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Group living facilitates pathogen transmission among social hosts, yet tem-
porally stable host social organizations can actually limit transmission of
some pathogens. When there are few between-subpopulation contacts for the
duration of a disease event, transmission becomes localized to subpopulations.
The number of per capita infectious contacts approaches the subpopulation size
as pathogen infectiousness increases. Here, we illustrate that this is the case
during epidemics of highly infectious pneumonia in bighorn lambs (Ouvis
canadensis). We classified individually marked bighorn ewes into disjoint seaso-
nal subpopulations, and decomposed the variance in lamb survival to weaning
into components associated with individual ewes, subpopulations, popula-
tions and years. During epidemics, lamb survival varied substantially more
between ewe-subpopulations than across populations or years, suggesting
localized pathogen transmission. This pattern of lamb survival was not
observed during years when disease was absent. Additionally, group sizes in
ewe-subpopulations were independent of population size, but the number
of ewe-subpopulations increased with population size. Consequently, although
one might reasonably assume that force of infection for this highly com-
municable disease scales with population size, in fact, host social behaviour
modulates transmission such that disease is frequency-dependent within
populations, and some groups remain protected during epidemic events.

1. Introduction

Host aggregation can facilitate pathogen transmission, and this is thought to be a
major cost of group living [1,2]. The extent to which host social dynamics shape
transmission depends on both the ease with which the pathogen is transmitted
fromhost to host, and host group stability during epidemics. For easily transmitted
pathogens, such as those with aerosolized transmission routes, transmission
is often modelled as density-dependent: the rate at which susceptible hosts
become infected is thought to increase with increasing population size, with the
consequence that pathogen persistence and epidemic size are both directly related
to population size [3]. By contrast, pathogens that require more intense contact for
transmission, such as those relying on sexual transmission routes, have forces of
infection independent of population size [3]. This is because the number of dis-
ease-transmitting contacts is expected to be similar, regardless of population
size—a transmission function often referred to as ‘frequency-dependent’.

For hosts living in highly compartmentalized societies with consistent
group sizes and rare between-group interactions, however, stable social bonds
can modulate transmission. Although transmission may be higher in larger
groups (density-dependent within groups), the per capita infection rate cannot
exceed group size, making transmission appear frequency-dependent when
viewed from the population level. This occurs when infectious agents are isolated
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to specific host groups [4], as was shown for bovine tuberculosis
transmission among badgers in the UK [5], and for the single-
host enzootic phase of Yersinia pestis outbreaks among prairie
dogs [6]. Pathogen sequestration to particular social groups is
predicted even for highly infectious agents that might otherwise
be assumed to have density-dependent transmission. In these
settings, predictions from mean-field models that describe
disease at the population scale are incorrect, because the popu-
lation does not accurately represent the pool of susceptible
hosts [3,7-9].

Contact estimates based on population-wide mixing may
be biased high during periods of group stability, with impor-
tant ramifications for intervention during disease epidemics
in human, domestic and free-living animal populations. First,
because individual contacts are biased high, transmission
and disease-induced mortality rates estimated at the popu-
lation level will be biased low [10]. Second, choices about
management actions such as culling, antibiotic treatment or
vaccine application which aim at altering the number of sus-
ceptible hosts may be misguided, because these decisions
rely on theoretical threshold values which make assumptions
about the relevant number of susceptible hosts [7]. Third,
theory suggests that if transmission scales with population
size (i.e. transmission is density-dependent), then pathogens
cannot invade and persist in host populations below a
threshold population size [8,11]. Thresholds, however, do not
exist if disease-transmitting contact rates and population size
are decoupled owing to host contact structure (i.e. transmis-
sion is frequency-dependent) [12]. As a consequence, while
pathogens subjected to density-dependent transmission are
generally predicted to fade out prior to driving their hosts
extinct, frequency-dependent transmission is both theoretically
[13,14] and empirically [15] linked to host population collapse.

