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For many squirrel species, their intense – arguably coevolutionary – interactions with
seed and nut producing trees have significantly shaped their biology and diversity. Here
we provide an overview of this relationship in a range of forest types worldwide. We first
review the evidence for how forest composition (conifer, hardwood, mixed hardwood
and overall diversity of tree species) influences interactions between squirrels and seed
trees and, ultimately, the role of squirrels as either seed predators or seed dispersers.
We review, for example, the intense selective pressure squirrels exert on conifer trees
as seed predators and the diversity of morphological traits and behavioral strategies
that allow them to efficiently exploit this critical resource. In contrast, we show how the
squirrel’s role shifts to one of seed disperser in hardwood forests and how the specifics
of this interaction varies further with forest structure, forest composition and climatic
conditions. We then review the growing evidence for the tight ecological and evolutionary
dance between the squirrels and the oaks that has shaped the biology of both across
the globe. We show how a suite of seed (acorn) characteristics (e.g., chemical gradients,
germination schedules, seedling morphology and tolerance-resistance strategies) are all
intimately tied to the scatter-hoarding decisions of several squirrel species. And, based
on studies in oak forests in Central America, Mexico, North America, and Eurasia, we
also highlight the behavioral strategy of embryo excision now reported for six species
across at least four genera of squirrels. This behavior, glaringly absent in other scatter-
hoarding rodents worldwide, is now known be an innate trait in at least two species,
one in Asia and another in North America. We review extensive recent research on one
species of squirrel, the Siberian chipmunk (Tamias sibiricus), which exhibits a suite of
behavioral strategies unique to that of other squirrels that independently contributes
to seed dispersal and establishment. Finally, we outline numerous remaining questions
concerning plants and other taxa of squirrels still open to investigation.
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INTRODUCTION

Among the squirrels, the intensive use of tree seeds has clearly
shaped both the biology of trees and their diaspores, which
in turn have significantly influenced evolution of the squirrels’
behavior, ecology and even some aspects of their morphology.
In most, but not all cases, the evidence for tight coevolutionary
interactions are not evident, yet the effects and outcomes of
the interactions between squirrels and some tree species are
nevertheless quite compelling. Steele et al. (2007) and Steele
(2008) first reviewed interactions between tree squirrels and
trees emphasizing numerous such interactions. Since this earlier
research, a significant number of additional studies have further
clarified our understanding of these relationships.

Our goal here is to highlight these recent findings and
to further focus our understanding of the ecological and
evolutionary interaction between squirrels and trees. We are
especially interested in distinguishing direct ecological and
evolutionary interactions between squirrels and seeds as well
as those in which squirrels are more likely a member of a
broader array of seed consumers that exhibit a diffuse suite of
evolutionary interactions with seed trees and their seeds. We also
review recent intensive studies of the Siberian chipmunk (Tamias
sibiricus) a resident of conifer, mixed, and hardwood forests
across northern Asia, which suggest a relatively tight evolutionary
relationship with the oaks, somewhat distinct from that of other
squirrel species.

SQUIRRELS AND CONIFER FORESTS

Tree squirrels are significant seed predators in conifer and mixed
forests throughout both temperate and boreal biomes (Steele
and Koprowski, 2001; Steele, 2008; Steele et al., 2008; Steele,
in press) but under some limited conditions can act as agents
of dispersal (Wauters and Casale, 1996; Zong et al., 2010, 2014).
In these forests, squirrels consume large quantities of seeds,
often approaching entire seed crops, usually in a highly efficient
manner which places strong selective pressure on conifers (Smith,
1970, 1998; Elliot, 1974, 1988; Steele and Weigl, 1992; Benkman,
1995, 1999; Benkman et al., 2001; Talluto and Benkman, 2013).
But, as several studies have shown, the conifers appear to also
exhibit characteristics in direct or indirect response to squirrels.
And, in other cases, there is evidence that behavioral and even
morphological traits of squirrels follow from conifer and cone
traits (see Smith, 1970, 1998).

Seed predation of conifers by squirrels usually results from (1)
removal of large quantities of cones just prior to cone opening
for the purposes of larder-hoarding for upcoming periods of food
scarcity [e.g., Tamiasciurus hudsonicus and T. douglasii in boreal
forests of North America (Smith, 1965, 1970, 1981; Steele, 1998,
1999; Boutin et al., 2000, 2006; Siepielski and Benkman, 2007,
2008a,b, 2010)], or (2) consumption of immature, green cones
during the ripening of seeds long before cone opening. Examples
of the latter include predation of longleaf pine (Pinus palustris)
cones by the southeastern fox squirrel, S. niger (Steele, 1988,
in press; Steele and Weigl, 1992; Steele and Koprowski, 2001),

predation of cones of Ponderosa pine (Pinus ponderosa) by
Abert’s squirrel (S. aberti), and similar harvesting of immature
cones by Eurasian red squirrels (Sciurus vulgaris) in stands of
Scots (P. sylvestris) and Corsican pines (P. nigra) in Belgium,
and of Norway spruce (Picea abies) and Arolla pine (P. cembra)
in mixed conifer forests of the Italian Alps (Wauters and
Dhondt, 1987; Molinari et al., 2006; Zong et al., 2010; Di Pierro
et al., 2011). As reviewed by Steele (2008) another key manner
in which squirrels can influence cone production and seed
dispersal in conifers is by the indirect effects of bark stripping
not reviewed here.

