., 2017). For example, density dependence
can mediate the effects of environmental factors through compen-
satory density feedbacks that can buffer adverse environmental ef-
fects (e.g. through an increase in offspring survival due to a lower
competition following a decline in recruitment under reduced food
availability; Reed et al., 2013). By capping population abundances
to a certain upper threshold, density feedbacks can also exacerbate
detrimental environmental effects by exposing populations to de-
mographic stochasticity (e.g. Jaatinen et al., 2021), or even dampen
positive effects of beneficial environmental conditions by con-
straining populations to remain under that threshold even when the
environment has strong positive effects on vital rates (e.g. Layton-
Matthews et al., 2020). In specific cases, such as social species, den-
sity feedbacks can affect populations through complex pathways,
as vital rates can show strong responses to both intra- (e.g. number
of reproducing adults) and extra-group density factors (e.g. home
range of a focal group; Behr et al., 2020; Maag et al., 2018; Packer &
Pusey, 1983a), with contrasting effects of such factors on vital rates
of different social statuses (e.g. Paniw et al., 2019). While studies
commonly assess the role of environment-density interactions (e.g.
Coulson et al., 2001; Gamelon et al., 2017), assessing vital-rate re-
sponses to interactions between environmental conditions and sev-
eral measures of density at different scales could help obtain better
insights into the role of density feedbacks in shaping population
demography.

Socially structured populations are often more susceptible to
multifaceted density effects (e.g. Ausband & Mitchell, 2021; Behr
et al., 2020). Such complexity in density effects on vital rates is
likely to be at play in African lions, for which sociality has strong
effects on demography (Borrego et al., 2018; Bygott et al., 1979;
Elliot et al., 2014; Packer & Pusey, 1987). The African lion is there-
fore an ideal case study for investigating the response of vital rates
to density measures at different scales and their interactions with
the environment. Lion sociality is characterized by fission-fusion
dynamics with an egalitarian social structure represented by prides
(permanent, stable groups of females) and coalitions (permanent,

5. Therefore, our results highlight the importance of accounting for seasonality and
social context when assessing the effects of density on vital rates of Serengeti

lions and of social species more generally.

Bayesian models, demographic rates, density dependence, density-environment interactions,
multistate capture-recapture models, sociality

stable groups of males) (Packer, 2023; Schaller, 1972). Young males
in the Serengeti system disperse from their natal pride by 4years
of age and enter a nomadic phase during which they band together
with related or unrelated males to form coalitions of 1-9 individuals
with no defined territory that can travel very long distances (Bygott
et al., 1979; Hanby & Bygott, 1987; Packer & Pusey, 1982, 1987).
Nomadic males play a key role in shaping lion demography (Borrego
et al., 2018; Whitman et al., 2004). Male coalitions compete for ac-
cess to prides; coalitions successfully taking over a pride from a rival
coalition gain reproductive benefits by killing the ousted coalition's
cubs (infanticide; Packer & Pusey, 1983a, 1983b) and subsequently
mating with its females. Additionally, the newly resident males oust
any subadult males, who are sometimes too young to survive this
forced dispersal (Elliot et al., 2014). Once they become resident,
male coalitions typically remain with a pride for 2-3years and
often father only a single cohort. Takeover dynamics thus greatly
affect young survival (Bertram, 1975; Borrego et al., 2018; Elliot
et al., 2014) and largely depend on the size of the coalition of res-
ident males—who are the primary defenders of a pride against rival
males (Schaller, 1972)—and on the size of the challenging nomadic
coalition (Bygott et al., 1979; Packer & Pusey, 1987). Females also
take part in defending a pride against nomadic males, consequently
decreasing both young mortality and the probability of a successful
takeover of a pride with females living in groups compared to single-
tons (Grinnell & McComb, 1996). Successful takeovers also affect
the reproductive status of females, who come into oestrous and
subsequently give birth synchronously (Bertram, 1975). This syn-
chrony allows them to raise their cubs in créches (Packer et al., 1990;
Schaller, 1972), where cubs are better protected and have a higher
survival rate (Bertram, 1975). These studies show the importance
of socially explicit density dependence in lion populations but often
focus on a single density measure (e.g. male coalition size or number
of females in a pride). However, we lack a comprehensive analysis of
the relative effects of various density measures on lion vital rates.
Despite the decline in the overall African lion population (Trinkel &
Angelici, 2016), the Serengeti population is one of the few to remain
apparently stable (Bauer et al., 2015; but see Riggio et al., 2016). A
better understanding of the density-dependent drivers of vital-rate
variation in the Serengeti population could therefore benefit other
lion populations as well as social species beyond the African lion.
The effects of density on vital rates are typically mediated by en-
vironmental factors (Courchamp et al., 1999; Paniw et al., 2019), but
little is known about the response of lion vital rates to interactions
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between density and environmental variables, such as seasonal cli-
matic patterns. Serengeti lions experience strong environmental
seasonality due to seasonal rainfall patterns driving prey availability
(Norton-Griffiths et al., 1975; Sinclair et al., 2013). These seasonal
patterns in turn affect vital rates and population dynamics. For in-
stance, in wetter years, the increase in prey availability favours re-
cruitment through higher cub survival, leading to increases in the
lion population size (Packer et al., 2005). Additionally, Serengeti lions
live in two distinct habitats: the plains and the woodland, which are
characterized by differences in seasonal patterns of prey availability
(Packer et al., 2005). Lions in the plains experience strong decreases
in prey availability during the dry season—when migrating herds
leave for the north. In the woodland, prey abundance (but not com-
position) is relatively constant throughout the year, leading to higher
lion density (Hanby & Bygott, 1979) and hence less opportunities for
plain lions to settle in the woodland. In a context of strong environ-
mental seasonality, and under the predicted important changes in
seasonal patterns (IPCC, 2014), understanding how season-density
interactions affect the vital rates of lions would provide more in-
sights into how density-dependent processes affect lion demogra-
phy (Conquet et al., 2023) and could ultimately benefit other social
species living under strong environmental periodicity.

To understand how different density-dependent variables af-
fect seasonal lion vital rates, we fitted a Bayesian multistate cap-
ture-recapture model and Bayesian generalized linear mixed models
(GLMMs) to data from a uniquely long monitoring (30years) of a
population of African lions in the Serengeti. We estimated season-
specific local density effects (as opposed to density at the popula-
tion scale) by assessing the response of lion survival, between-stage
transition and reproductive rates (i.e. reproduction probability and
recruitment) to socially and spatially explicit density measures and
to the habitat (plains or woodland). We used socially explicit den-
sity measures taken at the group level, more specifically the num-
ber of females in a pride and the size of a resident or nomadic male
coalition. For the spatially explicit effect of density, corresponding
to density at the home-range level, we tested for the effect of the
number of nomadic coalitions in the home range of a pride or resi-
dent coalition. Notably, ours is the first analysis to include multiple
density measures, including from nomadic males, in a multi-state
African lion population model. Considering the strong responses of
vital rates of young lions to both season and density, we expected
the strongest seasonal effects of socially explicit density measures

on young survival.

2 | MATERIALS AND METHODS
2.1 | Study species
2.1.1 | Demographic data

We used individual-based life-history data of 1347 lions (65 prides
and 242 male coalitions ranging size from 1 to 8 individuals), collected
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between 1984 and 2014 during a consistent monitoring in a 2000-
km? area located in the Serengeti National Park (SNP), Tanzania
(-2°27' N, 34°48' E) (Packer & Pusey, 1987; Appendix S1). Starting
in 1984, one or two females per pride were equipped with VHF col-
lars (Packer, 2023; VanderWaal et al., 2009). Each pride was then
visited at least once every 2weeks by locating the collared females
(Borrego et al., 2018; VanderWaal et al., 2009). Additionally, lions
or groups of lions away from their pride, as well as nomadic males,
were observed and recorded opportunistically during the monitor-
ing. The fieldwork research was conducted with the approval of
the Institutional Animal Care and Use Committee (IACUC) of the
University of Minnesota (protocol number 1207A16868). The moni-
toring and collaring of animals within the SNP were conducted with
permission from the Tanzanian Wildlife Research Institute (TAWIRI),
ensuring compliance with local wildlife research regulations and fa-
cilitating the fieldwork necessary for this study.

Lions were identified by eye based on photographs of features
such as scars and individual-specific whisker spots recorded at the
first sighting (Packer & Pusey, 1993; Pennycuick & Rudnai, 1970). The
age of individuals not observed as cubs was determined from nose
coloration, coat condition and tooth wear (Whitman et al., 2004).
Using these natural markings allowed tracking of each individual
from its birth (or entry into the study area) until its death (or perma-
nent emigration from the study area). Additionally, while the death
of most individuals could not be observed, we used dead-recovery
data available for 105 lions found dead from natural causes—that
is, not killed by humans—opportunistically during the regular pride
surveys to provide the model with additional insights into the dif-
ference between mortality and lack of observation, thereby better
informing the survival process and obtaining more accurate survival
estimates.

2.1.2 | Life history

We divided the lion life history into 10 stages based on age, sex
and social status (Figure 1a). Subadults were divided into young
subadults (SA,; 1-1.5years), and old subadults (1.5-2years), sep-
arated into females (SAO,F) and males (SAO,M)' Female subadults
then become adult females (AF; >2years) in their natal pride. We
considered females to become adults at 2years old; although fe-
males do not necessarily reproduce at that age, their contribution
to the pride is similar as that of older females. In contrast, males
could leave their natal pride as early as 2years of age but could
also remain up to 4years of age; males were considered as adults
at their departure from their natal pride. To represent males older
than 2years and still in their natal pride and ensure they automati-
cally left their natal pride after 4years, we used four young-male
stages: YM, (2-2.5years), YM, (2.5-3years), YM, (3-3.5years),
and YM, (3.5-4years). Finally, we divided males outside their natal
pride between two stages: nomadic male (NM; >2years and no-
madic), and resident male (RM; >2years and resident in a different
pride). In the resulting life cycle (Figure 1a), transitions between
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FIGURE 1 Lion life cycle. (a) The life cycle represents seasonal transitions between stages (solid arrows) and reproduction (dashed arrow);
all transitions are conditional on survival (¢). The first stage, young subadult (SAY; 12-18 months), is sex-independent. Young subadults
transition to female (SAO,F) or male (SAO,M) old subadults (18-24 months) depending on the sex ratio (0.55). Female old subadults then
transition to adult females (AF; >2years), and male old subadults to the first young-male stage (YM,; 2-2.5years in their natal pride). Young
males (YM,, YM,, YM,, and YM,;; 2-4years in their natal pride) transition to nomadic (NM; >2years nomadic) or resident males (RM; >2years
in another pride) conditional on emigration ((pEmYM; except for YM,) and probability of transitioning to nomadic male (¢y,,_\w)- Nomadic

and resident males transition to the other adult male stage conditional respectively on takeover (¢;) and eviction (¢, ). Cubs are recruited

by adult females conditional on adult-female survival and reproduction probability (

