




polygenic and highly heritable (8), that stand-level serotiny covaries
with both fire frequency and squirrel density at landscape scales
(26), and that serotiny has significant effects on community and
ecosystem structure and function (9–11), we argue that the effects
of selection on serotiny propagate across multiple scales, driven by
forcing mechanisms that are operating at relatively large (i.e.,
hundreds of hectares for fires) and small (∼1–20 ha for squirrels)
scales to influence landscape structure (Fig. S1). Such cross-scale
dynamics are well supported by theory but are difficult to dem-
onstrate empirically (5, 33, 34). It is unclear how common such
dynamics are in natural systems; however, our results suggest that
large-scale “noise” in ecological systems (e.g., variation in the fre-
quency of serotiny) may be attributable to complex interactions at
multiple spatial scales, and that evolutionary change in response to
local variation in selective agents can be an important driver of
these spatial patterns.
Much recent work has focused on investigating how evolu-

tionary processes shape ecological dynamics (1, 5, 35), and on how
resulting ecosystem-level dynamics may produce feedbacks and
affect the selective environment of foundation species (36).
However, demonstrating the complete chain of eco-evolutionary
relationships in natural ecosystems has proven challenging (5, 37).
In lodgepole pine, serotiny has important ramifications from in-
dividual to ecosystem levels (Fig. S1). At the individual level,
serotiny determines when seeds are dispersed and the exposure to
predispersal seed predators, and thus is tightly associated with
fitness. Serotiny is also highly heritable; although exact estimates
of heritability are unavailable for this species, a recent association
mapping study demonstrated that 11 genomic regions accounted
for ∼50% of the variation in serotiny in lodgepole pine (8).
The combination of high heritability and tight coupling to fitness

suggests that serotiny is likely to be a target of selection and to
respond rapidly to changes in selection with resulting shifts in the
frequency of serotiny in the population. At the community and
ecosystem levels, the degree of prefire serotiny affects postfire

seedling density. Following widespread fires in the GYE, lodgepole
pine sapling density varied over several orders of magnitude (0–
500,000+ seedlings per ha), and this variation was most strongly
explained by the prefire frequency of serotiny (9–11, 13). Un-
surprisingly, this extreme variation in sapling density had significant
community- and ecosystem-level consequences as well (9, 11–13).
Sparse recovery may allow for the colonization of other ecosystem
types that would otherwise be outcompeted, increasing landscape
heterogeneity (12). Recovery density may also affect successional
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dence between empirical results and simulation predictions. The small
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processes (10), and postfire annual net primary productivity and
total leaf area are strongly associated with lodgepole pine sapling
density (13). Thus, in lodgepole pine forests, obtaining a clear
understanding of ecosystem dynamics at scales ranging from
individuals to landscapes requires analysis of the evolutionary
mechanisms driving variation in serotiny.
Our model allows for the manipulation of fire frequency and

observation of subsequent stand-level evolutionary responses over
long timescales; observations of these dynamics would be difficult
or impossible in the field. Given the well-known effects of fire on
the evolution of serotiny (7, 14–17), such observations are required
to understand the evolutionary effects of seed predation in context,
and to demonstrate that selection observed in the field (Fig. 1)
results in evolution (Figs. 2 and 3) and drives spatial patterns in
serotiny [Fig. 4 (26)]. The model makes the simplifying assumption
that squirrel densities are constant in time for a given scenario.
Although this is certainly unrealistic, the available data demon-
strate that squirrel populations are stable over short to medium
timescales (i.e., years to decades). In part, this is driven by stable
cone production of lodgepole pine, which is the primary food
source for red squirrels in this system (21, 30–32). The strictly
territorial habit of red squirrels also promotes population stability,
as vacant territories are rapidly reoccupied and overwinter survival
of squirrels lacking territories is extremely low (28, 31). Therefore,
fluctuations in density are likely to be small; adding such fluctua-
tions to the model would increase the variance, but have little
impact on the overall conclusions. However, we lack information
on fluctuations over longer timescales (potentially in response to
changes in postfire recovery as the stand evolves), and the density
of squirrel territories may be more variable in ecosystems with less
stable cone production (28). If changes in the frequency of serotiny
over time lead to changes to stand structure that ultimately affect
squirrel population densities, then there is the potential for feed-
backs in the system that could either reinforce or dampen spatial

patterns in selection on serotiny. Alternatively, stand structure may
be more influenced by factors such as bedrock (38), which could
lead to similar stand structure from one tree generation to the next,
resulting in consistent spatial variation in both squirrel densities
and selection.