Alternatively, group stability may sometimes benefit social
hosts during infectious disease events. While extensive empiri-
cal work explores the role of well-connected ‘super-spreader’
individuals in increasing epidemic size [16], relatively few
studies investigate the inverse effect, e.g. whether temporally
stable host aggregations inhibit pathogen transmission.
This is true despite the fact that many animal species live in
genetically well-mixed populations which consistently break
into discrete subpopulations for portions of the year. For
example, the social dynamics of harem breeding species such
as zebras [17] and horses [18], or species such as mouflon
[19] and saiga antelope [20] which rear their offspring in
stable nursery groups, may serve to buffer those populations
against pathogen transmission during periods of increased
susceptibility simply by eliminating social bridges along
which pathogens could move. For these species, group stability
may temporarily limit pathogen transmission by acting as a
form of organizational social immunity [21].

Here, we address the question: how does spatio-temporal
stability in social connections affect disease-induced mortality
patterns in a social host? We then explore how the relationship
between social patterns and observed mortality events relates
to the choice of pathogen transmission function, and consider
the implications of that choice on management of wildlife
species which experience high levels of disease-induced mor-
tality. We treat these questions in the context of a detailed
study of an infectious pneumonia which regularly produces epi-
demics in populations of bighorn sheep. Existing work on this
system focuses on preventing and managing all-age mortality
associated with pathogen spillover from domestic sheep and

goats [22-24]. Here, we focus instead on the enzootic phase of
disease characterized by recurrent annual pneumonia outbreaks
among bighorn lambs [25,26]. By analysing lamb mortalities as
they relate to ewe social connections, we find that disease
impacts some portions of bighorn populations much more
intensely than others, and explain why disease events in chroni-
cally infected populations may be unlikely to respond to
population-level management strategies.

2. Material and methods
(a) Study system

Epidemics of contagious pneumonia challenge bighorn sheep
restoration throughout the western United States [23,24]. Pneu-
monia epidemics in bighorn sheep are attributed to spillover of
directly transmitted bacteria from domestic sheep [27,28]. Fol-
lowing pathogen introduction, initial disease events affect all
age classes with ewe mortality rates ranging from 30% to 60%
[25]. Subsequently, some populations continue to experience per-
iodic outbreaks of pneumonia in lambs prior to weaning for a
decade or more [25].

Bighorn sheep live in sexually segregated societies for much
of the year [29]. During summer, ewes rear their lambs in nursery
groups. Pneumonia outbreaks probably start with transmission
from one or more chronically infected ewes to their lambs
[22,25,30], with gregarious juvenile behaviour providing a plaus-
ible mechanism for subsequent lamb-to-lamb transmission. This
study focused on animals living in the Hells Canyon area of
Idaho, Washington and Oregon (figure 1a). The preponderance
of diagnosed lamb mortality in Hells Canyon during the study
period was attributable to infectious pneumonia (true for 92 of
104 necropsied lambs for whom a cause of death could be con-
firmed) [25]. In the light of this observation, we assumed that
lamb mortality was a reasonable proxy for lamb infection
throughout this analysis. Lamb mortality rates varied dramati-
cally from year to year, regardless of whether disease was
present (figure 1b).

We investigated the capacity of four factors to account for
variability in lamb mortality: population, year, ewe-subpopulation
and individual ewe. We used these factors to specify a hierarchy of
four possible transmission scales during enzootic lamb pneumonia
events. Follow-up analyses examined the relationship between
ewe-subpopulation size and population size. If most lamb mortal-
ities result from direct ewe-to-lamb transmission, then we would
expect that some (presumably chronically infected) ewes would
consistently lose their lambs while others would consistently rear
theirs successfully, producing heterogeneity and high variation
in individual ewe outcomes. If disease is localized within ewe-sub-
populations, then we would expect some subpopulations to
experience very poor lamb survival, whereas other subpopulations
in that same year might have high lamb survival. This would pro-
duce heterogeneity and high variation at the subpopulation level.
If transmission is localized to populations, we would expect some
populations to consistently have high summer lamb survival,
whereas other populations would consistently perform poorly,
producing high variation at the population level. Follow-up ana-
lyses examined the relationship between ewe-subpopulation size
and population size.

