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Tree squirrels, by virtue of their arboreal niches, 
granivorous (or herbivorous) feeding habits, and long, 
relatively unchanged history have shared a close evolu-
tionary relationship with many of the woody plants on 
which they feed. As such, many tree and flying squirrels 
may be keystone consumers that serve as indicators of 
the stability of forested ecosystems. Herein, I review 
the evidence for evolutionary interactions between 
squirrels and seed trees, and provide a brief overview 
of the general ways in which the two influence each 
other’s evolutionary history. I review three systems in 
which detailed studies have demonstrated strong evo-
lutionary interactions between squirrels and trees: one 
in which squirrels act primarily as seed predators,  
another as herbivores, and a third in which squirrels 
act as both seed predators and dispersal agents. I 
show the detailed methodology required to uncover 
such interactions and the potential implications of 
these studies. 
 
Keywords: Coevolution, herbivory, sciuridae, seed 
dispersal, seed predation. 

Introduction 

TREE squirrels, especially those residing in temperate re-
gions, are important granivores that have been long known 
to exert a significant impact on the seeds and seed trees 
on which they feed1. Likewise, the evolution of tree 
squirrels has been shaped by plant resources on which 
squirrels depend for food, nests and escape from preda-
tors. The family Sciuridae (tree, flying and ground squir-
rels) first appeared in the fossil record in the late Eocene, 
and the tree squirrels (Sciurus and Tamiasciurus), present 
by the early Miocene, have remained virtually unchanged 
to the present2. During that time, most tree squirrels 
shared a close association with nut-producing trees, pro-
viding ample time for both plants and squirrels to impact 
each other’s evolutionary history3. 

Evolutionary impact of squirrels on trees 

The evolutionary influences of tree squirrels on woody 
plants (primarily nut-bearing trees but also numerous 

tropical species, including lianas) result primarily from 
their activity as either herbivores or granivores. Herbivory 
usually takes the form of twig clipping, bark stripping, a 
combination of the two4,5, or consumption of leaves, 
flowers and floral nectar (R. M. Borges, pers. commun.). 
As granivores, tree squirrels impact seed, fruit and nut 
crops either as seed predators or in their dual role as both 
seed predators and dispersal agents5,6. 
 Evidence that tree squirrels are important selective 
agents in the origin of specific tree characteristics (adap-
tations) falls into three major groups: physical, chemical 
and life history traits (Table 1)5. Physical (or morpho-
logical) adaptations of plants that likely evolved in re-
sponse to squirrels include the woody protection of many 
nuts and seeds (e.g. hickories7, walnuts8,9, Table 1). Evi-
dence of chemical adaptations may include the lipids and 
tannins of oaks10,11, and most certainly the xylem and 
phloem properties of ponderosa pine that have evolved in 
direct response to the specialized feeding habits of Abert’s 
squirrel (Sciurus aberti)12–15. Life-history responses refer 
to behaviour of masting in trees, or the episodic and syn-
chronized production of seeds followed by years of mast 
failure16,17. Common in many nut-bearing species, mast-
ing increases the probability of seed dispersal and estab-
lishment by squirrels during high mast years, and reduces 
squirrel populations during mast failures6. 

Evolutionary impacts of trees on tree squirrels 

Table 2 summarizes adaptations of tree squirrels posited 
to result from selective pressures exerted by trees. Not 
shown are general morphological and behavioural adapta-
tions that are widely interpreted as general adaptations for 
exploiting an arboreal niche. Well-documented adaptations 
of the squirrels are limited to only a few behavioural and 
morphological traits (Table 2), although many more (e.g. 
physiological traits) are likely to be discovered in the future.  
 In his detailed studies of interactions between Tamiasci-
urus and conifers, Smith advanced a strong argument for 
the evolution of larder-hoarding behaviour in which squir-
rels store large quantities of cones in a central midden that 
is vigorously defended via territorial behaviour18–20. Later, 
Smith advanced an equally convincing argument that nuts 
of many deciduous trees, which are not well stored in a 
larder, gave rise to the scatter-hoarding behaviour of 
many species of Sciurus and, in turn, their overlapping 