Direct evolutionary interactions between Tamiasciurus and
conifers has been argued independently by both Smith (1970,
1998) and Benkman and colleagues (e.g., Mezquida and
Benkman, 2005, 2014), with both suggesting strong evidence
for the direct selection between conifers and cones (Steele,
in press). Smith (1998) argues that east of the Cascade Range in
western North America, the dry climate, due to the rainshadow,
results in frequent forest fires. These conditions led to cones
of Ponderosa pine that have a hard cone surface, strong, close
attachment to the branch, asymmetrical shape at the base
and fewer seeds per cone – all characteristics that appear to
challenge seed predation by the red squirrel found on the
eastern slope of the Cascades. There the American red squirrel
exhibits larger body mass, stronger jaw muscles and a more
robust lower jaw, necessary for harvesting and opening these
serotinous cones. West of the Cascades, where the closely
related Douglas squirrel (T. douglasii) is found, there is a wet
maritime climate and no forest fires. Cones are non-serotinous
and exhibit a soft surface, weak point of attachment to the stem
and significantly more seeds per cone. The Douglas squirrel
exhibits a smaller body size, weaker jaw muscles and a weaker
lower jaw, all of which Smith (1998) suggest follows from the
cone’s characteristics.

Smith has also argued that across conifer species selection by
Tamiasciurus spp. is likely to have differing selective pressures
depending on cone and seed size (1970; 1998). Smith suggests that
strong selection by Tamiasciurus on small cones is likely to result
in cones with smaller and fewer seeds per cone, characteristics
that contribute to high feeding costs for squirrels. In contrast,
conifers species that produce larger seeds are likely to evolve
cones that shed their seeds earlier to reduce predation by larder-
hoarding squirrels.

Research by Craig Benkman and colleagues (e.g., Benkman,
1995; Parchman and Benkman, 2008; Siepielski and Benkman,
2008a,b) paints a similar but equally compelling picture about
the evolutionary interactions between Tamiasciurus spp. and at
least six conifer species in western North America. One such
example is limber pine (P. flexilis), which the squirrels regularly
feed on when still immature and attached to the tree (Siepielski
and Benkman, 2008a). By comparing sites within the range
of limber pine where red squirrels are present today (Rock
Mountains) and sites where these squirrels have been absent
for more than 10,000 years (Great Basin), the authors found
significantly different cone characteristics, with trees investing
only half as much energy in seeds per cone where squirrels were
present. Where red squirrels were present, cones were found to
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have fewer seeds per cone, smaller seeds, larger cones, more resin
per cones, and greater seed-coat thickness, all traits that likely
defend against seed predation.

Selection of conifer seed and cone traits by these squirrels
also significantly impedes avian dispersal by these pines. Conifers
that depend on avian dispersal (by jays and nutcrackers [family
Corvidae]) generally exhibit specific seed and cone characteristics
(large seed size usually >90 mg, a greater seed-wing ratio,
longer periods of seed retention, and specific cone orientation),
that favor dispersal by these corvids (Lanner, 1999; Siepielski
and Benkman, 2007). However, where pine squirrels are found,
resulting seed and cone characteristics generally prevent dispersal
by corvids (Siepielski and Benkman, 2007, 2010; Parchman
et al., 2011). Where pine squirrels are found in both limber
and whitebark pine (P. albicaulis) forests, for example, lower
seed densities per cone prevent dispersal by Clark’s nutcracker
(Nucifraga columbiana) which in turn results in lower tree
recruitment and as much as 50% lower stand densities (Siepielski
and Benkman, 2008b).

Benkman and associates have also demonstrated how squirrels
influence the close evolutionary relationship between the crossbill
(Loxia curvirostra) and conifers. Crossbills appears to have
coevolved with lodgepole pine in western North America
(Benkman, 1999, 2003; Benkman et al., 2001, 2013), black spruce
(Picea mariana) in Newfoundland (Parchman and Benkman,
2002) and in stands of the Allepo pine (P. halepensis) in
forests of the Iberian Peninsula (Mezquida and Benkman, 2005).
However, this close ecological and evolutionary relationship
which significantly benefits seed dispersal is disrupted by
pine squirrels in North America and Eurasian red squirrels
(S. vulgaris) in the latter region. In the Italian Alps, the Eurasian
red squirrel is an intensive seed predator of the Arolla pine during
periods of low and moderate seed production but potentially
shifts to a conditional mutualist during high seed years, possibly
as a result of heavy mast production (Zong et al., 2010). The
Arolla pine, which produces large, wingless seeds depends on
nutcrackers and Eurasian red squirrels for dispersal. The squirrels
are highly dependent on both seeds, directly eaten from the green
immature cones and those scatterhoarded for use through the
winter and the following spring. Further examination of caching
behavior in different habitat types (Norway spruce vs. Arolla
pine), show that seed densities per cache were lower and patterns
of cache recovery were higher in spruce-dominated forests than
in the Arolla pine forests (Zong et al., 2014). Also shown in
Alpine forests of Europe, the Eurasian red squirrel avoids seeds
of silver fir (Abies alba) over those of Norway spruce, on which
they readily consume, most likely as a result of high levels of
terpenes (i.e., limonene) in the scales and seeds of the former
species (Rubino et al., 2012).