Preproduction) @ Well as on recruitment (Recruitment),

which corresponds to the number of cubs born in a given season that survived their first year per female. Circles and squares respectively
represent stages inside and outside their natal pride (in another pride for resident males and in no pride for nomadic males). (b) To take
advantage of the dead-recovery data available for 105 lions, we included two dead stages: Newly and permanently dead. Any alive state can
transition to the newly dead state conditional on survival. Newly dead individuals then transition to the absorbing permanently dead state.
The solid circle represents any alive state, dashed circles represent dead states.

stages are all conditional on survival (¢). Additionally, transitions
from young subadult to female or male old subadult assume a
fixed female-to-male sex ratio of 0.55, representing a conservative
value of the observed female-biased sex ratio in the population
(~0.60). Young males in stages YM, to YM, can leave their natal
pride conditional on emigration probability rpEmYM, while young
males in YM, automatically leave their natal pride to become adult
males. An emigrated young male can transition to either of the
two adult-male stages (nomadic or resident) conditional on the

probability of becoming nomadic (¢y,,_n,). Nomadic and resident
males then transition to the other adult male stage when respec-
tively gaining (¢;) or losing tenure of a pride (¢ ). Adult females
recruit cubs conditional on their survival and reproduction proba-
bility (prepmduction), and on the per-female number of cubs bornin a
given season that survived until their first birthday (Recruitment).
Therefore, in our analysis, reproduction probability is not a com-
ponent of recruitment and is estimated separately, with recruit-
ment being conditional on reproducing.
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2.2 | Estimation of lion vital rates
2.2.1 | Survival and transition rates

We estimated stage-specific survival and transitions, as well as
detection probabilities of pride individuals and nomadic males
for the Serengeti lion population using a Bayesian multistate cap-
ture-recapture model (MSCR; Lebreton & Pradel, 2002; Schaub
et al., 2004). In addition to the life stages described above, we
also included two more states, an observable newly dead and un-
observable permanently dead state (Gauthier & Lebreton, 2008),
which allowed us to take advantage of the dead-recovery data
available for 105 individuals (i.e. lions found dead, as opposed
to lions with unknown fates) (Figure 1b). Overall, we estimated
the following parameters: state-specific survival (o), young-male

and pyy_nm):
resident-male eviction (¢¢,) and nomadic-male takeover (¢;). Lion

emigration and transition to nomadic male (pg,,"™

prides are stable, territorial social groups (Schaller, 1972); we can
thus expect that all pride members are in a fixed area in the vicin-
ity of the collared female in the pride. Consequently, we assumed
all lions belonging to a pride to have the same detection probabil-
ity (ppride) but estimated a separate parameter for nomadic males
(pam)- In addition, we estimated the probability to observe a dead
lion (p4e,q)- Details on the multistate capture-recapture model can
be found in Appendix S2.

2.2.2 | Reproductive rates

We estimated female reproduction probability and recruitment
(i.e. number of cubs born in a given season that reached their first
birthday per female, conditional on survival and reproduction) using
Bayesian generalized linear mixed models. Following previous stud-
ies on the Serengeti lion, we defined recruitment as the number of
cubs reaching their first birthday (Packer et al., 2001). Because fe-
males raise their cubs in creches, the true mother of a given cub
can be unknown. Therefore, we first used data on cubs with known
mothers to assign the total number of cubs with a unique ID—that is,
the initial litter size regardless of whether they survived their first
year—to the right females. From the obtained number of identified
cubs per female, we created an initial litter-size distribution and used
it to assign the cubs left to their true mother among several potential
females. We assigned each cub born in a given season to a female
among those available in the pride (i.e. with no more than the maxi-
mum number of cubs observed; see details in Appendix S3).

We treated reproduction probability as a binary variable (i.e. 1
to females who reproduced, O to females who did not). Based on the
assignment of mothers to cubs described above, we assigned 1 to
females with cubs in the birth season of the cubs (wet or dry) if the
cubs were born more than 105days after the beginning of the sea-
son (i.e. the average gestation period; Schaller, 1972), or in the pre-
vious season otherwise. We also assigned 1 to females identified as
having lost their litter. In addition, we assigned O to females without
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dependent offspring—young <2 years old—who could reproduce and
NA to females with dependent offspring. We modelled reproduc-
tion probability with a binomial distribution and recruitment with a
Poisson distribution using GLMMs fitted in a Bayesian framework
(Kéry & Royle, 2016).

2.3 | Effects of density, season and habitat on
vital rates

2.3.1 | Density dependence

To understand how socially and spatially explicit density measures
affect lion vital rates, we investigated vital-rate responses to various
density-dependent factors at the group (i.e. pride or male coalition)
and home-range level (Table 1). To assess the effect of density at
the group level, we used the number of females in a pride and the
size of a resident or nomadic male coalition. Both measures corre-
sponded to the observed number of individuals in a given group in
each season. For the home-range level, we tested for the effect of
the number of nomadic coalitions in the home range of a pride or of
a resident male coalition using the overlap between that home range
and the GPS location points of a nomadic coalition (see Appendix S4
for details on the computation of home ranges and of the number of
nomadic coalitions in a home range). As nomadic coalitions do not
have assigned home ranges, we only tested for the effect of nomadic
coalitions on the vital rates of pride individuals. We only investigated
the response of nomad vital rates (i.e. survival and takeover prob-
abilities) to coalition size and habitat.

Table 1 compiles the covariates included in the different vital-
rate models and the justification for their inclusion. While we esti-
mated separate intercepts for female and male old-subadult survival
(Appendix S5: Figure S5), we did not test for sex-specific effects of
density to avoid increasing model complexity. Due to methodolog-
ical constraints on the complexity of the model, we focussed on
assessing lion vital-rate responses to density at the group and home-
range level and did not explicitly test for the effects of density at the
higher population level. However, we investigated the presence of
signals of such effects by evaluating the correlation between time-
varying overall population size and season-specific yearly random
effects (Appendix S5: Figure S3). Constraints on model complexity
also prevented us from properly testing for senescence in survival
and reproduction—for which we only included a quadratic age ef-
fect—which could have been done using a threshold model (e.g.
Lemaitre et al., 2020; Moullec et al., 2023).

2.3.2 | Seasonality

Lions in the Serengeti experience strong seasonal patterns in rainfall
(Norton-Griffiths et al., 1975; Sinclair et al., 2000, 2013), and vari-
ability in such patterns can have important consequences on food
availability and thereby on lion demography (Borrego et al., 2018;

85U90] SUOLLLLOD BATIER.ID 3|ealdde aU) Aq poupA0B 9.2 SaILE WO 98N J0 S| 10} AXIGI1T BUIIUO AB]IM UO (SUOIIPUOD-PUE-SWLBIALI0D" /3 1 ARGl 1PUI[UO//'SAIL) SUOIPUOD PUE S L 841 39S *[7202/20/08 ] U0 AXeiq18U1IUO ABIIM *WNIN ‘40053 TN LYN 04 ALNLILSNI NVIOIMHON Ad 8STHT'9G92-GIET/TTTT OT/0P/LIDAd|IW A RIq1BU 1 |UO'S PIno oq//Sdny o) Papeojumoq ‘0 9G929ET



CONQUET et AL.

BB ), o) of Animal Ecology Egg’gﬁm

TABLE 1 Socially and spatially explicit density covariates included in the various vital-rate models.

Covariate Vital rate

Number of adult females
in the pride

Young-subadult survival
Old-subadult survival
Young-male survival
Adult-female survival
Reproduction probability

Recruitment (number of cubs surviving
to their first birthday per female,
conditional on reproduction)

Number of adult females
in the pride?

Reproduction probability

Coalition size Nomadic male survival
Resident-male survival
Nomadic male takeover
Resident-male eviction

Number of nomadic
coalitions in the home
range

Young-subadult survival
Old-subadult survival
Young-male survival
Adult-female survival
Resident male survival

Resident-male eviction

Reproduction probability

Recruitment (number of cubs surviving
to their first birthday per female,
conditional on reproduction)

Number of adult females
in the pride x Number of
nomadic coalitions in the

Reproduction probability

Recruitment (number of cubs surviving
to their first birthday per female,

home range conditional on reproduction)

Age Adult-female survival
Reproduction probability

Age2 Reproduction probability

Motivation

Takeovers can be prevented by females protecting their offspring, thus
reducing the probability of a successful takeover in groups of females
compared to singletons (Grinnell & McComb, 1996), and consequently
the mortality of young individuals (Packer et al., 1990). However,

small and large prides can attract nomadic coalitions more, leading to

a higher takeover rate in these prides and thereby a higher mortality

of young through infanticide or forced dispersal (Elliot et al., 2014;
Packer & Pusey, 1987; Pusey & Packer, 1994), with potentially severe
consequences at the population level (Whitman et al., 2004)

Moreover, the survival of adult females can be affected by the size of the
pride: Females in small prides have lower survival rates, probably due to
encounters with infanticidal males or females of other prides competing
for the territory (Packer & Pusey, 1997; Pusey & Packer, 1994).

Reproduction is mainly driven by takeover dynamics and interpride
competition (Packer, 2023), with small prides being unable to defend their
cubs against outside males or their territories against larger neighbouring
prides, and large prides attracting more frequent male takeovers and
suffering greater within-pride feeding competition. We thus expect a
u-shaped response of reproduction to the number of adult females in the
pride (Packer, 2023), which can be detected by including a quadratic term.

Successful takeovers are affected by the size of both resident and
nomadic coalitions (Borrego et al., 2018; Bygott et al., 1979; Packer &
Pusey, 1983a).

Nomadic coalitions taking over prides can increase the mortality of
subadults and older young through infanticide and forced dispersal (Elliot
et al., 2014; Packer, 2023; Packer & Pusey, 1987). Protective encounters
by mothers with nomadic coalitions can lead to injuries and lower survival
of adult females (Packer & Pusey, 1997; Pusey & Packer, 1994).

More nomadic coalitions increase takeover rates (Borrego et al., 2018).
Although this has not been explicitly tested, higher numbers of nomadic
males could also lead to more encounters with resident males, potentially
affecting their survival.

Higher numbers of nomadic coalitions in the population can lead to more
takeovers, increasing cub mortality due to infanticide (Bertram, 1975;
Borrego et al., 2018; Pusey & Packer, 1994; Whitman et al., 2004).

While it has not yet been explicitly tested, this interaction would enable
us to understand whether the effect of nomads on reproduction can be
counterbalanced by females in the pride.

Testing for senescence and age-dependent reproduction.

Females in our population have been observed to reproduce between
2.5 and 15years old, but most reproduce between 3 and 10years old. We
should thus observe lower reproduction probabilities for young and old
females.

Note: We tested for the effect of density measures at the group- (number of adult females in the pride and male coalition size) and home-range level
(number of nomadic coalitions in the home range) on lion survival, transition, and reproductive rates. In addition, we tested for the effect of age on
adult-female survival and reproduction probability, and of its quadratic term on reproduction probability. Each covariate (Covariate) is associated to
the corresponding vital rates (Vital rate) according to previous studies or assumptions that have previously not been investigated (Motivation).