SPECIAL SECTION: ARBOREAL SQUIRRELS 
 

CURRENT SCIENCE, VOL. 95, NO. 7, 10 OCTOBER 2008 872 

Table 1. Putative evolutionary effects of tree squirrels on seed trees for which there exists strong circumstantial evidence or direct empirical support 

Squirrel (genus or species) Tree (genus or species) Selective   
and common name and common name pressurea Tree trait Reference 
 

Tamiasciurus spp.  Pinus contorta P More woody protection per cone 18–20, 27, 28, 
 (red and Douglas’ squirrel) Lodgepole pine  Fewer seeds per cone 30–32, 46 
   Cones asymmetrical at base 
   Stronger point of attachment of cone to branch 
   Cone shape (i.e. wider at the base) 

Tamiasciurus spp. P. flexilis P More woody protection per seed 47, 48 
 Limber pine 

T. hudsonicus P. contorta P Reduced serotiny 29 

Sciurus vulgaris P. halepensis P Larger cones 34 
European red squirrel Aleppo pine  Disproportionately larger scales 

S. aberti P. ponderosa H Xylem composition 12–15 
Abert’s squirrel Ponderosa pine  Xylem flow rate 
   Phloem nutrient composition 

S. niger niger P. palustris P Cone size 21 
Southeastern fox squirrel Long-leaf pine 

S. carolinensis/S. aureogaster Quercus (section Quercus)  P/D Non-dormancy, early germination  23–25, 38, 39 
Easter gray squirrel/ Oaks (white oak group)  Multiple-seeded acorns  
Mexican gray squirrel 

S. carolinensis Quercus spp. P/D Chemical gradients of acorns 10, 11, 41 

S. niger Juglans niger P/D Thick husk of nut 8 
Fox squirrel   High energy content per nut 

aP, Seed predation; H, Herbivory; D, Seed dispersal. 
 
Table 2. Putative evolutionary effects of woody plants (primarily seed trees) on tree squirrels for which there exists strong intuitive or empirical  
  support 

Tree type or species  Squirrel (genus or species)  Selective  
and common name and common name pressurea Squirrel trait Reference 
 

Conifers Tamiasciurus CMS Larder-hoarding behaviour 18–20, 27 
   Territorial behaviour 

Deciduous trees Sciurus NMS Scatter-hoarding behaviour 20, 27 
   Overlapping home ranges 
   Dominance hierarchy 

Pinus contorta  Tamiasciurus spp.  CM Stronger jaw musculature 19, 20  
Lodgepole pine Red and Douglas’ squirrel  Stronger lower jaw 
   Larger body size 

P. palustris S. niger CM Body size 21 
Long-leaf pine Fox squirrel HT Pelage colour  17, 22 

Quercus 
Both red and white oak species Sciurus NG Selective consumption of white oaks 23–25 
   Selective dispersal/hoarding of red oaks 

Quercus (section Quercus) S. carolinensis NG Embryo excision 26 
White oak species Eastern gray squirrel 
 S. aureogaster 
 Mexican gray squirrel 
 Possibly S. niger 

Quercus (section Lobato) S. carolinensis NC Partial consumption/dispersal of acorns 10, 11 
Primarily red oak species 

P. ponderosa S. aberti XPC Selective herbivory 12–15 
Ponderosa pine 

Juglans niger S. niger NMS Scatter-hoarding 8 
Black walnut   Selective consumption 

aCMS, Cone morphology and storability; NMS, Nut morphology and storability; CM, Cone morphology; HT, Habitat type; NG, Nut germination; 
NC, Nut chemistry and XPC, Xylem and phloem chemistry. 
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home ranges and non-territorial social structure20. Other 
examples of adaptations of tree squirrels that likely evolved 
in direct response to nut-bearing trees include primarily 
morphological (i.e. increased body size, jaw muscula-
ture19–21 and pelage colouration22) or behavioural adapta-
tions (e.g. selective herbivory12–15, granivory10,11,23–25 and 
embryo excision of oaks26).  