Yet another set of squirrel traits that appear to follow directly
from their dependence on conifers for food are both their
social system and key aspects of their reproductive strategies.
In boreal forests of North America, the social structure of
the red squirrel has been attributed to their dependence on
conifer seeds, their behavior of larder-hoarding and the need
to defend the larders (Smith, 1998). Other reproductive traits
that likely follow for this intense dependence on cones is the

bequeathal of territories from mothers to young (Larsen and
Boutin, 1994), anticipatory parental care by larder-hoarding
prior to conception and the ability to anticipate cone masting
and increase reproduction well in advance of cone production
(Boutin et al., 2006). Subtle differences in social structure,
reproductive strategies and home range between Mount Graham
red squirrels (T. fremonti grahamensis) in Arizona, United States,
and Eurasian red squirrels in the Alps of Italy, both of which
occur in conifer forests, appear to be tied closely to availability
of cone resources (Mazzamuto et al., 2020).

THE SQUIRRELS IN DECIDUOUS
FORESTS

In deciduous forests, the tree squirrels shift from almost exclusive
seed predators to important agents of seed dispersal (Steele
et al., 2005; Steele, 2008). This interaction, however, is always
accompanied by both negative impact of both seed predation
and their contributions to dispersal. It is also complicated
by the greater number of seed types, as the diversity of
seed trees increases significantly in most hardwood forests,
as do the numerous characteristics of hardwood diaspores
(Sundaram et al., 2015; Sundaram, 2016). Their positive impact
on seeds and nuts follows from their behavior of moving
these diaspores from their source trees, storing them in
microsites that are often optimal for both germination and
storage (e.g., Yi et al., 2013b). This behavior of directed
dispersal in which a seed disperser moves seeds to sites also
ideal for establishment, in the case of many tree squirrels
(Sciurus spp.), occurs because cache microsites optimal for cache
storage eventually facilitate seedling establishment if the seed
remains in the cache.

Gray Squirrel Responses to the Oaks
Early studies focused on the food preferences of eastern gray
squirrels for the many species of oaks (Quercus spp.) and the
primary differences in acorns of red oak (RO, section Lobatae)
and those of white oak (WO, section Quercus). Acorns of ROs
exhibit higher levels of both lipid (∼20%) and tannin (5–15%)
than those of the WO (lipid ∼10% and tannin <2%). In addition,
RO species exhibit a delayed germination requiring a period of
cold stratification before germination is possible. WO species, in
contrast, germinate immediately upon seed fall pending water
availability. Smallwood and Peters (1986), first demonstrated that
these differences in seed chemistry resulted in a food preference
for WO acorns with lower tannin, regardless of energy level,
early in the autumn. Preferences then shifted to acorns high in
energy, regardless of tannin levels later in the winter when energy
requirements peaked.

Gray squirrels are highly sensitive to germination schedules,
selectively dispersing and caching red oaks over those of WOs due
to their differences in perishability that follow directly from these
germination patterns (Hadj-Chikh et al., 1996). This sensitivity of
gray squirrels to seed perishability extends to acorns infested with
weevils (Curculio spp.) and other insect larvae, even when there is
no external evidence of infestation, suggesting a particularly keen
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ability to detect acorn suitability for storage (Steele et al., 1996).
Several studies (Steele et al., 2001a; Sundaram, 2016; Sundaram
et al., 2020) now collectively show that gray squirrels rely on
chemical cues from the shell or cotyledon to determine if acorns
are no longer dormant. These cues, however, are masked by waxes
during dormancy and are only detectable when the waxes degrade
during the acorn’s emergence from dormancy. Although acorns
that are no longer dormant are still suitable for consumption, they
are far less likely to be cached by squirrels.

When WOs are cached in early autumn, however, gray
squirrels will consistently excise the embryo with a few scrapes
of the incisors, removing the embryo and thereby killing the
acorn (Fox, 1982), allowing the acorn to remain intact in the
cache for up to 6 months (Steele et al., 2001b). Experiments
with naive squirrels demonstrate that selective caching of RO
acorns over those of WO and the behavior of embryo excision
are both innate strategies among eastern gray squirrels (Steele
et al., 2006), although the latter is hypothesized to be perfected
by trial and error.

The field experiments by Hadj-Chikh et al. (1996), in NE
Pennsylvania, showed that squirrels based caching decisions
on acorn perishability over handling time (acorn size), an
important determinant of caching decisions of gray squirrels
in some conditions. Comparable experiments to that of Hadj-
Chikh et al. (1996) in central Mexico, on caching decision of
the Mexican gray squirrel (S. aureogaster), a closely related
congener of the eastern gray squirrel, however, revealed markedly
different results. In these temperate, but milder environments of
Mexico, the Mexican gray squirrels selectively cached the larger
acorns regardless of germination schedules and corresponding
perishability. And, across all trials, there was a significant
correlation between acorn size (handling time) and caching
frequency (Steele, in press). However, most interestingly, when
caching acorns of WO species, many of which are larger than
those of RO species in Mexico, S. aureogaster consistently excised
the embryo of these acorns. Thus, this squirrel is clearly aware of
the perishability but likely caching larger acorns for the greater
reward. Milder climate in central Mexico may mean this species
scatter-hoards acorns for shorter periods and thus focuses on
short term rewards rather than long-term storage.