(b) Data collection and preparation

We followed lambs born to marked ewes from 1997 through to
2010 in four intensively monitored bighorn sheep populations
in Hells Canyon (figure 1a). Location data from 162 radio-
collared ewes over a combined 664 ewe-summers in the Asotin,
WA,; Black Butte, WA; Imnaha, OR; Redbird, ID; and Wenaha,
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Figure 1. (a) Map of Hells Canyon region, with the five study populations shaded in dark grey, and all other populations show in light grey. (b) Summer lamb
survival in years classified as healthy for lambs, or pneumonia present in lambs. (c) Example summer ewe social contact network. Grey nodes represent ewes whose

lambs survived through 1 October; black nodes represent ewes whose lambs died.

OR and WA populations were used to build summer contact net-
works for 66 lamb cohorts born in the years following an all-age
pneumonia outbreak in 1995-1996 [25,31]. We defined popu-
lations as geographically distinct groups, with no exchange of
females and low levels of mixing by males. A lamb cohort was
defined as a year-class of lambs within a population. As in pre-
vious analyses [25,26], each lamb cohort was considered an
independent observation from its population, because there are
no clear trends in disease severity or population trajectories
once pathogens were present in the study populations (electronic
supplementary material, figure S1). The resulting dataset
includes between 10 and 13 cohorts from five populations (elec-
tronic supplementary material, table S1). The median proportion
of ewes radio-collared per population was 0.25 (electronic sup-
plementary material, table S1). Ewes almost always gave birth to
a single lamb in May (85%) and weaned the lamb at approximately
four months of age [32]. We excluded seven cohorts where the
median interval between successive locations of a given ewe was
greater than 10 days. Lambs were dependent on, and tightly
paired with, their dams throughout the summer (1 May-30 Sep-
tember). A detailed description of summer ewe social network
construction, including details on the data used in construction,
is included in the electronic supplementary material. We used
ewe social networks as a basis for identifying temporally stable
ewe-subpopulations, which we defined as clusters of marked
ewes observed associating directly or indirectly (i.e. were not
observed directly associating, but were both observed associating
with a third marked individual at different points in time; figure
1c) over the course of the summer. All ewe-subpopulations were
entirely nested within populations in this study.

Daily group size and composition were recorded at each obser-
vation; in this analysis, we use ‘group size’ to refer to the number of
sheep seen together in these ‘daily groups’. Ewes were classified as
having a lamb when they were observed nursing, bedded with or
inbody contact with a lamb. The survival of lambs born to marked
ewes was calculated through to 30 September (age approx. 18-20
weeks). Diseased and healthy cohorts were classified on the basis
of the presence or absence of recorded or suspected lamb
pneumonia [25,31], and were analysed separately. Electronic sup-
plementary material, table S1 contains information on each cohort,
including the number of ewes and lambs followed, population
health status, number of relocation events, and number and size
of all ewe-subpopulations.

(c) Analysis
Bootstrap-based methods were used to check for relationships
between number of detected ewe-subpopulations and number

of radiocollars, and for differences in numbers of groups between
diseased and healthy years (see the electronic supplementary
material, figure S3). Network-based autocorrelation approaches
[33] were used to evaluate the stability of ewe-subpopulation
membership from year to year, and are included in the electronic
supplementary material.

To determine the spatial and temporal scales of pneumonia
transmission, we decomposed variance in summer lamb survi-
val using a hierarchical logistic regression model. We estimated
variance attributable to: populations, years within populations
(‘years’), ewe-subpopulations and ewes. Because daily group
membership was not stable over the timescale of epidemic
events, we omitted daily groups from the variance decomposition
in favour of the coarser, but more realistic ewe-subpopulation
membership. We took years to be nested in populations, because
disease severity was not temporally synchronized across all
Hells Canyon populations (electronic supplementary material,
figure S1). The nested structure allowed each population to experi-
ence a unique disease status in the same year. Ewe effects were
estimated across all years during which a ewe reproduced, regard-
less of that year’s disease status. Because ewe effects are estimated
across all years that she was observed with a lamb, they are par-
tially crossed with all other terms in the model. Comparisons
were based on a variance decomposition performed using a hier-
archical logistic regression model with random effects for ewes,
ewe-subpopulations, years and populations. Let p; be the binary
outcome of summer lamb survival (0 = died; 1 = survived) for
the ith lamb. For the ith lamb born to the jth ewe in the kth ewe-
subpopulation during the Ith year in the mth population, this
corresponded to the following hierarchical linear model:

log (1 ffpi) = subpopk[,-] +ewej,

subpop; ~ N(yearyy, Toubpop,PN X [(PNistatus)k 4 Tsubpop,healthy
X (1 = I(PNstatus))),

year; ~ N(pop,,;; + 0l (PNstatus)i, Tyear,PN X I(PNstatus);