Packer et al., 2005). To understand whether seasonal environmental
patterns lead to seasonal density feedbacks, we estimated season-
specific vital rates—that is, we estimated season-specific coeffi-
cients in all vital-rate models described above—with the wet season

starting mid-November and the dry season mid-May. However, due
to a lack of data, we could not estimate a season-specific effect of
the number of nomadic coalitions on old-subadult survival and thus
only estimated the mean effect across seasons. Although we did not
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include the effect of rainfall in our models, we investigated signals of
potential effects of rainfall on vital rates by assessing the correlation
between rainfall and coefficients of random effects (Appendix S5:
Figure S3).

2.3.3 | Habitat

Lions in our study population inhabit two different habitats (plains
and woodland) where vital rates can display different patterns. Food
availability in the plains strongly varies between seasons and is par-
ticularly scarce in the dry season (Packer et al., 2005; Schaller, 1972;
Sinclair et al., 2013; Sinclair & Norton-Griffiths, 1995). On the other
hand, lions in the woodland benefit from a somewhat continuous
food availability throughout the whole year (Hanby & Bygott, 1979;
Packer et al., 2005; VanderWaal et al., 2009). We thus tested for
the season-specific effect of habitat on all lion vital rates except for
the probability of young males becoming nomadic (gyy_nw), due to
the lack of data on this transition. As for density, we did not test for
sex-specific habitat effects on the survival of old subadults. We ac-
counted for differences in detection probabilities between habitats
by including a habitat effect on pride and nomadic-male detection
probabilities.

2.3.4 | Correlation among covariates and year
random effect

We checked for correlations between covariates using the
Pearson's correlation coefficient for two density-dependent (con-
tinuous) variables (using the cor function from the stats R package;
R Core Team, 2022), and the biserial correlation coefficient for a
density-dependent (continuous) variable and the categorical habi-
tat variable (using the binomial.cor function of the Itm R package
version 1.2-0; Rizopoulos, 2007). We considered two variables to
be uncorrelated when the absolute value of the correlation coef-
ficient was under 0.5. In addition to density, season, and habitat,
we included a yearly season-specific random effect in all models
to account for among-year variation unexplained by density or
habitat.

2.3.5 | Standardization of continuous covariates

We standardized all non-binary covariates using the approach de-
scribed by Gelman (2008):

(covarlateunscaled - pcovariateunsca‘ed)

covariate , (1)

scaled =
2 X 0 covariate

unscaled
where u and ¢ are, respectively, the mean and standard deviation of a
given unscaled covariate. In comparison with the common standardiza-

tion by one standard deviation, this approach enables the comparison
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of the effect sizes of both categorical (i.e. habitat) and continuous co-

variates (i.e. density-dependent variables).

2.3.6 | Implementation using NIMBLE

We used NIMBLE (version 1.0.1 of the nimble package; de Valpine
et al.,, 2017, 2022) to implement both the multistate capture-
recapture model and the GLMMs in a Bayesian framework. For the
multistate capture-recapture model, to decrease the runtime and
memory requirements of the Markov chain Monte Carlo algorithm
(MCMC), we created a custom distribution integrating over latent
states, based on Nater et al. (Nater et al., 2020; see Appendix S2
for details). We used noninformative priors for all parameters and
ran the MCMC for four chains of 60,000 iterations with no thin-
ning and a burn-in phase of 15,000 iterations for the multistate
model and 10,000 for the GLMM. We tested for parameter extrinsic
identifiability using prior-posterior overlap (Gimenez et al., 2009)
and assessed model fit using posterior predictive checks (Conn
et al., 2018). The detailed methods are available in Appendices S2
and S5. All analyses were performed in R 4.2.2 (R Core Team, 2022)
using RStudio (Posit Team, 2023). R code for running analyses and
plotting results is available on Zenodo (Conquet et al., 2024) and on
GitHub at https://github.com/EvaCnqt/LionsDensity.

3 | RESULTS

3.1 | Socially and spatially explicit density
dependence of vital rates

Most vital rates were influenced by at least one measure of den-
sity at the group or home-range level, the only exception being
adult-female survival. Moreover, some density effects varied be-
tween seasons (Figures 2-4; Appendix S5: Figure S1). Many vital
rates also differed between the plains and woodland habitats, but
the degree of vital-rate variation due to density dependence was
generally higher than that due to habitat (Figure 2; Appendix S5:
Figure S1). In Figures 2 and 3, we highlight the lack of response
of adult-female survival to the density measures we considered
(Figure 2a). In addition, we show the most compelling examples
of how lion vital rates respond to various density measures at
the group (reproduction probability, and old-subadult, resident-
male, and nomadic-male survival; Figures 2b-d and 3a-d) and
home-range levels (recruitment and reproduction probability;
Figure 3e,f). We also show notable examples of seasonal dif-
ferences in density effects on lion vital rates (old-subadult and
resident-male survival; Figures 2c,d and 3b,c). In the following, all
results are presented using the median of the posterior distribu-
tion for each parameter and the 90% credible interval (more stable
than the 95% CRI, following Kruschke, 2014) on the probability
(for survival and transition rates and reproduction probability) or
natural scale (for recruitment).
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Among all vital rates for which we tested the effect of density,
the survival of adult females was the only one not markedly af-
fected by at least one density measure at the group or home-range
level (Figure 2a; Appendix S5: Figure S3). Otherwise, many vital
rates were largely affected by density variables at the group level
(Figure 2; Appendix S5: Figure S1). The number of adult females in
the pride negatively affected young-subadult survival in the dry sea-
son (with a median survival probability of 0.98 [0.95, 0.99] with 2 fe-
males in the pride and 0.95 [0.90, 0.99] with 8 females). The number
of females in a pride also affected reproduction probability in the
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wet season, with a quadratic effect indicating a higher reproduction
probability in small and large prides compared to prides of average
size (0.21 [0.17, 0.28] with 2 females in the pride, 0.15 [0.12, 0.20]
with 8 females, and 0.17 [0.13, 0.23] with 12 females; Figures 2b
and 3a). The effect of the number of females in the pride on old-
subadult survival strongly differed between seasons (Figures 2c and
3b). In larger prides with more adult females, old-subadult survival
decreased in the wet season (0.94 [0.89, 0.97] with 2 females in the
pride to 0.89 [0.82, 0.94] with 8 females) but increased in the dry
season (from 0.92 [0.82, 0.98] to 0.98 [0.94, 1.0]). In contrast, the
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FIGURE 2 Seasonal effects of habitat and density variables at the group and home-range level on lion vital rates. Using a Bayesian
multistate capture-recapture and Bayesian generalized linear mixed models (GLMMs), we investigated the presence of seasonal patterns

in the response of lion survival, transition and reproductive rates to the habitat type (woodland or plains), within-group density (hnumber of
adult females and coalition size), and the number of nomadic coalitions in the home range. The figure represents the effect sizes of these
covariates on adult-female (a) survival and (b) reproduction probability; and on the survival of (c) old subadults; and (d) resident males. Each
plot represents, on the logit scale, the median (dots) and 90% credible interval (CRI; lines) of each coefficient obtained from the multistate
capture-recapture model and the GLMMs, The density plots above each estimate show the posterior distribution of each parameter. Shaded

dots and CRIs indicate coefficients with 90% CRI overlapping zero.
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FIGURE 3 Seasonal effects of socially and spatially explicit density measures on lion vital rates. Using a Bayesian multistate capture-
recapture and Bayesian generalized linear mixed models (GLMMs), we investigated the presence of seasonal patterns in the response of lion
survival, transition, and reproductive rates to the habitat type (woodland or plains), group density (number of adult females and coalition
size), and the number of nomadic coalitions in the home range of a pride. The figure represents the model predictions of the response of

(a) reproduction probability and (b) old-subadult survival to the effect of the number of females in the pride; (c) resident-male survival and
(d) nomadic-male takeover probability to male coalition size; (e) recruitment to 1year old to the number of nomadic coalitions in the home
range of a pride; and (f) wet-season reproduction probability to the number of nomadic coalitions in the home range of a pride depending on
the number of females in the pride. Each plot represents the median estimate (line) and 90% credible interval (CRI; lines) of each vital-rate
prediction derived from the output of the multistate capture-recapture model and the GLMMs,

number of adult females in the pride did not affect young-male sur- 0.017] for a coalition of 2 males to 0.00065 [0.000029, 0.0046]
vival or recruitment (Appendix S5: Figure S1). with 3 males) and dry season (from 0.035 [0.016, 0.062] to 0.015

Adult males were affected by density measures at the group [0.0052, 0.032]) (Appendix S5: Figure S1). Resident-male survival
level as well, with resident-male eviction probability decreasing with increased with coalition size in both seasons but showed large dif-
the size of the resident coalition in the wet (from 0.0034 [0.00019, ferences in the seasonal response to coalition size (see Figures 2d
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FIGURE 4 Seasonal effects of socially and spatially explicit density measures on lion vital rates. Socially and spatially explicit density

measures (yellow and purple boxes) have positive and negative effects on the different vital rates of Serengeti lions (round and diamond
arrowheads; only the effects of covariates for which the 90% CRIs of the coefficient do not overlap O are represented), with differences in
these effects between the dry and wet seasons (orange and green arrows). The complexity of vital-rate density dependence emphasizes
the need to account for socially and spatially explicit considerations of density to assess the role of density feedbacks in shaping vital-rate

variation in social species.

and 3c), with survival increasing more strongly with larger coalitions
in the dry season (from 0.89 [0.85, 0.92] for a coalition of 2 males
to 0.95 [0.91, 0.97] with 3 males) than in the wet season (from 0.88
[0.84, 0.91] to 0.89 [0.86, 0.92]). Moreover, while the size of a no-
madic coalition did not affect takeover probability in the wet sea-
son, larger nomadic coalitions had higher chances to take over a
pride in the dry season (from 0.28 [0.20, 0.37] for a coalition of 2
males to 0.40 [0.28, 0.54] with 3 males; Figure 3d). Nomadic coali-
tion size also increased nomadic-male survival both in the wet (from
0.88 [0.77, 0.95] for a coalition of 2 males to 0.96 [0.85, 0.99] with
3 males) and dry season (from 0.98 [0.93, 1.0] to 1.00 [0.99, 1.0])
(Appendix S5: Figure S1).