Interactions between Tamiasciurus and conifers 

One of the most thoroughly documented examples of selec-
tion between a tree squirrel and its seed tree is that of Ta-
miasciurus and lodegpole pine (Pinus contorta). Smith19,27 
showed that squirrels on either side of the Cascade Moun-
tain Range in southwestern British Columbia, Canada, 
exhibit characteristics that match closely with contrasting 
characteristics of lodgepole pine, especially in the fre-
quency of serotiny (i.e. cones that open only after intense 
fires). West of the range, a wet, maritime climate limits 
forest fires, and thus provides ideal conditions for a race of 
non-serotinous lodgepole pines that produce cones with a 
soft surface, weak point of attachment, and many more 
seeds per cone. In contrast, to the east, the rain shadow 
results in frequent lightning strikes, regular forest fires and 
serotinous cones. The squirrels on either side of the Cas-
cades show strikingly different traits, presumably in res-
ponse to these cone characteristics. West of the range, 
Tamiasciurus douglasii is smaller in size and has a 
smaller jaw with weaker jaw muscles; to the east, the clo-
sely related T. hudsonicus is larger in size and has 
stronger jaw muscles with a particularly strong lower 
jaw19,27. Morphology of squirrels in these two locations 
allows them to better exploit their cone resources, espe-
cially on the eastern slopes. Furthermore, these adapta-
tions of the squirrels appear to have further influenced 
cone morphology19,20,27. The serotinous cones in the east 
exhibit a hard surface, a stronger point of attachment on 
the branch, an asymmetrical shape (especially pro-
nounced at the point of attachment) and many fewer 
seeds per cone27, all characteristics shown elsewhere to 
evolve in response to the highly selective feeding behav-
iour of Tamiasciurus28. 
 Although Smith19 first interpreted the larger jaw mus-
culature of T. hudsonicus as the cause of the harder cones 
of the lodgepole pine, he later concluded that it was the 
physical environment acting as the independent variable 
driving cone characteristics that subsequently spurred 
many of the squirrel characteristics20. He noted, however, 
that this evolutionary trajectory did not preclude the possi-
bility of feedback between species and that in the Tamias-
ciurus–lodgepole pine system, the physical environment 
only determined the level at which coevolutionary inter-
actions between squirrels and cones may equilibrate20. 
 However, the interaction between squirrel and pines may 
be far more complicated. A recent study in the southern 

Rocky Mountains29, for example, suggests that the seed 
predation by T. hudsonicus may actually select against 
serotiny. A comparison of five locations where T. hud-
sonicus is absent with 344 where it occurs, revealed that 
the frequency of serotiny was nearly 100% at all sites 
where the squirrels were not found. At the other 344 
sites, serotiny rarely reached these high frequencies and 
averaged only 50% across all sites. It should be noted, 
however, that frequency of fire, a key selective pressure 
for serotiny, was not considered in this analysis. Al-
though Smith argued that frequency of fire and serotiny 
will enhance the level to which this coevolutionary inter-
action will escalate, Benkman and Siepielski29 suggest 
that selection against serotiny by tree squirrels will serve 
as a stabilizing force in the escalation of this arms race.  
 The evolutionary impact of T. hudsonicus on lodgepole 
pine is further complicated by the geographic mosaic of 
selection created by the distribution of the squirrel, cou-
pled with its interaction with the common crossbill (Loxia 
curvirostra)30–32, which is typically left to forage on 
cones rejected by the squirrels. Such geographic mosaics 
of coevolution may be the rule rather the exception33. On 
the Iberian peninsula, for example, where the Eurasian red 
squirrel, Sciurus vulgaris is common, the efficient exploita-
tion of Aleppo pine (Pinus halepensis) by S. vulgaris re-
sults in strong selection for larger cones with more 
pronounced scales34. In contrast, on islands in the Medi-
terranean where S. vulgaris is absent, cone size is redu-
ced. Accordingly, cone use by crossbills is uncommon on 
the peninsula, but not on these islands. Moreover, on the 
islands where crossbills are found, cones are smaller and 
exhibit thicker scales, a likely adaptation to deter cross-
bills34. On one island, however, where both crossbills and 
squirrels are absent, cones are smaller and possess smaller 
scales34. 