Dormancy and nut size influence not only caching decisions
but also the distance seeds are dispersed. For many tree species,
dispersal away from the parent tree significantly reduces density-
dependent mortality of seed and seedlings by seed predators
and pathogens, which is highest near maternal sources (Janzen,
1970; Connell, 1971). Several studies have indicated that RO
species are consistently dispersed farther and cached more than
WO species (Steele et al., 2001b, 2007, 2011, 2014; Moore et al.,
2007; Lichti et al., 2014; Steele, in press). And of course when
WOs were dispersed embryos of the acorns were often removed,
killing the fruit.

Acorn size, which varies tremendously within and across
oak species and influences both dispersal and caching decisions
(Steele et al., 2011, 2014). When other acorn traits are controlled
for, larger acorns are cached more frequently and dispersed
farther from the source (Steele et al., 2007, 2011). In addition,
gray squirrels respond to these larger rewards (larger acorns) by

dispersing acorns into open areas, some distance from canopy
cover (Steele et al., 2011) where, even in the face of a high
density of conspecifics, these more preferred acorns are far less
susceptible to pilferage (Steele et al., 2014). Based on estimates
of predation risks (Steele et al., 2015), we concluded that these
sites are relatively immune to pilferage because they are placed
where conspecifics are less likely to pilfer caches. Further, this
series of studies open up a new line of investigation that suggests
that scatter-hoarding squirrels that risk predation for cache sites
with lower rates of pilferage may contribute significantly to seed
dispersal when they are actually preyed upon when caching
(Lichti et al., 2017; Lichti et al., in review).

Taken together, many of these studies suggest that gray
squirrels, when faced with multiple choices among different oaks
and even other hardwoods, are regularly making a diversity of
decisions when scatter-hoarding. Lichti et al. (2014), for example,
demonstrated that when presented with paired options of red oak
(Q. rubra, RO), white oak (Q. alba, WO) and American chestnut,
(Castanea dentata, AC), gray squirrels selectively dispersed RO
over WO, RO over AC, but also AC over WO.

The Close Evolutionary Relationship
Between Squirrels and Oaks Based on
Germination Schedules and Cache
Perishability
Embryo removal or embryo excision by tree squirrels to arrest
germination in early germinating acorns (e.g., white oak species
[section Quercus]) was first documented by Fox (1982) in eastern
gray squirrels and is now known to occur in other species of
Sciurus and at least three other genera of Sciuridae that frequently
depend on acorns for food storage. To perform this behavior,
squirrels simply flip the acorn and with a few quick scrapes of
the incisors remove the embryo (Fox, 1982), thereby arresting
germination and allowing the otherwise perishable acorn to
remain intact during the food storing period (Steele et al., 2001b).
Since previous reviews on this interaction (e.g., Steele et al., 2005;
Steele, 2008), studies across the globe now show that this behavior
occurs under a variety of circumstances, for at least six species
of squirrels. Moreover at least two of these species exhibit a
definitive innate tendency to perform the behavior (Steele et al.,
2006; Xiao and Zhang, 2012).

Experiments on free-ranging gray squirrels Hadj-Chikh et al.
(1996) clearly documented that this species is highly sensitive to
acorn perishability when making caching decisions, selectively
dispersing and caching dormant RO acorns (section Lobatae)
over those WO (section Quercus) regardless of acorn size
(handling time). And, when even limited numbers of white oak
acorns were cached, the embryos of these acorns are removed.

In an extensive series of 18 experimental trials, similar
to the six trials conducted by Hadj-Chikh et al. (1996), in
which free-ranging Mexican gray squirrels (S. aureogaster) were
presented with pairs of six species of native RO acorns and
five species of WO acorns, Steele (in press) reports unexpected
responses by this species. Squirrels consistently dispersed acorns
short distances and stored larger acorns with greater handling
time, regardless of oak type (section) and germination schedule.
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Because many of these WO species are larger than those of RO,
early germinating WOs were consistently cached more frequently
than those of RO. Across these 11 oaks species, Steele (in press)
reports a significant correlation between acorn mass and caching
frequency. Steele (in press) suggests that this nearly opposite
response to that of eastern gray squirrels, likely follows from the
milder climate and the shorter period over which acorns are likely
stored. Opposite of that reported by Hadj-Chikh et al. (1996), this
study suggests that seed size was a more immediate determinant
of caching decisions. However, when these WO acorns were
cached, squirrels consistently excised embryos, thus indicating a
sensitivity and ability to respond to acorn dormancy (Steele et al.,
2001b; Steele, in press). These observations suggest that, although
immediate priorities for caching shifted in this environment, the
squirrels were still secondarily responding to early germination
with embryo excision.

Several recent studies in Asia indicate that at least three
additional squirrel species including the Pallas’ squirrel
(Callosciurus erythraeus) (Xiao et al., 2009), Pére David’s Rock
squirrel (Sciurotamias davidianus) (Xiao et al., 2010) and the
Asian red-cheeked squirrel (Dremomys rufigenis) (Xiao and
Zhang, 2012) all perform embryo excision on early germinating,
non-dormant acorns, as well as a few other seed types. Yet the
specific circumstances under which this occurs varies with seed
types, squirrel species and masting conditions.