In addition, at the home-range level, the number of nomadic coa-
litions negatively affected recruitment in the wet season (from 0.54
[0.43, 0.67] cubs surviving their first year per reproducing female
with 2 nomadic coalitions in the home range to 0.33 [0.17, 0.61] cubs
with 5 coalitions; Figure 3e). By contrast, nomadic coalitions in the
home range positively affected dry-season survival of young sub-
adults (with survival probabilities ranging from 0.93 [0.87, 0.97] with
no nomadic coalition in the home range to 0.99 [0.96, 1.0] with 2
coalitions) and young males (from 0.82 [0.71, 0.93] to 1.0 [0.91, 1.0]),
with both vital rates showing a particularly strong seasonal response
to nomadic coalitions (Appendix S5: Figure S1). This unexpected
positive effect of nomadic males might be attributable to favourable
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environmental conditions. As described by Borrego et al. (2018), in-
creasing numbers of nomadic coalitions coincide with years where
wet-season rainfall is abundant; such conditions could have positive
effects on young-subadult and young-male survival rates. More no-
madic coalitions in the home range of a pride in the wet season also
increased the probability of eviction of resident males (from 0.0022
[0.000081, 0.014] with 1 nomadic coalition in the home range to
0.019 [0.0026, 0.062] with 4 coalitions). While we found no effect
of nomadic males on reproduction probability, reproduction was af-
fected by the interaction between the number of nomadic coalitions
in the home range and the number of females in the pride in the wet
season. That is, increasing numbers of nomadic coalitions had larger
effects on reproduction probability in prides with higher numbers
of females (with 4 nomadic coalitions in the home range of a pride,
reproduction probability was 0.25 [0.16, 0.37] in prides of 4 females
and 0.31 [0.19, 0.45] with 10 females; Figures 2b and 3f). However,
we found no effect of nomadic coalitions on the survival of old sub-
adults and resident males (Figure 2c,d).

3.2 | Habitat effects on vital rates

In addition to density, we found effects of habitat (plains or wood-
land) on most vital rates, but these effects largely varied depend-
ing on the season and life-history stage (Figure 2; Appendix S5:
Figure S1). Overall, while we found no differences in survival be-
tween the plains and the woodland in the dry season, survival was
lower in the woodland in the wet season compared to the plains (e.g.,
the survival probability of old subadults was 0.83 [0.74, 0.90] in the
woodland and 0.92 [0.88, 0.95] in the plains, and resident males had
a survival probability of 0.77 [0.70, 0.83] in the woodland and 0.88
[0.84,0.91] in the plains; see Figure 2c,d). Unlike density, the habitat
did affect adult-female survival, which decreased from 0.88 [0.85,
0.91] in the plains to 0.82 [0.76, 0.86] in the woodland in the wet sea-
son (Figure 2a). The survival of nomadic males also decreased in the
woodland in the dry (0.97 [0.92, 0.99] in the plains and 0.85 [0.68,
0.97] in the woodland) and wet season (0.85 [0.76, 0.93] and 0.74
[0.56, 0.88]), while recruitment increased from 0.60 [0.51, 0.71] in
the plains to 0.96 [0.79, 1.2] cubs per female in the woodland in the
dry season (Appendix S5: Figure S1). Additionally, habitat-specific
takeover probabilities for nomadic males strongly varied between
seasons, with takeover probability increasing from 0.26 [0.18, 0.35]
in the plains to 0.47 [0.30, 0.68] in the woodland in the dry season
but decreasing from 0.30 [0.21, 0.40] in the plains to 0.15 [0.066,
0.28] in the woodland in the wet season. However, we found no dif-
ferences in young-male emigration probability and female reproduc-
tion probability between habitats.

Finally, older females had a lower probability of survival, especially
in the dry season (0.99 [0.98, 0.99] at 3years old and 0.87 [0.84, 0.90]
at 13years old) compared to the wet season (0.97 [0.96, 0.98] and 0.89
[0.86, 0.91]; see Figure 2a), with seasonal differences in survival in-
creasing with age. Similarly, age had a quadratic effect on female repro-
duction probability in both seasons, indicating a lower reproduction
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probability for young (at 4 years old, 0.26 [0.23, 0.30] in the wet season
and 0.091 [0.072, 0.11] in the dry season) and old females (at 12years
old, 0.28 [0.23,0.32] in the wet season and 0.10 [0.076, 0.14] in the dry
season) compared to 8year-old females (0.46 [0.41, 0.50] in the wet
and 0.18 [0.15, 0.22] in the dry season; Figure 2b).

3.3 | Parameter identifiability and model fit

We found no strong evidence of nonidentifiability for either the
multistate capture-recapture model or the GLMMs (Appendix S5:
Figure S4). Additionally, the posterior predictive checks showed that
the GLMM s fitted the data appropriately (Appendix S5). This was
also largely the case for the multistate capture recapture model,
with the exception of a few metrics (e.g. number of nomadic males
becoming residents or number of resident males becoming nomadic).
For these, posterior predictive checks suggested some estimation
bias, and the results for the corresponding vital rates (e.g. takeover

or eviction probabilities) should be interpreted with caution.

4 | DISCUSSION

Our study unveiled strong effects of local measures of density on the
vital rates of the Serengeti lion population, with seasonal differences
in these effects for some vital rates. Our results show variation both
in the magnitude and direction of vital-rate responses to a combina-
tion of season-specific socially and spatially explicit density meas-
ures at the group and home-range levels (Figure 4). Importantly, our
results show strong effects of nomadic coalitions on key processes
such as reproduction and takeover dynamics. In addition, while the
effects of season-specific density were overall stronger than that of
the habitat, we found lower survival probabilities in the woodland
in the wet season, and seasonal differences in the effect of habi-
tat type for various vital rates. Interestingly, our results indicate that
habitat and age were the only variables affecting the survival of adult
females—a key vital rate in many long-lived species (e.g. Eberhardt
& Siniff, 1977; Gaillard et al., 1998; Hunter et al., 2010). Unlike the
other vital rates, adult-female survival thus appeared buffered
against changes in density measures considered in our study. Overall,
our findings emphasize the need for studies accounting for socially
and spatially explicit considerations of density when investigating
vital-rate density dependence in social and potentially other species.
Moreover, our results highlight the necessity to assess the effects of
environment-density interactions, which can play a key role in shap-
ing vital-rate variability in a context of strong environmental season-
ality (Conquet et al., 2023; Gamelon et al., 2017).

4.1 | Socially explicit density dependence

With vital rates being affected by density measures at multiple
scales (e.g. group or population level), density feedbacks can affect
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social species through complex pathways. For instance, Ausband
and Mitchell (2021) showed that both population density and
group size affected reproduction of grey wolves (Canis lupus), with
interacting effects of the two density measures. Additionally, in
African wild dogs (Lycaon pictus), different measures of density at
the intra-group level (e.g. number of pups or number of adults) had
very variable effects on dispersal probabilities, with sex-specific
responses (Behr et al., 2020). Our results highlight this complex-
ity, revealing that also lion demography is affected by a combina-
tion of density measures at the group (pride and male coalition size)
and home-range level (number of nomadic coalitions). As expected,
the size of a social group (i.e. pride or male coalition) had impor-
tant, complex effects on many vital rates, corroborating previous
findings on density effects on lion vital rates. More specifically,
larger male coalitions gave an advantage to males both in survival
and in gaining (for nomads) or maintaining the tenure of a pride
(for residents) (Borrego et al., 2018; Bygott et al., 1979; Packer &
Pusey, 1983a). Additionally subadult survival decreased in prides
with more females and female reproduction probability was higher
in small and large prides than in prides of average size. This may be
explained by females struggling to defend smaller prides—where
resident coalitions are often absent (Packer et al., 1988; Pusey &
Packer, 1994)—and a greater competition between coalitions for
larger prides resulting in more frequent coalition takeovers (Packer
& Pusey, 1987), leading to higher young mortality due to infanti-
cide and forced dispersal (Packer, 2023), and consequently to more
frequent reproduction events (Bertram, 1975; Packer et al., 1988).
In addition, within-pride competition for food is stronger in large
prides, where individuals are consequently thinner than in smaller
prides, leading to reduced survival rates (Packer, 2023). While we
found effects of the number of females on reproduction probabili-
ties, our results showed no such effects on recruitment (i.e. the
number of cubs surviving to 1year old). This is contrary to previ-
ous studies, which found notable effects of pride size on female
reproductive output (Packer, 2023; Packer et al., 1990). This might
be due to our analysis underestimating the number of reproduc-
ing solitary females (see Appendix S5 for more details), who often
must settle in low-quality habitats, causing high rates of litter loss
(Packer, 2023). Overall, however, our results might indicate that
belonging to a pride of at least two lionesses may be key to rais-
ing cubs until their first birthday, but two or 10 females does not
make any discernible difference. Low recruitment in small prides
could also possibly be concealed by a strong effect of other density
measures, such as the number of nomadic coalitions in the home
range of a pride.

While males are often overlooked in demographic studies, they
are an important part of the life history of many species (Rankin
& Kokko, 2007) and often play a key role in shaping their demog-
raphy (e.g. Borrego et al., 2018; Penteriani et al., 2011). In spe-
cies where male infanticide due to nomadic individuals replacing
residents is prominent, males may have particularly strong effects
on vital rates, with potentially drastic consequences for popu-
lation dynamics and strong population declines when males are

especially targeted by regulation or trophy hunting activities (e.g.
Swenson, 2003; Whitman et al., 2004). Nonetheless, while the ef-
fect of nomadic individuals on population demography has been
extensively assessed in birds (Penteriani et al., 2006, 2011), the
role of nomadic males in shaping demography is rarely accounted
for in mammals. Despite data and modelling limitations (see
Appendix S5 for details), we found important effects of nomad
abundance on several vital rates, which confirm previous findings.
Forexample, the probability of afemale reproducing in the wet sea-
son increased with the number of nomadic coalitions in the home
range of a pride, especially in prides with more females, which are
more attractive to nomads (Packer & Pusey, 1987). Additionally,
as suggested by Borrego et al. (2018), takeover dynamics leading
to infanticide—as indicated by the increased eviction probabil-
ity—had negative effects on recruitment (i.e. the number of cubs
surviving the first year per female, conditional on reproduction).
Opposite responses of reproduction probability and recruitment
to an increased presence of nomadic males—and higher take-
over rates—are expected because females who lose their cubs
following a takeover can mate soon after (Bertram, 1975; Packer
et al., 1988). Overall, our results show that nomads can play a key
role in shaping vital rates in mammal populations, emphasizing the
need to invest efforts in monitoring nomadic or transient individu-
als to better understand the demography of populations.