Interactions between Sciurus and Quercus 

The close interactions between Sciurus and the oaks (genus 
Quercus) is another system where several studies suggest 
strong evidence of a squirrel–plant mutualism. Although 
many of the evolutionary interactions between oaks and 
their seed consumers (mammals and corvid birds) repre-
sent diffuse interactions by an entire guild of granivores, 
some involving the tree squirrels may be more direct.  
 Oaks (Quercus) are dominant in many temperate and sub-
tropical forests; and, wherever oaks are found, generally 
so too are tree squirrels. Oaks produce acorns that appear 
adapted for both preventing pre-dispersal predation (with 
primarily chemical defences, i.e. tannins) and for encour-
aging dispersal by seed-consuming mammals and 
birds9,23–25,35. 
 In the Central Hardwoods region of North America, the 
basis of these interactions follows from the physical and 
chemical composition, germination schedules and pack-
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aging of acorns and from the feeding and caching re-
sponses of tree squirrels. Here, and throughout many 
other regions, oaks comprise two major groups (sections): 
the white oaks (WO, section Quercus) and the red oaks 
(RO, section Lobatae36). Acorns of WO generally exhibit 
lower levels of lipid (ca. 10% by dry mass) and tannin 
(<2%) and consistently exhibit precocious germination25

.
 

The ROs produce acorns that are higher in both lipid (ca. 
20%) and tannin (5–15%), and remain dormant through a 
portion of the winter23.  
 Several species of Sciurus and other rodents show con-
siderable sensitivity to these traits and selectively cache 
RO acorns over those of WO24,25 during autumn seed-fall. 
Behavioural studies with free-ranging S. carolinensis fur-
ther show that the preference to cache RO acorns is due 
to their lower perishability, a consequence of delayed 
germination37. 
 Additional experiments, in which the internal composi-
tion of the acorn cotyledon was experimentally modified, 
showed that squirrels consistently cache RO acorns that 
are constructed of RO shells regardless of their internal 
composition (e.g. white oak cotyledon, unpublished). It 
thus appears that squirrels rely on a chemical cue in the 
shell to determine which acorns are suitable for hoarding 
(i.e. dormant acorns). Recent experiments further show 
that naïve squirrels raised in captivity with no previous 
experience with acorns still show a strong tendency to 
cache RO (Q. rubra) acorns over those of WO (Q. alba26). 
 Moreover, the potential reciprocal impact of these de-
cisions on the dispersal and establishment of ROs and 
WOs suggests strong selection by tree squirrels on the 
oaks. Such interactions, however, are likely more accu-
rately characterized as a response to diffuse selective pres-
sures from an entire assemblage of granivorous mammals. 
The interaction between squirrels and acorns, however, 
appears more akin to coevolution when one considers two 
additional aspects of oak–squirrel interactions. One of 
these involves the precocious germination of WO acorns, 
characterized by rapid conversion of the cotyledon into a 
fleshy taproot (mostly cellulose). It is widely interpreted 
as an adaptation of the WOs to escape seed predation by 
small granivorous mammals (mice, Peromyscus; chip-
munks, Tamias; and tree squirrels38–40). The trait renders 
WO acorns a highly perishable food source, inappropriate 
for long-term storage. And, indeed, the selective caching 
of RO acorns by at least five or more species of small 
mammals indicates a high level of sensitivity to this trait.  
 Early germination of WO acorns appears to have se-
lected for a specific behavioural strategy that allows tree 
squirrels to circumvent this problem. Gray squirrels and 
at least one additional member of the genus Sciurus will 
frequently cache WO acorns, but only after they have ex-
cised the embryo, killing the seed23,24,39. With a few 
scrapes of the incisors, squirrels are able to permanently 
arrest germination and produce an acorn that stores well 
up to six months or more24. Moreover, squirrels possess 