Xiao et al. (2009) reported the responses of free-ranging
Pallas’s squirrel to early germinating acorns of Quercus variabilis
(QV) and nuts of Castanea henryi (CH), which exhibit a delayed
germination period. In contrast, to most WO species in North
America and Mexico, acorns of QV exhibit high tannin levels.
When presented with these contrasting traits, Pallas’s squirrels
selectively cached QV acorns over nuts of CH, but excised the
embryos of the latter at a much higher frequency. Squirrels also
performed embryo excision on QV acorns as they recovered
and re-cached these acorns through the hoarding season. Thus,
Pallas’s squirrels prioritize lower tannin levels over germination
schedule when presented with these conflicting demands, but
still depend on embryo excision for management of early
germinating nuts.

Also reported by Xiao et al. (2010) in Central China, the
endemic Pére David’s Rock squirrel performs embryo excision
on WO species (Quercus aliena var. acutesevata, Q. serrata var.
breviptiolata, Q. variabilis) and two other species that produce
dormant seeds: the Qinggang oak (Cyclobalanopsis multinervis)
and the Chinese chestnut (Castanea mollissima). However, the
frequency of embryo removal is much higher in the WOs
and was significantly more evident in higher mast years (Xiao
et al., 2010). The authors concluded that the interaction between
seed germination and seed masting significantly influenced the
squirrel’s hoarding decisions. Xiao et al. (2013) also explored
how acorn size and dormancy both interacted to influence the
behavior of dispersal and embryo excision Pére David’s Rock
squirrel. As predicted, larger acorns were selectively dispersed
father but for those that were early germinating species were
more likely to have their embryos removed.

Xiao et al. (2010) presented only acorns of two WO species
(Quercus aliena var. acutesevata, Q. serrata var. breviptiolata)

to Pére David’s Rock squirrel, both of which varied in the
frequency of early germination during the hoarding period.
These authors found that frequency of germination phenotypes
accounted for as much as 40.5 and 21.4% of the dispersal
success in these two species, respectively. This suggested that the
relative selection of these phenotypes by this squirrel, combined
with their behavior of embryo excision, resulted in frequency-
dependent selection that likely helps maintain variation in the
germination phenotypes in these two species. This suggests
a strong evolutionary impact of the squirrel on the acorn
germination phenotype.

Collectively, the studies reviewed above show how the
behavior of embryo excision is an important behavioral strategy
that enables several squirrel species across the globe to
manipulate acorn scatter-hoards under a range of environmental
situations. Further evidence for the adaptive significance of this
behavior follows from two isolated studies, one in North America
and another in Southwestern China, that demonstrate the innate
basis of this behavior in two squirrel species. In the first, Steele
et al. (2006) raised Eastern gray squirrels without any previous
experience with acorns and then compared their responses to
acorns of the northern red oak (Q. rubra) and the white oak
(Q. alba) to those of captive wild-caught squirrels. Both naive and
wild squirrels selectively cached RO acorns over those of WO.
In addition, wild-caught squirrels consistently excised embryos
of early germinating WO acorns. However, naive squirrels also
attempted embryo excision of white oak acorns but often failed
to successfully excise the embryo. Naive squirrels often attempted
to excise embryos from the wrong (basal) end of the acorn or
failed to insert the incisors deep enough to successfuly remove
the acorn, indicating clearly that the behavior was innate but
also in need of additional experience to better optimize outcomes
(Steele et al., 2006).

Similarly, Xiao and Zhang (2012) presented free-ranging
Asian red-cheeked squirrels (D. rufigenis) with acorns of an
early germinating WO (Q. variabilis) and two dormant oaks
(Cyclobalanopsis stewardiana and C. glaucoides) in an ancient
forest where all WOs species had been extirpated hundreds
of years earlier. These squirrels excised embryos of WOs
when storing them and on occasion removed embryos of the
dormant acorns as well. After eliminating the possibility that
these squirrels likely emigrated from distant stands of WOs or
learned from other squirrels (e.g., Pallas’s squirrel), these authors
concluded that the behavior was innate in this species as well.

Evidence of the presence of this behavior in six species of
squirrels across four genera worldwide, along with evidence for
the innate basis of the behavior in two species, one in North
American and the other in Southeast Asia, strongly suggests
convergence of this trait in squirrels. This is particularly evident
when one considers the broad distribution of this behavior across
the phylogeny of the Sciuridae (Steele, in press), coupled with
evidence that the behavior appears absent in other squirrels
that regularly handle acorns in some parts of their range (e.g.,
Tamiasciurus spp., S. vulgaris, Tamias spp.).

The behavior of embryo excision by squirrels appears to have
also been met with an evolutionary response of WOs. One such
example appears to have occurred in acorns of Q. mongolica
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which produces embryonic tissue (seed) set deeper in the acorn
farther from the apical tip of the fruit (Zhang et al., 2014).
Simulation of embryo excision in this species, compared with
several other species with embryos closer to apical end of the
fruit (Quercus variabilis, Q. acutissima, Q. aliena, Q. aliena
var. acutiserrata, Q. serrata. var. brevipetiolata), suggests a clear
advantage to this trait. In all other species, except Q. mongolica,
artificial embryo excision resulted in a significant drop in
germination and seedling performance. Acorns of Q. mongolica
were consistently able to sustain attempts at embryo excision
and still successfully germinate. Moreover, Zhang et al. (2014)
reported that free-ranging squirrels of several species were far less
likely to perform embryo excision on Q. mongolica, compared
with acorns of these other oaks.