+ Tyearheatthy X (1 — I(PNstatus)r)),
PP, ~ N(O, Tpop)
and
ewej; ~ N(0, Tewe),
we use the subscript notation z,;,1 to denote which of the g levels of
factor z was experienced by individual r. For example ewe;; indi-
cates which of the j ewes produced lamb i. I(PNga,s) are indicator

terms that take on the value 0 for years classified as healthy, and
1 otherwise. These terms control the variance estimate to which
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Figure 2. (a) Schematic of hierarchical structure of variance decomposition. Y, ‘year, SP, ‘subpopulation’, E, ‘ewe’. (b) Variance attributed to each random effect
(ewe-subpopulations, years, specific ewes). Grey lines indicate 95% posterior credible intervals associated with each variance component. Black is used for variance
decomposition when disease is present; grey is used in years when no disease was detected. Variance decompositions are based only on years with multiple
components. Ewe and population effects were estimated across all years (healthy and diseased), and are thus shown as a single distribution applied across all
disease classes. Variance in the hierarchical (ewe, subpopulation, year, population) logistic regression model in diseased cohorts was estimated to be 1.41 at
the subpopulation level (95% credible interval from 0.77 to 2.21), and 0.58 at the year level (95% credible interval from 0.03 to 1.45). In healthy years, variance
based on 167 lambs was estimated as 0.43 at the subpopulation level (95% credible interval from 0.02 to 1.32), and 0.279 (95% credible interval from 0.01 to 0.96)
at the year level. Variance attributable to ewe effects across all years was estimated at 0.406 (95% credible interval from 0.02 to 0.95); variance attributable to

population was estimated at 0.280 (95% credible interval from 0.01 to 1.46).

each observation contributes. Indicator terms were generated sep-
arately for each level of the model, but always retained the same
meaning: any ewe-subpopulation present in a year classified
as having pneumonia is assigned an I(PNg,tus) term of 1, as is
any year classified as having pneumonia. A schematic of model
hierarchy is shown in figure 2a.

For our purposes, the critical attributes of this model were the
PreCiSion Parametersx Tsubpop,PNs Tsubpop,healthy, Tyear,PN; Tyear healthyr
Tpop aNd Tewe, Which we inverted to variances following model fit-
ting. We were particularly interested in the relative size of each
variance component. High variance at a particular level indicated
that lamb survival differed between units at this level, whereas
low variance meant that lamb survival did not differ. Because we
were specifically interested in whether models that incorporated
ewe-subpopulations outperformed mean-field models which trea-
ted all ewes in a population as well-mixed, we used the deviance
information criterion (DIC) to compare models with and without
a ewe-subpopulation level in their hierarchical structures.

We then tested whether the number of ewe-subpopulations
during the Ith study year in the mth population (A;) depended on
population size. Population size was estimated from the total
number of ewes counted in annual aerial surveys. We used a hier-
archical Poisson model containing a fixed effect for total ewes
counted (‘TotEwes’), a random intercept for each population
(‘pop’), and an overdispersion term, ¢ [34], to evaluate this
relationship. Formally, this model was

log(A1) = By + B TotEwes, ) + pop,,; + &
and
pop,, ~ N (MPOP' Tpop)-

In this model, our inferential focus was on the posterior density
associated with the B; parameter, which links the observed
number of ewe-subpopulations to the total number of ewes in the
population. We used a similar structure to model median daily
group size as a function of total number of ewes, however, in that
case, we used an identity link function, and treated the residuals
as normally distributed. See the electronic supplementary material
for detailed descriptions of statistical methods and model fits.