Evolutionary Mechanisms. Previous studies have focused on the role
of fire in driving the evolution of serotiny (7, 17–19), although few
have addressed seed predators as alternative selective agents (but
see refs. 7, 19, and 39), and ours is the first (to our knowledge) to
demonstrate strong selection from seed predation driving local-
scale (i.e., stand-level) variation in serotiny. In opposition to these
processes are potentially high rates of gene flow in lodgepole pine
that may have a homogenizing effect on spatial variation in serotiny
(40); however, strong selection can drive local adaptation despite
the presence of gene flow (41–45), and even at small spatial scales,
local adaptation is possible in the presence of gene flow (46). It is
likely that gene flow could explain some of the variation in serotiny
in this system. However, our simulations predicted strong selection
and evolutionary responses to both fire and seed predation in the
absence of gene flow, resulting in less serotiny when fires were
uncommon or seed predation was more intense (Figs. 2 and 3).
Furthermore, the predictions of the model were very similar to
landscape-scale patterns we observed in the GYE (Fig. 4), sug-
gesting that selection is the dominant force affecting the local
frequency of serotiny in this system. It is likely that a spatially ex-
plicit version of the model that directly simulated gene flow would
demonstrate weaker evolutionary responses overall, with more
stable coexistence of the two types due to the continuous dispersal
of maladapted individuals into a given region. In contrast, our
spatially implicit model showed a tendency toward fixation of ei-
ther the serotinous or nonserotinous type when selection was
strong, a situation that is rarely observed in the field (9, 26).
Muir and Lotan (47) found that the frequency of serotiny in

lodgepole pine was most strongly related to the type of distur-
bance that initiated a stand, with fire-initiated stands being much
more serotinous than other stands. This suggests the potential for
very rapid change in the frequency of serotiny (i.e., a single fire
interval), and that high frequencies of stand-replacing fire should
result in high frequencies of serotiny (because most stands will
have initiated due to a stand-replacing fire). Our simulation
results generally support this interpretation. In very old stands
with dynamics dominated by density-independent mortality, the
frequency of serotiny was reduced compared with postfire stands.
However, our simulations also suggest that the legacy of long fire
return intervals persists even if stands were initiated by fire; i.e.,
fire-initiated stands that experienced short mean fire return
intervals had higher serotiny than fire-initiated stands that ex-
perienced long fire return intervals (Fig. 3). Furthermore, the
effects of seed predation were completely dominant at very high
squirrel densities (>1.5 individuals per ha). Many trees show
local adaptation and rapid (per-generation) responses to selec-
tion (45, 48); our results in lodgepole pine are consistent with
these observations. Lodgepole pine forests have probably been
present in the GYE for ∼10,000 y (49). Our simulations, which
were run for 2,000 y, suggest that this is sufficient time for con-
sistent and sometimes strong divergent selection to cause local
adaptation and spatial structure in serotiny across the landscape.

Implications for Global Change. The rapid pace of global change is
likely to have widespread evolutionary effects due to changing
strength and direction of biotic and abiotic interactions (50). In
addition to relatively predictable dynamics (e.g., selection favoring
greater dispersal or greater tolerance to novel local conditions),
these changes may be complex and nonlinear, in part due to in-
teractions between ecological and evolutionary processes (2, 51).
For example, in lodgepole pine forests, increasing fire frequency
due to forecasted increases in the incidence of fire weather (52)
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may result in serotiny being increasingly favored regardless of
squirrel density, or may result in complex changes due to non-
linear responses to repeated burning (53). Mechanistic models
incorporating eco-evolutionary dynamics will be increasingly
important in predicting these responses, especially when global
change results in combinations of selective agents (e.g., fire
frequency and squirrel density in our system) that are outside the
scope of current knowledge.

Conclusions
Our results demonstrate that squirrels select against serotiny and
that the strength of selection increases with increasing squirrel
density, supporting previous results showing negative associa-
tions between red squirrel density and the frequency of serotiny
in lodgepole pine at landscape and regional scales (26, 39). We
have also shown that a simple population model incorporating
selection from fire and seed predation reproduces empirical
observations (Figs. 3 and 4), suggesting that stand-level fre-
quencies of serotiny in lodgepole pine represent the outcome of
selection from fire (favoring serotinous trees) and seed predation
(favoring nonserotinous trees). Although gene flow is extensive
in lodgepole pine (40), strong selection can overwhelm gene flow
and cause local divergence (41–45). In lodgepole pine forests in
the GYE, we found little evidence that gene flow prevents local
adaptation; rather, our results suggest that divergent selection is
the dominant factor affecting spatial variation in the frequency
of serotiny. These findings have implications for ecosystem pro-
cesses due to the influence of serotiny on stand-level responses to
fire (9, 10), as well as for global change in a variety of ecosystems,
because changes in selective regimes may produce unexpected
effects to ecosystem structure and function.