Partial Acorn Consumption and Diffuse
Evolutionary Responses to Seed Size
and Chemical Gradients in Acorns
Although a limited number of squirrel species (six, Table 1)
worldwide are now reported to perform embryo excision on
early germinating acorns, adaptations of these early germinating
oaks present a significant challenge to numerous other seed
predators that disperse or feed on these acorns, including several
rodents, corvids and insect larvae (e.g., Curculio). Among the
rodents, for example, Steele (in press) reports that in eastern
deciduous forests of North America, the eastern chipmunk
(T. striatus), deer mouse (Peromsucus maniculatus), white-footed
mouse (P. leucopus) and the southern flying squirrel (Glaucomys
volans) all selectively cache ROs over WOs but show no sign
of embryo excision. The first two species are also known from
field experiments to selectively disperse RO acorns over those
of early germinating WOs. Despite the challenge these species
face with early germinating WOs, there is yet another diffuse
co-evolutionary relationship that all of these species appear to
collectively engage in with the acorns of oak.

Several rodents, including squirrels, as well as blue jays
(Caynocitta cristata) and even Curculio larvae, selectively feed

on the basal end of these acorns well away from the embryo,
consistently abandoning the seed with much of the cotyledon
still intact (Steele et al., 1993, 1998; Perea et al., 2011; Yang
and Yi, 2012; Steele, in press). Recent findings (Steele, in press)
indicate that in addition to tannins–which are highest in the
apical end of the fruit (Steele et al., 1993), near the embryo–
lipids, Na and potentially other nutrients show an opposite
gradient, with levels highest in the basal end of the seed (Figure 1,
Steele, in press). Moreover, germination and seedling studies
indicate that a notable portion of partially eaten acorns can
still germinate and establish as seedlings (Steele, in press),
despite the intensity of damage (Bartlow et al., 2018). Numerous
early germinating oak species can even sustain complete acorn
removal once the radicle is established (Yi et al., 2012b, 2013a,
2015, 2019a). Together these observations suggest a diffuse
co-evolutionary relationship between multiple seed predators,
including the squirrels, and the oaks that quite likely results
in significant dispersal of oaks under conditions of high
seed abundance.

BEHAVIORAL ADAPTATION OF
SIBERIAN CHIPMUNKS TO EARLY
GERMINATING OAKS

One species of squirrel that does not perform embryo excision
of early germinating acorns appears to have overcome this
problem with a suite of other behavioral strategies that allow
it to manage the challenge of early germination (Table 2).
Although this species is known to larderhoard food for winter
hibernation, the relatively solitary species also regularly engages
in scatterhoarding and, as a result, contributes significantly to
seed dispersal (Wang et al., 2018; Yi et al., 2019b). In China,
Siberian chipmunks (T. sibiricus) exhibit the unique behavior
of pericarp removal of acorns of Q. mongolica, Q. variabilis,
Q. aliena and Q. serrata var. brevipetiolata (Yi et al., 2012a, 2014;
Yang et al., 2018). Similar observations in North America have
been attributed to eastern chipmunks (T. striatus, Yi, personal

TABLE 1 | Summary of squirrels that perform embryo excision on early germinating white oaks.

Species Location Oak species/section Comments Literature cited

Eastern gray squirrel
Sciurus carolinensis

NE, S. U.S., mid-western
United States

Quercus alba, Q. montanaQ.
Macrocarpa

1,2 Fox, 1982; Steele et al.,
2001b, 2006

Western fox squirrel
Sciurus niger

mid-western United States Q. macrocarpa 2,3 Steele, in press

Mexican gray squirrel
Sciurus aureogaster

Central Mexico, southward Q. glaucoides, Q. laeta, Q. obtusata, Q.
microfila Q. rugosa

Steele et al., 2001b;
Steele, in press

Pallas’ squirrel Callosciurus
erythraeus

Southeast Asia, Southern
China

Q. vaiabilis, Castanea henryi 2 Xiao et al., 2009

Pére David’s Rock
Sciurotamias davidianus

Endemic to East and
Central China

Q. aliena Q. serrata, Q.
variabilisCyclobalanopsis multinervis
Castanea mollissima

2 Xiao et al., 2010

Asian red-cheeked squirrel
Dremomys rufgenis

Southeast Asia, China Q. variabilis, Cyclobalanopsis
stewardiana, and C. glaucoides

1,2 Xiao and Zhang, 2012

1. Evidence of innate basis of the behavior. 2. Perform embryo excision on acorns or nuts with early germination. 3. No direct data reported; observed by
collaborating technician.
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FIGURE 1 | From Steele, Michael A., Oak Seed Dispersal: A Study in Plant
Animal Interactions. Figure 6.8b. @ 2021 Johns Hopkins University Press.
Modified and reprinted with permission of Johns Hopkins University Press. (A)
Distinction of the cotyledon of basal (top) and apical (bottom) halves of
northern red oak acorns based on levels of lipid, tannin, carbohydrates,
protein and 8 minerals. Results are based on composite samples of top and
bottom halves of acorns from each of 20 trees (Steele, in press). Although
tannin alone is not significantly higher in apical halves in this analysis (but see
Steele et al., 1993), lipid and Na is higher in the basal half, suggesting that the
top is more palatable but also higher in energy. Throughout the literature, it is
now known that a suite of acorn seed predators (e.g., squirrels and other
rodents, birds, and insect larvae) selectively consume the basal half of acorns
and discard the apical halves, along with the embryo (Steele et al., 1993;
Perea et al., 2011; Yang and Yi, 2012; Steele, in press), and that these
damaged acorns can still germinate and establish (Steele, in press).
∗ indicates significant difference in top and bottom halves at P < 0.05.

observation). By removing the pericarps of early germinating
oaks, Siberian chipmunks are able to selectively discard nearly
all insect-infested acorns, and, in turn, maximize the quality
of their caches. However, unlike the behavior of embryo
excision, pericarp removal does not prevent acorn germination.
On the contrary, this behavior has a tendency to enhance

seed germination rates of several oak species (Yi et al., 2014;
Yang et al., 2018).