Despite most lion vital rates showing important responses to
at least one measure of density, our results suggest that adult-
female survival is affected only by the habitat and age, and not
by the density measures we considered. Population dynamics
of long-lived species are typically sensitive to variation in the
survival of adult females (e.g. Eberhardt & Siniff, 1977; Gaillard
et al., 1998; Hunter et al., 2010; but see Gerber & Heppell, 2004);
the response of such key vital rates to density could therefore
have important consequences on population dynamics. For exam-
ple, under environmental conditions causing population declines,
the absence of compensating density feedbacks acting as a buf-
fer against adverse environmental effects (e.g. Paniw et al., 2019;
Reed et al., 2013) could prevent populations from recovering. The
absence of buffering density dependence could have dire conse-
quences for many populations facing increasing climate-change
and anthropogenic pressures with negative effects on vital rates
(e.g., Conquet et al., 2023; Vinks et al., 2021). Conversely, the lack
of negative density effects on key vital rates such as adult-female
survival, could favour populations experiencing strong negative
density feedbacks in other vital rates. This could contribute to
limiting overcompensatory density dependence in populations ex-
periencing strong negative feedbacks coupled with adverse envi-
ronmental conditions (Coulson et al., 2001; Fauteux et al., 2021).
Overall, however, our results reveal important density effects on
the vital rates of Serengeti lions at the group and home-range
levels, as well as indications of vital-rate responses to population
size (Appendix S5: Figure S3). These findings thus emphasize the
need for a systematic assessment of the effects of a socially- and
spatially-explicit consideration of density.
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4.2 | Vital-rate responses to season-density
interactions

Context dependence in density effects have been widely described
in various species, with age- and sex-specific density effects (e.g.
Fay et al., 2017), and vital-rate responses to density varying among
climatic conditions (e.g. Dierickx et al., 2019). Such environment-
density interactions can have critical effects on population persis-
tence (Coulson et al., 2001; Gamelon et al., 2017) and are therefore
paramount to account for. Lions in the Serengeti experience
strong seasonal rainfall patterns driving prey availability (Norton-
Griffiths et al., 1975; Packer et al., 2005; Sinclair et al., 2013) and
these environmental patterns lead to seasonality in lion vital rates,
similarly to several other systems (Conquet et al., 2023; Letcher
et al., 2015; Payo-Payo et al., 2022). The key role of seasonal envi-
ronmental patterns in driving variations in vital-rate responses to
density (e.g. Barbraud & Weimerskirch, 2003; Sandvig et al., 2017)
is supported by our results. For example, positive or negative den-
sity effects can be intensified in a given season, as exemplified by
the stronger increase in resident-male survival with higher coali-
tion size in the dry compared to the wet season. Larger male coali-
tions might be more successful at hunting more and larger prey,
ensuring their survival during times of prey scarcity. Additionally,
environmental seasonality can lead to opposite density effects
between seasons. For example, in the wet season, old subadults
fared worse in large prides compared to prides with less females,
but the opposite was true in the dry season. This pattern likely
arose because our analysis estimates apparent survival and does
not discriminate between survival and permanent emigration.
Under favourable environmental conditions such as that occur-
ring in the wet season, subadults approaching adulthood may be
more likely to emigrate in response to higher lion densities in large
prides, causing the observed season-specific effect of density on
apparent survival.

While density feedbacks could be key in allowing populations
to persist under the predicted changes in seasonality (Conquet
et al., 2023), changes in seasonal patterns could also increase neg-
ative density effects, potentially leading to population declines
(Gamelon et al., 2017; Paniw et al., 2019). For example, in lions,
a shift towards drier seasons could strengthen the negative ef-
fect of nomads on recruitment, and of the number of females on
young-subadult survival. If not counterbalanced, for example by
wet-season dynamics, such effects could be detrimental to the
recruitment of young in the population, thereby critically ham-
pering population persistence. Understanding how such changes
in seasonal patterns will affect populations experiencing strong
seasonality and density feedbacks (e.g. Hansen et al., 1999; Lima
et al.,, 2002; Marra et al., 2015) requires investigating the pres-
ence of season-density interactions, as such interactions are likely
to play a crucial role in populations where key demographic pro-
cesses (e.g. reproduction or dispersal) are restricted to a specific
period of the year (e.g. Lima et al., 2002; Lok et al., 2013; Marra
et al., 2015).
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4.3 | Habitat effects in lion vital rates

Similar to seasonality, different habitats can expose populations to
very different environmental conditions (e.g. resources availabil-
ity or temperatures), with consequential effects on vital rates (e.g.
Ozgul et al., 2006; Swift et al., 2020). While density had stronger
effects on lion vital rates than the habitat, we nonetheless found dif-
ferences in vital rates between the plain and woodland lion prides, as
well as seasonal patterns in habitat effects. The two habitats differ
mostly in terms of prey availability, with plain lions experiencing an
important decline in food availability in the dry season, when the
migrating herds of herbivores continue their migration toward the
north of the Serengeti to find food, while lions in the woodland have
access to similar amounts of prey most of the whole year (Packer
et al., 2005). In the dry season, conditions are thus more favourable
in the woodland, leading to higher recruitment rates compared with
the plains. However, the survival of most stages was lower in the
wet season in the woodland compared with the plains, because of
the stronger increase in prey availability in the plains between the
dry and wet season compared to the stable abundance of prey in the
woodland between seasons (Packer, 2023).

Variations in environmental conditions among habitat types can
lead to differences in density feedbacks among these habitats (e.g.,
Marraetal., 2015; Parn et al., 2012), potentially leading to tradeoffs
in inhabiting better-quality habitats with stronger negative density
effects. While our models did not assess habitat-density interac-
tions and seasonal variation in such interactions, previous studies
on the Serengeti lion indicate that density feedbacks might be
stronger in the woodland, where living conditions are supposedly
more favourable (Hanby & Bygott, 1979). Further investigations on
seasonal patterns of habitat-density interactions could thus help
better understand how habitat differences shape the demography
of species beyond African lions through density feedbacks, and
assess the potential consequences of changes in habitat structure
under anthropogenic land use or climate change.

5 | CONCLUSIONS

Vital-rate density dependence is common across taxa and can be an
important driver of vital-rate variations, possibly more so than envi-
ronmental variables. Density can therefore be a key factor shaping
demography, especially in species where sociality is at the heart of
life history. In such cases, therefore, assessing the effect of density
on vital rates requires investigating the relative effects of different
measures of socially and spatially explicit density that are relevant
to each study system. Moreover, vital rates can show complex re-
sponses to environment-density interactions, and accounting for
such interactions is therefore paramount to understanding how
density affects vital rates, more importantly for populations experi-
encing environmental periodic patterns (e.g. seasonality). Our work
not only contributes to the body of literature emphasizing the im-
portance of density in shaping demography but additionally shows
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that density feedbacks can affect the demography of social species
through complex pathways involving density measures at different
scales. Consequently, assessing vital-rate responses to density meas-
ures beyond group or population size, and accounting for socially and
spatially explicit considerations of density and their interactions with
the environment when estimating vital rates could provide a valu-
able insight on how density dependence shapes demography in spe-
cies where such complex feedbacks are likely to be at play. Although
methodological and data limitations did not allow for such complex-
ity in our study, assessing vital-rate responses to interacting density
measures would undoubtedly provide further invaluable insights on
the role of intraspecific density in shaping population demography
(see e.g., Behr et al., 2020). Additionally, accounting for the effects
of interspecific density would allow for a more exhaustive under-
standing of density feedbacks, as interspecific interactions can play
a key role in shaping population dynamics (Morrissette et al., 2010;
Quéroué et al., 2021). Studies accounting for these factors would
enable capturing the full picture of the role of density feedbacks in
vital-rate variations, consequently leading to a better assessment of

the persistence of species beyond the Serengeti lion.

AUTHOR CONTRIBUTIONS

Eva Conquet was involved in conceptualization, methodology, soft-
ware, validation, formal analysis, data curation, writing—original
draft, writing—review and editing, and visualization. Maria Paniw
was involved in conceptualization, writing—review and editing, su-
pervision and funding acquisition. Natalia Borrego was involved in
conceptualization, investigation, resources, data curation, and writ-
ing—review and editing. Chloé R. Nater was involved in methodol-
ogy, validation, resources, writing—review and editing. Craig Packer
was involved in investigation, resources, data curation, writing—re-
view and editing. Arpat Ozgul was involved in conceptualization,
resources, writing—review and editing, supervision, project adminis-
tration, and funding acquisition (see Allen et al., 2019 for a definition
of each term).

ACKNOWLEDGEMENTS

We are grateful to all the volunteers and researchers who have
helped collect data on lions in the Serengeti throughout the years.
We thank Gabriele Cozzi for his insights on lion movement and
reproduction, and for his feedback on several parts of this manu-
script. We also thank Daniel Turek for clarifying for us the details
of the NIMBLE custom distribution code. Finally, we are grateful to
Jean-Michel Gaillard, the Associate Editor, Rémi Fay, and an anony-
mous reviewer for their feedback, which largely helped improving
the previous version of this manuscript. Data collection was sup-
ported by National Science Foundation grants: BE-0308486, DEB-
0343960, DEB-0918142, and DEB-1020479 to C.P. Both M.P. and
E.C. were supported by a Swiss National Science Foundation Grant
(31003A_182286) to A.O.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The processed data and MCMC samples necessary for reproducing
results and graphs presented in the study are available on Zenodo
https://doi.org/10.5281/zeno0do0.12722523 (Conquet et al., 2024).
Original data can be requested from Craig Packer (packer@umn.
edu). Data and code for implementing and running models and anal-
yses, and plotting results are available on GitHub: https://github.
com/EvaCnqt/LionsDensity. The version of code used for this study
is archived on Zenodo https://doi.org/10.5281/zenodo.12722523
(Conquet et al., 2024).

STATEMENT ON INCLUSION

Our study does not include scientists based in the country where the
study was carried out. We recognize that it is paramount to include
the local scientific community in our research and are planning to

address these caveats in future research wherever possible.

ORCID
Eva Conquet " https://orcid.org/0000-0002-8047-2635
https://orcid.org/0000-0002-1949-4448
https://orcid.org/0000-0002-8859-571X
https://orcid.org/0000-0002-7975-0108
https://orcid.org/0000-0002-3939-8162

https://orcid.org/0000-0001-7477-2642

Maria Paniw
Natalia Borrego
Chloé R. Nater
Craig Packer
Arpat Ozgul

REFERENCES

Allen, L., O'Connell, A., & Kiermer, V. (2019). How can we ensure visibility
and diversity in research contributions? How the Contributor Role
Taxonomy (CRediT) is helping the shift from authorship to contrib-
utorship. Learned Publishing, 32(1), 71-74. https://doi.org/10.1002/
leap.1210

Ausband, D. E., & Mitchell, M. S. (2021). The effect of group size on
reproduction in cooperatively breeding gray wolves depends on
density. Animal Conservation, 24(6), 994-1000. https://doi.org/10.
1111/acv.12701

Barbraud, C., & Weimerskirch, H. (2003). Climate and density shape pop-
ulation dynamics of a marine top predator. Proceedings of the Royal
Society of London. Series B: Biological Sciences, 270, 2111-2116.
https://doi.org/10.1098/rspb.2003.2488

Bauer, H., Chapron, G., Nowell, K., Henschel, P,, Funston, P., Hunter, L. T.
B., Macdonald, D. W., & Packer, C. (2015). Lion (Panthera leo) pop-
ulations are declining rapidly across Africa, except in intensively
managed areas. Proceedings of the National Academy of Sciences of
the United States of America, 112(48), 14894-14899. https://doi.
org/10.1073/pnas.1500664112

Behr, D. M., McNutt, J. W., Ozgul, A., & Cozzi, G. (2020). When to stay
and when to leave? Proximate causes of dispersal in an endangered
social carnivore. Journal of Animal Ecology, 89(10), 2356-2366.
https://doi.org/10.1111/1365-2656.13300

Bertram, B. C. R. (1975). The social system of lions. Scientific American,
232(5), 54-65. https://doi.org/10.1038/scientificamerican0575-54

Borrego, N., Ozgul, A., Slotow, R., & Packer, C. (2018). Lion population
dynamics: Do nomadic males matter? Behavioral Ecology, 29(3),
660-666. https://doi.org/10.1093/beheco/ary018

Bygott, J. D., Bertram, B. C. R., & Hanby, J. P. (1979). Male lions in large
coalitions gain reproductive advantages. Nature, 282(5741), 839-
841. https://doi.org/10.1038/28283%9a0

Conn, P. B, Johnson, D. S., Williams, P. J., Melin, S. R., & Hooten, M.
B. (2018). A guide to Bayesian model checking for ecologists.