Materials and Methods
Study Area. We performed all field work in mature (i.e., not burned within
100 y) lodgepole pine forests within the GYE, Wyoming, United States. We
selected five sites that were known to vary from ∼0.5 to 1.5 squirrels per ha
(26). The sites ranged from 25.6 to 45.4 ha and were dominated (>90%) by
lodgepole pine. One site was sampled in July 2010 and July 2011, and four
sites were sampled in August 2011 and July to August 2012.

Cone Survival. We estimated survival probabilities of serotinous and non-
serotinous cones by repeated observation with a one-year (±1 mo) intervening
interval. During the initial visit, we photographed the tops of randomly se-
lected, individually marked trees (n = 216 serotinous and 207 nonserotinous
trees). We also measured the DBH of each tree. During subsequent visits, we
recreated the initial photograph, using the same position, camera angle, and
focal length. We compared these photographs in the laboratory and tabu-
lated the number of cones that had disappeared during the 1-y interval [i.e.,
individual cones that were present in the first photograph but absent in the
second (Dataset S1)]. A cone was counted as surviving if it could be clearly
identified (based on position relative to other cones, branch features, etc.) in
both photographs. Cones were counted as absent if the cone’s location in the
second photograph could be clearly seen (i.e., was identifiable based on
nearby cones and branches and not obscured). Cones that were not identifi-
able in this manner were treated as missing data and ignored for analysis. The
rate of disappearance between intervals is an appropriate measure of the
predation rate from red squirrels because no other organism removes cones
from lodgepole pine (due to extreme defense requiring specialized preda-
tors), and cones do not generally fall from branches (even after they have
opened) (21, 25). Because survival of serotinous cones is likely to vary as the
cone ages, we analyzed survival as a function of the degree of weathering,

with separate estimates for green (first-year), brown (likely 1- to 5-y-old), and
gray (>5-y-old) cones. Exploratory analysis revealed that survival of gray cones
was nearly 100% in all circumstances, so we omitted these cones from
our analyses.

To address how squirrel density affected cone survival, we used the distance
of each tree to the center of the nearest squirrel territory as a proxy for density.
Territory centerswere located by an exhaustive ground search by two observers
and were identified by the presence of a large, active midden containing
burrows and discarded cone remnants (21). Because red squirrels are strictly
territorial, the average distance to a midden decreases with increasing density;
for four sites where mean squirrel density for the entire site was known (from
ref. 26), squirrel density and the distance from trees to the nearest midden
were strongly negatively correlated (r = −0.88).

We used package lme4 in R to develop GLMMs to analyze survival
probability as a function of distance to the midden (54). All models used the
number of surviving cones and the number of cones initially observed as the
response variable and assumed binomial errors and a logit link, and all in-
cluded site as a random variable. Fixed effects consisted of cone type, dis-
tance to the midden, and an interaction between the two. For the
relationship between distance and survival, we developed three models:
fixed slopes and random intercepts, random slopes and intercepts, and no
effect of distance. We also tested models including or excluding DBH as
a covariate, for a total of six models. We compared all models using the
Bayesian information criterion (BIC). The fully parameterized model mini-
mized the BIC. Furthermore, ΔBIC was ≥39 for all other models, indicating
little uncertainty in which was the best model (55); therefore, we selected
the full model alone for interpretation (see Table S1 for parameter esti-
mates). Because serotinous cones are exposed to predation for multiple
years, the overall cone survival is the product of survival probabilities over
the years in which cones are exposed to predation. Thus, in addition to the
GLMM described above, we calculated for each serotinous tree the proba-
bility that a cone survived long enough to enter the “weathered” category
(at which point survival was nearly 100%), and then compared this to the
nonserotinous survival rate as a function of distance using a logistic re-
gression (Fig. 1).

SimulationModel.Wedeveloped a stand-level simulationmodel to provide an
integrated estimate of the relative fitness of both tree types and to address
the potential for the observed predation rates to drive variation in the
frequency of serotiny. Our general approach was to use a density-dependent
population model (56) to simulate stand development, starting with postfire
initiation and proceeding through self-thinning (or infilling, for sparse
stands) and stand maturity. The response of lodgepole pine to fire is well
known; therefore, we used the literature to parameterize this portion of the
model. Fires were initiated at regular intervals (for deterministic scenarios)
or probabilistically (for stochastic scenarios), and we varied either the fire
return interval or the fire probability to assess the effect of fire frequency on
serotiny in the simulated stand. For predation, we used the results presented
in this paper to reduce the reproductive success of trees as a function of
serotinous/nonserotinous state, and varied the intensity of predation based
on the ranges observed in the field. See SI Text and Table S2 for complete
details on model specification and parameterization. Sensitivity analysis was
conducted by examining how the relationship between serotiny and both
fire and seed predaction was affected by perturbations to key model
parameters (SI Text, Figs. S2–S7).
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