Yang et al. (2018) also found that pericarp removal by
Siberian chipmunks may prevent cache pilferage by other
rodents, especially conspecifics, possibly due to reduced seed
odors associated with the pericarps (but see Sundaram et al.,
2020). Moreover, field evidence showed that whole acorns cached
by wood mice, Apodemus peninsulae, were more likely to be
pilfered by Siberian chipmunks than acorns that had pericarps
removed. Pilferage rates of whole intact acorns were estimated at
28% during both periods of both high and low seed abundance
(Yi et al., 2019b).

Another behavioral strategy employed by Siberian chipmunks
to deal with rapid germination of WOs, is radicle/acorn pruning.
Early germinating acorns often develop a substantial radicle
early in the autumn. Siberian chipmunks, as well as several
other rodents (Yang et al., 2012; Zhang et al., 2017, 2018b),
often cut and remove the acorn from the established radicle.
This behavior has the potential to slow or stop re-sprouting
of radicles and re-germination of acorns. However, it has
also been shown that, under many circumstances, radicles
over a minimum size are capable of producing new seedlings
(Yi et al., 2012b, 2013a).

Yi et al. (2016c) tested the effects of seed odor on the
scatter-hoarding and pilfering behavior of Siberian chipmunks.
These chipmunks scatter-hoarded more seeds with weaker odors,
supporting the hypothesis that olfaction likely plays an important
role in the scatter-hoarding process and that chipmunks manage
caches based on olfactory cues. This is further supported by
experiments by Yi et al. (2016a) in which simulated nitrogen
deposition significantly altered seed odor and other seed traits
and, in turn, patterns of scatter-hoarding and pilfering by
Siberian chipmunks (Yi et al., 2016a).

Acorn tannins and Siberian Chipmunks
Despite the close interaction between acorns and Siberian
chipmunks, tannins in acorns appear to be an important chemical
defense for the oaks. Yang and Yi (2012) showed that Siberian
chipmunks and other sympatric seed-eating animals tend to
selectively consume the basal end of WO (Section Quercus)

TABLE 2 | Summary of a suite of behavioral strategies employed by Siberian chipmunks (Eutamias sibiricus) to manage acorn scatterhoards.

Chipmunk characteristic(s) Oak species Oak/seed characteristic(s) Literature cited

Pericarp removal prior to scatterhoarding Quercus mongolica, Q.
variabilis, Q. aliena and Q.
serrata var. brevipetiolata

Early, rapid germination pericarp
removal may enhance germination and
reduce cache pilferage1

Yi et al., 2012a, 2014; Yang et al.,
2018, 2016

Extensive acorn/radicle pruning which may
slow germination

Q. mongolica, and other
species

Rapid radicle production and ability to
sustain acorn removal

Yang et al., 2012; Zhang et al.,
2014, 2017, 2018a; Yi et al., 2019a

Partial acorn consumption Q. mongolica Ability to sustain damage and still
germinate and establish

Yang and Yi, 2012; Zhang et al.,
2014; Yi et al., 2015

Avoidance of acorns high in tannin; evidence of
tannindegrading bacteria

Q. mongolica Tannin causes significant weight
loss/mortality

Zhang et al., 2018b

Extensive pilfering of other species’ caches Q. mongolica N/A Yi et al., 2019a

Selective predation of weevil (Curculio)-infested
acorns and caching of only sound acorns

Q. mongolica Yang et al., 2018

1. Also performed by eastern chipmunks in NA (Yi pers. observations)
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acorns, quite likely due to the chemical gradients described above
in acorns of other oak species (Steele et al., 1993; Steele, in press).
Acorns with this partial damage, given that embryos are avoided,
have great potential to established either in the lab or field (Zhang
et al., 2014; Yi et al., 2015).

Tannins in acorns also impose significant negative
physiological effects on seed-eating animals. Although Siberian
chipmunks employ a series of behavioral manipulations on
acorns (e.g., pericarp removal and radicle pruning), tannins in
acorns are typically not affected by these behaviors. Evidence
from both enclosure and field studies showed that Siberian
chipmunks tend to avoid artificial seeds with high tannins, but
to eat and cache seeds with low tannins (Zhang et al., 2013, but
see Xiao et al., 2009 for evidence of selective caching of high
tannin acorns by other squirrels). Zhang et al. (2018a) provided
further evidence that tannins in acorns results in loss of body
mass and population declines of Siberian chipmunks, despite
evidence of tannin degrading bacteria in the digestive tract
of this squirrel.

Cache Site Selection of Siberian
Chipmunks
The rapid sequestration hypothesis predicts that scatter-hoarding
animals quickly store seeds near seed sources to reduce
competition when seeds are abundant (e.g., during seed
fall). Yi et al. (2019c), however, hypothesized that Siberian
chipmunk, as multiple-prey loaders, may rely on an alternative
hoarding strategy. By using multiple-compartment enclosures
with different distances between the seed source and nest, they
found chipmunks consistently placed their caches near nests but
away from the seed source. Cache placement near nests may serve
as an alternative strategy that not only guarantees a maximum
harvest rate at the seed source but also ensures effective cache
defense near nests. Moreover, scatter-hoarding seeds near nests
may alternatively guarantee a food supply if larder-hoarded seeds
are depleted or lost.