85UB0|7 SUOWIWOD) BAITERID @|eat|dde au) Aq paLeob @18 Do YO 1SN JO S3|NI 10 AReIq1T BUIIUO AB]IM UO (SUO 1 IPUOD-PUR-SULSY/WOD" AB| 1M ARe1q) U UO//SANY) SUOIPUOD Pue SWB L 3 89S *[7202/20/0€] U0 ARiqrTauluo AB1IM 'WNIN ‘Uoseasay NLYN HO4 ILNLILSNI NYIOIMEON Ad 8STHT'9592-G9ET/TTTT OT/10p/wiod" A3 1M AReiq 1 ul Uo'SeuIn0 5aa//sdny wo.y papeojumoq ‘0 '9592S9ET


https://doi.org/10.5281/zenodo.12722523
mailto:packer@umn.edu
mailto:packer@umn.edu
https://github.com/EvaCnqt/LionsDensity
https://github.com/EvaCnqt/LionsDensity
https://doi.org/10.5281/zenodo.12722523
https://orcid.org/0000-0002-8047-2635
https://orcid.org/0000-0002-8047-2635
https://orcid.org/0000-0002-1949-4448
https://orcid.org/0000-0002-1949-4448
https://orcid.org/0000-0002-8859-571X
https://orcid.org/0000-0002-8859-571X
https://orcid.org/0000-0002-7975-0108
https://orcid.org/0000-0002-7975-0108
https://orcid.org/0000-0002-3939-8162
https://orcid.org/0000-0002-3939-8162
https://orcid.org/0000-0001-7477-2642
https://orcid.org/0000-0001-7477-2642
https://doi.org/10.1002/leap.1210
https://doi.org/10.1002/leap.1210
https://doi.org/10.1111/acv.12701
https://doi.org/10.1111/acv.12701
https://doi.org/10.1098/rspb.2003.2488
https://doi.org/10.1073/pnas.1500664112
https://doi.org/10.1073/pnas.1500664112
https://doi.org/10.1111/1365-2656.13300
https://doi.org/10.1038/scientificamerican0575-54
https://doi.org/10.1093/beheco/ary018
https://doi.org/10.1038/282839a0

CONQUET ET AL.

Ecological Monographs, 88(4), 526-542. https://doi.org/10.1002/
ecm.1314

Conquet, E., Ozgul, A., Blumstein, D. T., Armitage, K. B, Oli, M. K., Martin,
J.G. A, Clutton-Brock, T. H., & Paniw, M. (2023). Demographic con-
sequences of changes in environmental periodicity. Ecology, 104(3),
e3894. https://doi.org/10.1002/ecy.3894

Conquet, E., Paniw, M., Borrego, N., Nater, C. R., Packer, C., & Ozgul, A.
(2024). Data from: Multifaceted density dependence: Social struc-
ture and seasonality effects on Serengeti lion demography. Zenodo,
https://doi.org/10.5281/zenodo.12722524

Coulson, T., Catchpole, E. A., Albon, S. D., Morgan, B. J. T., Pemberton,
J. M., Clutton-Brock, T. H., Crawley, M. J.,, & Grenfell, B. T. (2001).
Age, sex, density, winter weather, and population crashes in Soay
sheep. Science, 292(5521), 1528-1531. https://doi.org/10.1126/
science.292.5521.1528

Courchamp, F., Grenfell, B., & Clutton-Brock, T. H. (1999). Population
dynamics of obligate cooperators. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 266(1419), 557-563. https://
doi.org/10.1098/rspb.1999.0672

de Valpine, P., Paciorek, C. J., Turek, D., Michaud, N., Anderson-Bergman,
C., Obermeyer, F., Wehrhahn Cortes, C., Rodriguez, A., Temple
Lang, D., Zhang, W., Paganin, S., Hug, J., Babu, J., Ponisio, L., &
Sujan, P.(2022). NIMBLE: MCMC, particle filtering, and programmable
hierarchical modeling. R. https://doi.org/10.5281/zenodo.1211190.
https://cran.r-project.org/package=nimble

de Valpine, P., Turek, D., Paciorek, C. J., Anderson-Bergman, C., Temple
Lang, D., & Bodik, R. (2017). Programming with models: Writing
statistical algorithms for general model structures with NIMBLE.
Journal of Computational and Graphical Statistics, 26(2), 403-413.
https://doi.org/10.1080/10618600.2016.1172487

Dierickx, E. G., Robinson, R. A., & Brooke, M. d. L. (2019). Survival of a
long-lived single Island endemic, the Raso lark Alauda razae, in rela-
tion to age, fluctuating population and rainfall. Scientific Reports, 9,
19557. https://doi.org/10.1038/541598-019-55782-8

Eberhardt, L. L., & Siniff, D. B. (1977). Population dynamics and marine
mammal management policies. Journal of the Fisheries Research
Board of Canada, 34(2), 183-190. https://doi.org/10.1139/f77-028

Elliot, N. B., Valeix, M., Macdonald, D. W., & Loveridge, A. J. (2014). Social
relationships affect dispersal timing revealing a delayed infanticide
in African lions. Oikos, 123(9), 1049-1056. https://doi.org/10.1111/
0ik.01266

Fauteux, D., Stien, A., Yoccoz, N. G., Fuglei, E., & Ims, R. A.(2021). Climate
variability and density-dependent population dynamics: Lessons
from a simple high Arctic ecosystem. Proceedings of the National
Academy of Sciences of the United States of America, 118(37),
€2106635118. https://doi.org/10.1073/pnas.2106635118

Fay, R., Barbraud, C., Delord, K., & Weimerskirch, H. (2017). Contrasting
effects of climate and population density over time and life stages
in a long-lived seabird. Functional Ecology, 31(6), 1275-1284.
https://doi.org/10.1111/1365-2435.12831

Gaillard, J.-M., Festa-Bianchet, M., & Yoccoz, N. G. (1998). Population
dynamics of large herbivores: Variable recruitment with constant
adult survival. Trends in Ecology & Evolution, 13(2), 58-63. https://
doi.org/10.1016/S0169-5347(97)01237-8

Gamelon, M., Grgtan, V., Nilsson, A. L. K., Engen, S., Hurrell, J. W.,
Jerstad, K., Phillips, A. S., Rgstad, O. W., Slagsvold, T., Walseng, B.,
Stenseth, N. C., & Saether, B.-E. (2017). Interactions between de-
mography and environmental effects are important determinants
of population dynamics. Science Advances, 3(2), €1602298. https://
doi.org/10.1126/sciadv.1602298

Gauthier, G., & Lebreton, J.-D. (2008). Analysis of band-recovery data
in a multistate capture-recapture framework. Canadian Journal of
Statistics, 36(1), 59-73. https://doi.org/10.1002/cjs.5550360107x

Gelman, A. (2008). Scaling regression inputs by dividing by two standard
deviations. Statistics in Medicine, 27(15), 2865-2873. https://doi.
org/10.1002/sim.3107

Journal of Animal Ecology [ E%m

Gerber, L. R., & Heppell, S. S. (2004). The use of demographic sensi-
tivity analysis in marine species conservation planning. Biological
Conservation, 120(1), 121-128. https://doi.org/10.1016/j.biocon.
2004.01.029

Gimenez, O., Morgan, B. J. T., & Brooks, S. P. (2009). Weak identifiability
in models for mark-recapture-recovery data. In D. L. Thomson, E.
G. Cooch, & M. J. Conroy (Eds.), Modeling demographic processes in
marked populations (pp. 1055-1067). Springer US. https://doi.org/
10.1007/978-0-387-78151-8_48

Grinnell, J., & McComb, K. (1996). Maternal grouping as a defense against
infanticide by males: Evidence from field playback experiments on
African lions. Behavioral Ecology, 7(1), 55-59. https://doi.org/10.
1093/beheco/7.1.55

Hanby, J. P., & Bygott, J. D. (1979). Population changes in lions and other
predators. In A. R. E. Sinclair & M. Norton-Griffiths (Eds.), Serengeti:
Dynamics of an ecosystem (pp. 249-262). University of Chicago
Press.

Hanby, J. P., & Bygott, J. D. (1987). Emigration of subadult lions. Animal
Behaviour, 35(1), 161-169. https://doi.org/10.1016/S0003-
3472(87)80221-X

Hansen, T. F., Stenseth, N. C., & Henttonen, H. (1999). Multiannual vole
cycles and population regulation during long winters: An analysis
of seasonal density dependence. The American Naturalist, 154(2),
129-139. https://doi.org/10.1086/303229

Hunter, C. M., Caswell, H., Runge, M. C., Regehr, E. V., Amstrup, S. C., &
Stirling, 1. (2010). Climate change threatens polar bear populations:
A stochastic demographic analysis. Ecology, 91(10), 2883-2897.
https://doi.org/10.1890/09-1641.1

IPCC. (2014). Climate change 2014: Synthesis report. Contribution of
Working Groups I, Il and Ill to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Core Writing Team, R.
K. Pachauri, & L. A. Meyer. IPCC.

Jaatinen, K., Westerbom, M., Norkko, A., Mustonen, O., & Koons, D.
N. (2021). Detrimental impacts of climate change may be exacer-
bated by density-dependent population regulation in blue mussels.
Journal of Animal Ecology, 90(3), 562-573. https://doi.org/10.1111/
1365-2656.13377

Kéry, M., & Royle, A. J. (2016). Applied hierarchical modeling in ecology:
Analysis of distribution, abundance and species richness in R and
BUGS. Elsevier. https://doi.org/10.1016/C2015-0-04070-9

Kruschke, J. (2014). Doing Bayesian data analysis: A tutorial with R, JAGS,
and Stan (2nd ed.). Elsevier Science.