We fitted a piecewise linear regression model [35] to describe
how the number of ewe-subpopulations related to median daily
group size. Piecewise regression allows a process to abruptly
change forms at some (model-estimated) point along a covariate

axis. Median daily group sizes were modelled as a function of the
number of ewe-subpopulations present in each population, in a
framework that allowed for a possible change in the relationship
between daily group size and number of subpopulations. In this
model, A represents the median daily group size observed for
members of the kth subpopulation in the jth year. Let B; be
the linear relationship between number of subpopulations
(‘NumSubpops’) and median daily group size prior to the
changepoint; let U be the changepoint, and let y be the adjust-
ment to the relationship between number of subpopulations
and daily group size for numbers of subpopulations exceeding
the changepoint. Then, the changepoint model is

log(A) = By + B NumSubpops jix; + Y(NumSubpops i — U)
x step(NumSubpops iz — U).

Our inferential focus was on whether the relationship between
daily group size and number of subpopulations was constant
over the range of number of subpopulations observed. We
were also interested in the specific shape of that relationship.
Thus, inference was based on estimates of By, y and U.

The hierarchical linear models were fitted using the Imer pack-
age [36], and the piecewise regression model was fitted using the
SiZer package [37] in R [38]. The variance decomposition was
fitted using Markov chain Monte Carlo (MCMC) samplers
implemented in JAGS [39] and accessed through R. Five chains of
length 100 000 were run for each model, with the first 50 000 steps
omitted for burn-in. Gelman-Rubin statistics [40] was used to
evaluate chain mixing and model convergence. Credible intervals
were extracted from the joint posterior distributions produced by
the MCMC algorithm following convergence. We used non-
informative priors wherever possible. Specific parametrizations,
convergence diagnostics and posterior estimates for all emergent
quantities are included in the electronic supplementary material.

3. Results

The number of ewe-subpopulations that contributed to a
lamb cohort ranged from one to nine, with a median of 3
(electronic supplementary material, figure S2). Twenty-eight
of the 53 cohorts with multiple ewe-subpopulations were
classified as healthy, and 25 as diseased. To test for ewe-sub-
population-specific effects on lamb survival in diseased
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years, we analysed survival of the 274 lambs born in cohorts
with more than one ewe-subpopulation present. In years with
lamb disease events, 50.8% of the observed variation in lamb
mortalities was attributed to ewe-subpopulations (95% pos-
terior credible interval: 28.6%, 77.0%), whereas in healthy
years, subpopulations accounted for only 28.9% of observed
variation (95% posterior credible interval from 2.2% to
64.6%). The subpopulation a lamb was reared in explained
more variation than year or ewe during years when disease
was detected, whereas in healthy years, group explained no
more variation than individual or year (figure 2b). Further-
more, a model that did not incorporate ewe-subpopulation
was a significantly poorer fit than a model that included
ewe-subpopulations (DIC for the full model = 580.5; DIC
for the reduced model = 600.8). The variance in lamb survi-
val among subpopulation was significantly higher in years
with disease. Lambs in a subpopulation with survival 1 s.d.
below average have greater than three times the odds of mor-
tality in an average subpopulation [exp(sqrt(1.46))= 3.35]
when epidemics were detected. By contrast, in healthy years,
the odds of mortality for lambs born in a subpopulation
with survival 1 s.d. below average was less than twice
[exp(sqrt(0.42)) = 1.91] those of lambs born in an average sub-
population. In an analysis that excluded ewe-subpopulation,
ewe-subpopulation-level effects in diseased years were reattrib-
uted to years, whereas healthy year effects remained relatively
unchanged (electronic supplementary material, figure S4).
Ewe-subpopulations were defined such they that were never
observed to mix with one another over the course of the summer.
While some unobserved mixing between subpopulations almost
certainly occurred, our sampling intensity limits the likelihood
that strong connections between marked animals (e.g. ‘bridge
vertices’) escaped detection in this dataset. However, subpopu-
lations did undergo internal fission—fusion dynamics, with
some subpopulation members forming ephemeral groups
that lasted one or several days before splitting. Median total
daily group size was 9 (approx. six ewes with a mixture
of three juveniles and (usually young) rams). The number of