Another factor that may potentially influence both cache
site selection by rodents is soil water content (SWC). For
rodents, higher SWC increases olfactory detection and hence
the probability of cache recovery by cache owners, although
how it influences potential pilferers in unclear. Yi et al. (2013b)
conducted a series of experiments with free-ranging chipmunks
in a temperate forest of the Xiaoxing’anling Mountains
of northeast China. They showed that Siberian chipmunks
selectively cached acorns of Q. mongolica in soil of higher SWC,
which may also facilitate later cache recovery. They argue that
the selective scatter hoarding in soil of higher SWC represents
a form of directed dispersal that may also enhance seedling
establishment when seeds are not recovered.

Zhang et al. (2016) provided strong evidence that in large
enclosures T. sibiricus preferred to establish their caches adjacent
to visual landmarks, which they then later use for cache recovery.
In the field Siberian chipmunks were also observed to established
more caches in forest gaps rather than under understory (Yang
et al., 2016), consistent with the observation of Steele et al. (2015)

showing that gray squirrels prefer to establish caches in sites with
higher predation risk to avoid cache pilferage.

Yang and Yi (2018) showed the importance of seed
distribution patterns in affecting the hoarding behavior of scatter-
hoarding rodents. Exposed seeds on the ground were more likely
to be scatter-hoarded by T. sibiricus, while pilfered seeds from
artificial caches were more likely to be larder-hoarded than those
easily accessible on the ground. Recently, Deng et al. (2020)
provided evidence that exclusion of interspecific competition
by wood mice reduces seed dispersal and scatter-hoarding by
Siberian chipmunks, despite an increase in per capita seed
abundance. These studies collectively demonstrate that Siberian
chipmunks show flexible behavioral strategies for hoarding in
response to food availability.

Spatial Memory, Seed Odor and
Scatter-Hoarding by Siberian Chipmunks
As the predominant scatterhoarder in coniferous and deciduous
forests of northeastern China, Siberian chipmunks are expected
to store more than several thousand acorns and other nuts
annually. Therefore, spatial memory on these cached food
items should play an important role in cache recovery by
this scatter-hoarding animal. Li et al. (2018) found that
T. sibiricus places more attention to, and greater memory
of, their caches emitting weak odor for later recovery.
This may represent the first study showing that scatter-
hoarding animals trade off spatial memory on their caches
emitting different intensity of seed odors. Wang et al.
(2018) provided evidence that improved spatial memory by
receiving oral addition of docosahexaenoic acid (DHA) and
uridine-5-monophosphate (UMP) significantly increased the
relative size of hippocampi of the chipmunks and increased
concentration of hippocampal DHA and eicosapentaenoic acid
(EPA). Consequently, chipmunks that received DHA and UMP
scatterhoarded more seeds than control animals, indicating that
scatter hoarding in this mammal is associated with improvement
in spatial memory. Recently, Niu et al. (2019) reported that visual
and/or auditory cues of conspecifics improve cache-pilfering and
hoarding by Siberian chipmunks.

Although Vander Wall (1990; see also Dittel et al., 2017)
proposed that scatter-hoarding animals show a cache recovery
advantage over naive animals, Yi et al. (2016b) provided
contrasting evidence that Siberian chipmunks consistently
avoided its own caches while pilfering caches of others, suggesting
that they are able to clearly distinguish caches they made from
those made by naive conspecifics. The authors predict that
spatial memory for cached seeds is necessary for scatter-hoarding
animals to not only retrieve the food they buried but also for
long-term management of caches (Yi et al., 2016b).

CONCLUSION

Squirrels exhibit close ecological and evolutionary interactions
with the plants on which they feed. These interactions translate
into a range of quite negative effects, such as heavy seed
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predation, herbivory and even bark stripping, as well as the
critically positive (even mutualistic) effect on seed dispersal
(Steele, 2008).

In mixed conifer and boreal forests, squirrels often exert
strong selective pressure on trees directly as seed predators,
indirectly by interfering with avian seed dispersal and only in
limited situations contributing to conifer dispersal. In contrast,
in deciduous forests across the globe, squirrels consistently
contribute to dispersal and regeneration of numerous hardwood
species. Moreover, a range of both hardwood seed traits and
behavioral characteristics of squirrels point to a strong mutualism
between the two.

Here, we reviewed recent studies that demonstrate a close co-
evolutionary relationship between some squirrel species and the
tree seeds they consume and disperse. These studies indicate both
similarities in behavior and other traits across the globe, as well
as differences in such traits that vary with climate and forest type.
Some of these behavioral traits, such as embryo excision of early
germinating WO species, are clearly unique to several squirrel
species in North America, Mexico and Asia. Other interactions,
in contrast, such as partial acorn consumption in response to
chemical gradients in cotyledons, are shared with a community of
other seed predators (insect, other rodents and some birds) and
thus likely the result of diffuse co-evolutionary interactions. Still

other species of squirrels, such at the Siberian chipmunk, exhibit a
suite of behavioral responses to the oaks that appear independent
of that of other squirrel species.
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