Layton-Matthews, K., Hansen, B. B., Grgtan, V., Fuglei, E., & Loonen,
M. J. J. E. (2020). Contrasting consequences of climate change for
migratory geese: Predation, density dependence and carryover ef-
fects offset benefits of high-Arctic warming. Global Change Biology,
26(2), 642-657. https://doi.org/10.1111/gcb.14773

Lebreton, J.-D., & Pradel, R. (2002). Multistate recapture models:
Modelling incomplete individual histories. Journal of Applied
Statistics, 29(1-4), 353-369. https://doi.org/10.1080/0266476012
0108638

Lemaitre, J.-F., Ronget, V., & Gaillard, J.-M. (2020). Female reproductive
senescence across mammals: A high diversity of patterns mod-
ulated by life history and mating traits. Mechanisms of Ageing and
Development, 192, 111377. https://doi.org/10.1016/j.mad.2020.
111377

Letcher, B. H., Schueller, P., Bassar, R. D., Nislow, K. H., Coombs, J. A.,
Sakrejda, K., Morrissey, M., Sigourney, D. B., Whiteley, A. R,
O'Donnell, M. J,, & Dubreuil, T. L. (2015). Robust estimates of en-
vironmental effects on population vital rates: An integrated cap-
ture-recapture model of seasonal brook trout growth, survival and
movement in a stream network. Journal of Animal Ecology, 84(2),
337-352. https://doi.org/10.1111/1365-2656.12308

Lima, M., Stenseth, N. C., & Jaksic, F. M. (2002). Population dynamics
of a south American rodent: Seasonal structure interacting with
climate, density dependence and predator effects. Proceedings of

85U90] SUOLLLLOD BATIER.ID 3|ealdde aU) Aq poupA0B 9.2 SaILE WO 98N J0 S| 10} AXIGI1T BUIIUO AB]IM UO (SUOIIPUOD-PUE-SWLBIALI0D" /3 1 ARGl 1PUI[UO//'SAIL) SUOIPUOD PUE S L 841 39S *[7202/20/08 ] U0 AXeiq18U1IUO ABIIM *WNIN ‘40053 TN LYN 04 ALNLILSNI NVIOIMHON Ad 8STHT'9G92-GIET/TTTT OT/0P/LIDAd|IW A RIq1BU 1 |UO'S PIno oq//Sdny o) Papeojumoq ‘0 9G929ET


https://doi.org/10.1002/ecm.1314
https://doi.org/10.1002/ecm.1314
https://doi.org/10.1002/ecy.3894
https://doi.org/10.5281/zenodo.12722524
https://doi.org/10.1126/science.292.5521.1528
https://doi.org/10.1126/science.292.5521.1528
https://doi.org/10.1098/rspb.1999.0672
https://doi.org/10.1098/rspb.1999.0672
https://doi.org/10.5281/zenodo.1211190
https://cran.r-project.org/package=nimble
https://doi.org/10.1080/10618600.2016.1172487
https://doi.org/10.1038/s41598-019-55782-8
https://doi.org/10.1139/f77-028
https://doi.org/10.1111/oik.01266
https://doi.org/10.1111/oik.01266
https://doi.org/10.1073/pnas.2106635118
https://doi.org/10.1111/1365-2435.12831
https://doi.org/10.1016/S0169-5347(97)01237-8
https://doi.org/10.1016/S0169-5347(97)01237-8
https://doi.org/10.1126/sciadv.1602298
https://doi.org/10.1126/sciadv.1602298
https://doi.org/10.1002/cjs.5550360107x
https://doi.org/10.1002/sim.3107
https://doi.org/10.1002/sim.3107
https://doi.org/10.1016/j.biocon.2004.01.029
https://doi.org/10.1016/j.biocon.2004.01.029
https://doi.org/10.1007/978-0-387-78151-8_48
https://doi.org/10.1007/978-0-387-78151-8_48
https://doi.org/10.1093/beheco/7.1.55
https://doi.org/10.1093/beheco/7.1.55
https://doi.org/10.1016/S0003-3472(87)80221-X
https://doi.org/10.1016/S0003-3472(87)80221-X
https://doi.org/10.1086/303229
https://doi.org/10.1890/09-1641.1
https://doi.org/10.1111/1365-2656.13377
https://doi.org/10.1111/1365-2656.13377
https://doi.org/10.1016/C2015-0-04070-9
https://doi.org/10.1111/gcb.14773
https://doi.org/10.1080/02664760120108638
https://doi.org/10.1080/02664760120108638
https://doi.org/10.1016/j.mad.2020.111377
https://doi.org/10.1016/j.mad.2020.111377
https://doi.org/10.1111/1365-2656.12308

CONQUET et AL.

16
Journal of Animal Ecology E Eﬂ?ﬁw

the Royal Society of London. Series B: Biological Sciences, 269(1509),
2579-2586. https://doi.org/10.1098/rspb.2002.2142

Lok, T., Overdijk, O., Tinbergen, J. M., & Piersma, T. (2013). Seasonal
variation in density dependence in age-specific survival of a long-
distance migrant. Ecology, 94(10), 2358-2369. https://doi.org/10.
1890/12-1914.1

Maag, N., Cozzi, G., Clutton-Brock, T. H., & Ozgul, A. (2018). Density-
dependent dispersal strategies in a cooperative breeder. Ecology,
99(9), 1932-1941. https://doi.org/10.1002/ecy.2433

Marra, P. P, Studds, C. E., Wilson, S., Sillett, T. S., Sherry, T. W., & Holmes,
R. T. (2015). Non-breeding season habitat quality mediates the
strength of density-dependence for a migratory bird. Proceedings
of the Royal Society B: Biological Sciences, 282(1811), 20150624.
https://doi.org/10.1098/rspb.2015.0624

Morrissette, M., Béty, J., Gauthier, G., Reed, A., & Lefebvre, J. (2010).
Climate, trophic interactions, density dependence and carry-over
effects on the population productivity of a migratory arctic her-
bivorous bird. Oikos, 119(7), 1181-1191. https://doi.org/10.1111/j.
1600-0706.2009.18079.x

Moullec, H., Reichert, S., & Bize, P. (2023). Aging trajectories are trait-
and sex-specific in the long-lived alpine swift. Frontiers in Ecology
and Evolution, 11, 983266. https://doi.org/10.3389/fevo.2023.
983266

Nater, C. R., Vindenes, Y., Aass, P., Cole, D., Langangen, @., Moe, S. J.,
Rustadbakken, A., Turek, D., Vgllestad, L. A., & Ergon, T. (2020).
Size- and stage-dependence in cause-specific mortality of mi-
gratory brown trout. Journal of Animal Ecology, 89(9), 2122-2133.
https://doi.org/10.1111/1365-2656.13269

Norton-Griffiths, M., Herlocker, D., & Pennycuick, L. (1975). The patterns
of rainfall in the Serengeti ecosystem, Tanzania. African Journal of
Ecology, 13(3-4), 347-374. https://doi.org/10.1111/j.1365-2028.
1975.tb00144.x

Ozgul, A., Armitage, K. B., Blumstein, D. T., & Oli, M. K. (2006).
Spatiotemporal variation in survival rates: Implications for popu-
lation dynamics of yellow-bellied marmots. Ecology, 87(4), 1027~
1037. https://doi.org/10.1890/0012-9658(2006)87[1027:SVISRI]
2.0.CO;2

Packer, C. (2023). The lion: Behavior, ecology, and conservation of an iconic
species. Princeton University Press.

Packer, C., Herbst, L., Pusey, A., Bygott, J. D., Hanby, J. P, Cairns, S. J,,
& Borgerhoff-Mulder, M. (1988). Reproductive success of lions.
In T. H. Clutton-Brock (Ed.), Reproductive success (pp. 363-383).
University of Chicago Press.

Packer, C., Hilborn, R., Mosser, A,, Kissui, B., Borner, M., Hopcraft, G.,
Wilmshurst, J., Mduma, S., & Sinclair, A. R. E. (2005). Ecological
change, group territoriality, and population dynamics in Serengeti
lions. Science, 307(5708), 390-393. https://doi.org/10.1126/scien
ce.1105122

Packer, C., & Pusey, A. E. (1982). Cooperation and competition within
coalitions of male lions: Kin selection or game theory? Nature,
296(5859), 740-742. https://doi.org/10.1038/296740a0

Packer, C., & Pusey, A. E. (1983a). Adaptations of female lions to infanti-
cide by incoming males. The American Naturalist, 121(5), 716-728.
https://doi.org/10.1086/284097

Packer, C., & Pusey, A. E. (1983b). Male takeovers and female repro-
ductive parameters: A simulation of oestrous synchrony in lions
(Panthera leo). Animal Behaviour, 31(2), 334-340. https://doi.org/
10.1016/S0003-3472(83)80051-7

Packer, C., & Pusey, A. E. (1987). The evolution of sex-biased dispersal in
lions. Behaviour, 101(4), 275-310. https://doi.org/10.1163/15685
3987X00026

Packer, C., & Pusey, A. E. (1993). Should a lion change its spots? Nature,
362(6421), 595. https://doi.org/10.1038/362595a0

Packer, C., & Pusey, A. E. (1997). Divided we fall: Cooperation among
lions. Scientific American, 276(5), 52-59. https://doi.org/10.1038/
scientificamerican0597-52

Packer, C., Pusey, A. E., & Eberly, L. E. (2001). Egalitarianism in female
African lions. Science, 293(5530), 690-693. https://doi.org/10.
1126/science.1062320

Packer, C., Scheel, D., & Pusey, A. E. (1990). Why lions form groups: Food
is not enough. The American Naturalist, 136(1), 1-19. https://doi.org/
10.1086/285079

Paniw, M., Maag, N., Cozzi, G., Clutton-Brock, T. H., & Ozgul, A. (2019).
Life history responses of meerkats to seasonal changes in extreme
environments. Science, 363(6427), 631-635. https://doi.org/10.
1126/science.aau5905

Parn, H., Ringsby, T. H., Jensen, H., & Saether, B.-E. (2012). Spatial hetero-
geneity in the effects of climate and density-dependence on dis-
persal in a house sparrow metapopulation. Proceedings of the Royal
Society B: Biological Sciences, 279(1726), 144-152. https://doi.org/
10.1098/rspb.2011.0673

Payo-Payo, A., Acker, P., Bocedi, G., Travis, J. M. J., Burthe, S. J., Harris,
M. P., Wanless, S., Newell, M., Daunt, F., & Reid, J. M. (2022).
Modelling the responses of partially migratory metapopulations to
changing seasonal migration rates: From theory to data. Journal of
Animal Ecology, 91(9), 1781-1796. https://doi.org/10.1111/1365-
2656.13748

Pennycuick, C. J., & Rudnai, J. (1970). A method of identifying individual
lions Panthera leo with an analysis of the reliability of identifica-
tion. Journal of Zoology, 160(4), 497-508. https://doi.org/10.1111/j.
1469-7998.1970.tb03093.x

Penteriani, V., Ferrer, M., & Delgado, M. M. (2011). Floater strategies and
dynamics in birds, and their importance in conservation biology:
Towards an understanding of nonbreeders in avian populations.
Animal Conservation, 14(3), 233-241. https://doi.org/10.1111/j.
1469-1795.2010.00433.x

Penteriani, V., Otalora, F., & Ferrer, M. (2006). Floater dynamics can ex-
plain positive patterns of density-dependent fecundity in animal
populations. The American Naturalist, 168(5), 697-703. https://doi.
org/10.1086/507995

Posit Team. (2023). RStudio: Integrated development environment for R.
Posit Software, PBC. http://www.posit.co/

Pusey, A. E., & Packer, C. (1994). Infanticide in lions: Consequences and
counterstrategies. In S. Parmigiani & F. vom Saal (Eds.), Infanticide
and parental care (pp. 277-299). Taylor & Francis.