ewe-subpopulations did not differ between healthy and
diseased years (p=0.289 on 10000 bootstrapped replica-
tes; electronic supplementary material). The number of
ewe-subpopulations increased when the population size increa-
sed (BrotEwes = 0.013; 95% confidence interval (CI) = (0.0024,
0.0245); figure 3a). The relationship between number of
ewe-subpopulations and ewe-subpopulation size was character-
ized by an abrupt change once multiple ewe-subpopulations
were present. Median daily group size declined dramatically
when the number of ewe-subpopulations increased from one
to two, but remained relatively constant for two or more
subpopulations (95% CI for slope with less than three
groups = (—14.176, —0.228); 95% CI for slope with two or
more ewe-subpopulations = (—0.725, 3.215); figure 3b). The
number of ewe-subpopulations did not differ by health classifi-
cation (healthy and diseased; p = 0.289 on 10 000 bootstrapped
replicates). We found no compelling evidence of a relationship
between total number of ewes observed and daily group size
(95% CI for Brotewes = (—0.064, 0.042); figure 3c); daily group
size remained relatively constant across a range of observed
population sizes. We observed similar patterns, regardless of
whether we used total daily group size or number of ewes in a
group in these models.

4. Discussion

We found that lamb mortalities were affected by female social
connections during years when disease was present, but not
in the absence of disease. Ewe-subpopulations accounted for
most of the variation in lamb mortality, while individual ewe,
year and population-level variation were relatively unimpor-
tant. Mortalities were structured at the subpopulation scale
and therefore the assumption that all ewes in a popula-
tion mix homogeneously during lamb disease epidemics is
not supported.

For the five months following parturition, ewe group sizes
were independent of population size (figure 3b,c). Group size
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during lamb-rearing may represent an ecologically optimal
aggregation for foraging efficiency or protection from pre-
dators [41], but the size and stability of these aggregations
also have consequences for disease transmission and manage-
ment. Specifically, our data suggest that lamb mortality, and
by proxy pathogen transmission, is largely localized within
ewe-subpopulations. These results have several important
ramifications. First, disease-induced mortality rates calculated
at the population level probably underestimate true impacts
on exposed lambs. Rather than successfully controlling their
own infections, surviving lambs may simply be protected by
social barriers that reduce or eliminate their risk of exposure.
In this situation, ewe social connections provide a form of
organizational social immunity [21] in which some individuals
remain protected simply because existing contact processes
do not provide a direct chain of transmission linking them
to infected individuals. In this way, stable female-offspring
groups may provide population-level resilience in the face of
infectious disease despite high juvenile susceptibility. This resi-
lience comes at a cost, however: because ewes in this system
appear to consistently form groups of similar sizes, regardless
of population size, disease die-offs are likely to precipitate
social reorganization patterns that may foster continued
pathogen transmission even as populations decrease in size.
In short, the advantage of a critical population size below
which pathogens fade out may be lost.

Choice of transmission function often shifts from density-
dependent to frequency-dependent when systems are viewed
from increasingly coarse scales. While phocine distemper in
harbour seals generally follows density-dependent transmis-
sion processes within cohorts, between-cohorts transmission
is frequency-dependent [42]. The relative role of different
transmission modes shifts dramatically between spillover
(between-species) and enzootic (within-species) persistence
in prairie dog populations infected with Y. pestis [6,43].
Seasonally variable host aggregation and disease incidence
patterns are consistent with a shift between frequency- and
density-dependent transmission of chronic wasting disease
incidence in white tailed deer [44]. However, despite the
growing empirical support for scale-dependent approaches
to transmission function, transmission in a system is still
usually assumed to follow the same process: it is either
frequency- or density-dependent, regardless of the scale of
observation (but see [45]). This assumption may hinder
model development and disease management, especially
for systems transitioning from spillover to endemic, or with
long-lived infectious stages [46].

Research on the relationship between group stability and
disease often focuses on systems in which transmission is
enhanced during periods of increased group mixing or
group size. This is the case, for example, in measles among
school children [47], and brucellosis in elk [48]. In this
study, we explore the other end of that spectrum. Disease
events in our system occur when populations are compart-
mentalized into subpopulations, and we argue that this
compartmentalization constrains epidemic size. This finding
has important implications about the evolutionary pressures
that pathogens place on host societies.

As is inevitable with analysis of field data, ours has a
number of assumptions and limitations. First, because not all
ewes were marked, we were unable to build saturated contact
networks for each cohort. This may have resulted in an under-
estimate of the amount of mixing among subpopulations and

introduced some upward bias on the number of subpopula-
tions detected. The relationship between number of collared
ewes and ewe-subpopulations was not significant after
accounting for population size, however (electronic sup-
plementary material). Frequent relocations and the general
fidelity of collared ewes to their resident groups (electro-
nic supplementary material, figure S5) suggest that this
weakness does not jeopardize our overall findings. Second,
we could not directly measure ewe-subpopulation size.
Although subpopulations were defined based on associations
of marked individuals, they also consisted of an unknown
number of unmarked sheep that were not individually identi-
fiable. Because the number of subpopulations increased
with population size but daily group size did not (figure 3),
we assumed that the number, but not the sizes of both sub-
populations and groups were linked with population size.
Third, this analysis focuses entirely on enzootic disease
events in ewes and lambs; the potential roles of adult rams
and domestic sheep during lamb pneumonia events are not
considered here. Disease in lambs is unlikely to come from
rams because, consistent with previous work [29], we rarely
observed adult rams with ewes and lambs during summer.
Apparent population closure paired with high ewe survival
during lamb epidemics is consistent with the hypothesis
that infection in lambs is not due to spillover, but owing to
chronically infected ewes.

Finally, we attribute the observed variation in lamb mor-
tality between subpopulations to disease transmission,
but subpopulations may be subjected to varying risk from
other sources, particularly genetic susceptibility and habitat.
We feel confident attributing risk to contact as opposed to
genetic factors, because ewes are not completely nested in
subpopulations. Instead, some reshuffling in subpopulation
membership occurs between years (electronic supplementary
material, figure S5). If genetics drive susceptibility in this
system, then a strong ewe effect should have emerged in the
variance decomposition, but no such effect was observed.
From a habitat perspective, while there could be some microsite
differences between populations, all populations studied here
are at low density, and are unlikely to be nutritionally limited
and forage quality and availability are unlikely to vary
substantially between ewe-subpopulations.

Our results reflect a growing resource allocation dilemma
for bighorn sheep management: research and management
efforts have focused on all-age die-offs that occur after pneumo-
nia is first introduced to a naive population; however, the long-
term enzootic persistence of pneumonia may be the greater
threat to species recovery. Management aimed at reducing
disease transmission through limiting or reducing population
size would probably result in fewer ewe-subpopulations of
the same size and might have no effect on the probability of
within-subpopulation disease transmission during lamb rear-
ing. A reduction in population size without a corresponding
change in ewe group size is unlikely to alter contact rates
within ewe-subpopulations, which appear to be most critical
for disease transmission to juveniles. An alternative strategy is
to target removal efforts at animals that are likely to be chroni-
cally infected, a strategy we are currently exploring in the
Hells Canyon system. Although disease transmission within
subpopulations may proceed via density-dependent transmis-
sion, transmission is frequency-dependent when viewed from
the population scale [9]. As a consequence, the critical commu-
nity size required for pathogen persistence may be much lower
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than previously expected, and this will hamper efforts to
manage enzootic disease by limiting population size.

Limited knowledge of the mechanisms underlying patho-
gen persistence inhibits our ability to make management
decisions that facilitate population recovery after disease inva-
sion. Reducing spillover risk is unquestionably critical for
bighorn sheep restoration, but following spillover, risk mitiga-
tion is not necessarily sufficient to spur pathogen fade-out and
population recovery. We showed that when groups are stable,
social structure can be directly linked to mortality patterns, and
that this relationship may be discernible from commonly avail-
able data such as the relocation dataset used here. Such a
relationship can serve as a basis for drawing inference about
the extent of disease transmission, with direct implications on
disease management. Incorporating social networks into survi-
val analyses is a powerful yet underused approach for
investigating and managing disease in wildlife.
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