Quéroué, M., Barbraud, C., Barraquand, F., Turek, D., Delord, K,
Pacoureau, N., & Gimenez, O. (2021). Multispecies integrated pop-
ulation model reveals bottom-up dynamics in a seabird predator-
prey system. Ecological Monographs, 91(3), e01459. https://doi.org/
10.1002/ecm.1459

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Rankin, D. J., & Kokko, H. (2007). Do males matter? The role of males
in population dynamics. Oikos, 116(2), 335-348. https://doi.org/10.
1111/j.0030-1299.2007.15451.x

Reed, T. E., Grgtan, V., Jenouvrier, S., Seether, B.-E., & Visser, M. E. (2013).
Population growth in a wild bird is buffered against phenological
mismatch. Science, 340(6131), 488-491. https://doi.org/10.1126/
science.1232870

Riggio, J., Caro, T., Dollar, L., Durant, S. M., Jacobson, A. P., Kiffner, C.,
Pimm, S. L., & van Aarde, R. J. (2016). Lion populations may be de-
clining in Africa but not as Bauer et al. suggest. Proceedings of the
National Academy of Sciences of the United States of America, 113(2),
E107-E108. https://doi.org/10.1073/pnas.1521506113

Rizopoulos, D. (2007). Ltm: An R package for latent variable modeling
and item response analysis. Journal of Statistical Software, 17, 1-25.
https://doi.org/10.18637/jss.v017.i05

Sandvig, E. M., Coulson, T., Kikkawa, J., & Clegg, S. M. (2017). The influ-
ence of climatic variation and density on the survival of an insular
passerine Zosterops lateralis. PLoS One, 12(4), e0176360. https://
doi.org/10.1371/journal.pone.0176360

85U90] SUOLLLLOD BATIER.ID 3|ealdde aU) Aq poupA0B 9.2 SaILE WO 98N J0 S| 10} AXIGI1T BUIIUO AB]IM UO (SUOIIPUOD-PUE-SWLBIALI0D" /3 1 ARGl 1PUI[UO//'SAIL) SUOIPUOD PUE S L 841 39S *[7202/20/08 ] U0 AXeiq18U1IUO ABIIM *WNIN ‘40053 TN LYN 04 ALNLILSNI NVIOIMHON Ad 8STHT'9G92-GIET/TTTT OT/0P/LIDAd|IW A RIq1BU 1 |UO'S PIno oq//Sdny o) Papeojumoq ‘0 9G929ET


https://doi.org/10.1098/rspb.2002.2142
https://doi.org/10.1890/12-1914.1
https://doi.org/10.1890/12-1914.1
https://doi.org/10.1002/ecy.2433
https://doi.org/10.1098/rspb.2015.0624
https://doi.org/10.1111/j.1600-0706.2009.18079.x
https://doi.org/10.1111/j.1600-0706.2009.18079.x
https://doi.org/10.3389/fevo.2023.983266
https://doi.org/10.3389/fevo.2023.983266
https://doi.org/10.1111/1365-2656.13269
https://doi.org/10.1111/j.1365-2028.1975.tb00144.x
https://doi.org/10.1111/j.1365-2028.1975.tb00144.x
https://doi.org/10.1890/0012-9658(2006)87%5B1027:SVISRI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1027:SVISRI%5D2.0.CO;2
https://doi.org/10.1126/science.1105122
https://doi.org/10.1126/science.1105122
https://doi.org/10.1038/296740a0
https://doi.org/10.1086/284097
https://doi.org/10.1016/S0003-3472(83)80051-7
https://doi.org/10.1016/S0003-3472(83)80051-7
https://doi.org/10.1163/156853987X00026
https://doi.org/10.1163/156853987X00026
https://doi.org/10.1038/362595a0
https://doi.org/10.1038/scientificamerican0597-52
https://doi.org/10.1038/scientificamerican0597-52
https://doi.org/10.1126/science.1062320
https://doi.org/10.1126/science.1062320
https://doi.org/10.1086/285079
https://doi.org/10.1086/285079
https://doi.org/10.1126/science.aau5905
https://doi.org/10.1126/science.aau5905
https://doi.org/10.1098/rspb.2011.0673
https://doi.org/10.1098/rspb.2011.0673
https://doi.org/10.1111/1365-2656.13748
https://doi.org/10.1111/1365-2656.13748
https://doi.org/10.1111/j.1469-7998.1970.tb03093.x
https://doi.org/10.1111/j.1469-7998.1970.tb03093.x
https://doi.org/10.1111/j.1469-1795.2010.00433.x
https://doi.org/10.1111/j.1469-1795.2010.00433.x
https://doi.org/10.1086/507995
https://doi.org/10.1086/507995
http://www.posit.co/
https://doi.org/10.1002/ecm.1459
https://doi.org/10.1002/ecm.1459
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/j.0030-1299.2007.15451.x
https://doi.org/10.1111/j.0030-1299.2007.15451.x
https://doi.org/10.1126/science.1232870
https://doi.org/10.1126/science.1232870
https://doi.org/10.1073/pnas.1521506113
https://doi.org/10.18637/jss.v017.i05
https://doi.org/10.1371/journal.pone.0176360
https://doi.org/10.1371/journal.pone.0176360

CONQUET ET AL.

Schaller, G. B. (1972). The Serengeti lion: A study of predator-prey relations.
Wildlife behavior and ecology series. University of Chicago Press.

Schaub, M., Gimenez, O., Schmidt, B. R., & Pradel, R. (2004). Estimating
survival and temporary emigration in the multistate capture-re-
capture framework. Ecology, 85(8), 2107-2113. https://doi.org/10.
1890/03-3110

Sinclair, A. R. E., Mduma, S. A. R., & Arcese, P. (2000). What determines
phenology and synchrony of ungulate breeding in Serengeti?
Ecology, 81(8), 2100-2111. https://doi.org/10.1890/0012-
9658(2000)081[2100:WDPASQ]2.0.CO;2

Sinclair, A. R. E., Metzger, K. L., Fryxell, J. M., Packer, C., Byrom, A. E.,
Craft, M. E., Hampson, K., Lembo, T., Durant, S. M., Forrester, G.
J., Bukombe, J., Mchetto, J., Dempewolf, J., Hilborn, R., Cleaveland,
S., Nkwabi, A., Mosser, A., & Mduma, S. A. R. (2013). Asynchronous
food-web pathways could buffer the response of Serengeti pred-
ators to El Nifio southern oscillation. Ecology, 94(5), 1123-1130.
https://doi.org/10.1890/12-0428.1

Sinclair, A. R. E., & Norton-Griffiths, M. (1995). Serengeti: Dynamics of an
ecosystem. University of Chicago Press.

Swenson, J. E. (2003). Implications of sexually selected infanticide for the
hunting of large carnivores. In M. Festa-Bianchet & M. Apollonio
(Eds.), Animal behavior and wildlife conservation (pp. 171-189). Island
Press.

Swift, R. J., Rodewald, A. D., Johnson, J. A., Andres, B. A., & Senner, N.
R. (2020). Seasonal survival and reversible state effects in a long-
distance migratory shorebird. Journal of Animal Ecology, 89(9),
2043-2055. https://doi.org/10.1111/1365-2656.13246

Trinkel, M., & Angelici, F. M. (2016). The decline in the lion population
in Africa and possible mitigation measures. In F. M. Angelici (Ed.),
Problematic wildlife: A cross-disciplinary approach (pp. 45-68).
Springer International Publishing. https://doi.org/10.1007/978-3-
319-22246-2_3

VanderWaal, K. L., Mosser, A., & Packer, C. (2009). Optimal group
size, dispersal decisions and postdispersal relationships in female
African lions. Animal Behaviour, 77(4), 949-954. https://doi.org/10.
1016/j.anbehav.2008.12.028

Journal of Animal Ecology E EE%“

Vinks, M. A., Creel, S., Schuette, P., Becker, M. S., Rosenblatt, E.,
Sanguinetti, C., Banda, K., Goodheart, B., Young-Overton, K,
Stevens, X., Chifunte, C., Midlane, N., & Simukonda, C. (2021).
Response of lion demography and dynamics to the loss of preferred
larger prey. Ecological Applications, 31(4), e02298. https://doi.org/
10.1002/eap.2298

Whitman, K., Starfield, A. M., Quadling, H. S., & Packer, C. (2004).
Sustainable trophy hunting of African lions. Nature, 428(6979),
175-178. https://doi.org/10.1038/nature02395

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Appendix S1: Study area and habitat types.

Appendix S2: Details on the model structure and custom likelihood
distribution.

Appendix S3: Female recruitment.

Appendix S4: Number of nomadic coalitions in the home range of
a pride.

Appendix S5: Additional results, parameter identifiability, and

posterior predictive checks.

How to cite this article: Conquet, E., Paniw, M., Borrego, N.,
Nater, C. R., Packer, C., & Ozgul, A. (2024). Multifaceted
density dependence: Social structure and seasonality effects
on Serengeti lion demography. Journal of Animal Ecology, 00,
1-17. https://doi.org/10.1111/1365-2656.14158

8519017 SUOLLILLIOD dAIIER1D) 3|qed!(dde au Aq pausenob a.e spile YO 138N J0 Sajnu 10) Akeiq1au1iuO AB|1A UO (SUONIPUOD-pUE-SWLBIW0D" A3| 1A Leiq1BU1IUO//Sd1L) SUONIPUOD pue SWid L 81 885 *[202/20/0€] U0 Akiqiauliuo A1IM “VNIN ‘Yoeesay IHNLYN HO4 ILNLILSNI NVIOIMEON A 8STYT'9592-G9ET/TTTT 0T/I0p/wiod Ao |ImAleiqjpul uO'S U0 §ag/sdny Wwoly papeojumod ‘0 ‘9S92S9ET


https://doi.org/10.1890/03-3110
https://doi.org/10.1890/03-3110
https://doi.org/10.1890/0012-9658(2000)081%5B2100:WDPASO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B2100:WDPASO%5D2.0.CO;2
https://doi.org/10.1890/12-0428.1
https://doi.org/10.1111/1365-2656.13246
https://doi.org/10.1007/978-3-319-22246-2_3
https://doi.org/10.1007/978-3-319-22246-2_3
https://doi.org/10.1016/j.anbehav.2008.12.028
https://doi.org/10.1016/j.anbehav.2008.12.028
https://doi.org/10.1002/eap.2298
https://doi.org/10.1002/eap.2298
https://doi.org/10.1038/nature02395
https://doi.org/10.1111/1365-2656.14158

	Multifaceted density dependence: Social structure and seasonality effects on Serengeti lion demography
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study species
	2.1.1|Demographic data
	2.1.2|Life history

	2.2|Estimation of lion vital rates
	2.2.1|Survival and transition rates
	2.2.2|Reproductive rates

	2.3|Effects of density, season and habitat on vital rates
	2.3.1|Density dependence
	2.3.2|Seasonality
	2.3.3|Habitat
	2.3.4|Correlation among covariates and year random effect
	2.3.5|Standardization of continuous covariates
	2.3.6|Implementation using NIMBLE


	3|RESULTS
	3.1|Socially and spatially explicit density dependence of vital rates
	3.2|Habitat effects on vital rates
	3.3|Parameter identifiability and model fit

	4|DISCUSSION
	4.1|Socially explicit density dependence
	4.2|Vital-­rate responses to season–density interactions
	4.3|Habitat effects in lion vital rates

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	STATEMENT ON INCLUSION
	REFERENCES