an innate ability to perform embryo excision without pre-
vious experience with acorns, suggesting a behavioural 
adaptation, unique to the genus Sciurus that evolved in 
direct response to precocious germination26. 
 Embryo excision by Sciurus spp. places strong selec-
tion on the WOs and may have influenced a counter adap-
tation in the oaks to prevent embryo excision. Many oak 
species produce multi-seeded acorns that produce two or 
more radicles, only one of which emerges from the apical 
end of the acorn, the way a single-seeded acorn would 
normally germinate41. Acorns of Quercus produce six 
ovules, five of which typically abort. However, in at least 
14 species of oaks (both RO and WO species) in North 
and central America, such abortion is not complete and 
can result in multiple seeds and radicles41. And, indeed, 
for acorns in which squirrels attempt embryo excision, 
multi-seeded acorns often successfully germinate and de-
velop into healthy seedlings41. Although it would seem that 
these traits satisfy the conditions of a coevolutionary 
arms race42, such a contention is less convincing when 
one considers other predator species (e.g. Curculio) that 
may have influenced this trait. 
 Evolutionary interactions between squirrels and oaks also 
appear to involve the chemical composition of acorns. Al-
though many aspects of acorn chemistry do not influence 
the decision to cache RO acorns over those of WO, the 
chemical composition of the cotyledon may influence 
squirrel behaviour and subsequent dispersal of oaks in 
subtle but equally important ways. When acorns are 
abundant, grey squirrels consume only 10–60% of the 
acorn cotyledon from the basal (proximal) end of the 
fruit, frequently caching the remaining acorn fragment11. 
Both field (unpublished) and greenhouse experiments in-
dicate that partially eaten seeds can germinate, and in 
some situations do so at rates comparable to that of whole 
acorns10. Chemical analyses of several species of acorns 
indicate that within the cotyledon there are chemical gra-
dients that may promote this behaviour. Specifically, tan-
nins are significantly lower in the basal end of the acorn 
than in the distal end surrounding the seed. However, in 
contrast, results of recent unpublished studies (pers. obs.) 
indicate that lipids and some key nutrients (e.g. sodium) 
show an opposite gradient with higher levels in the basal 
portion eaten by the animals. The result is a suite of 
chemical gradients that may divert feeding activity by 
squirrels (and other seed predators) away from the distal 
end where the food source is comprised of key nutrients, 
higher energy and more palatable and/or digestible tissue.  

Abert’s squirrel (Sciurus aberti) and ponderosa 
pine (Pinus ponderosa)  

The Abert’s squirrel from the southwestern US and north-
ern Mexico, is an example of an extreme habitat specialist 
that exerts strong directional selection on a single tree 
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species, the ponderosa pine12,13,15,43. Across its natural 
range the species is entirely dependent on this pine. Active 
the year round, Abert’s squirrels are highly selective with 
respect to both the individual trees and the site and posi-
tion within trees where they construct leaf nests15,44. The 
chemical composition of the phloem of nest trees also in-
fluences nest site selection, with nest trees having higher 
levels of sodium and non-structural carbohydrates and 
lower levels of copper, iron and silica than trees not se-
lected for nesting44. Abert’s squirrel also feeds heavily on 
the seeds of the cones of ponderosa pine just prior to their 
maturation, an energy-rich but seasonally available food. 
Once cones open and seeds are dispersed, squirrels switch 
to feeding on nutrient-poor inner bark (phloem and cam-
bium) of the terminal twigs of the tree15. 
 Abert’s squirrels are highly selective in their use of in-
ner bark, returning each year to feed on the same tree12,43. 
Other trees are consistently avoided; and the distinction 
between preferred and avoided trees is based on differ-
ences in the xylem and phloem characteristics. The xylem 
oleoresin of preferred trees has significantly lower levels 
of β-pinene and β-phellandrene as well as significantly 
slower flow rates. Phloem of preferred trees has signifi-
cantly higher levels of sodium and non-structural carbo-
hydrates, and significantly lower levels of iron12,15. These 
phloem and xylem characteristics within individual trees 
appear to be under strong genetic control and show little 
variation in response to long-term herbivory by the squir-
rels12,15. Moreover, repeated defoliation of ponderosa 
pine trees clearly reduces the fitness of preferred trees by 
causing reduced growth, lower production of both male 
and female cones, and reduced seed quality13,15. The re-
sult is a strong directional selection by this specialized 
mammalian herbivore on its host plant. Further bio-
geographic comparisons suggest a strong coincidence of 
genetically distinguishable subspecies of S. aberti and 
biochemical characteristics of ponderosa pine43, although 
more research is needed on this subject.  
 Despite the apparent simplicity of this system, and 
such clear evidence for directional selection by Abert’s 
squirrel, the evolutionary story is far more complex when 
community-level interactions with ponderosa pine are 
considered. In the southern Rocky Mountains, two other 
herbivores, the mountain pine bark beetle (Denrdoctonus 
ponderosae) and the North American porcupine (Ere-
thizon dorsatum), and one plant, the parasitic dwarf-
mistletoe (Arceuthobium vaginatum), all feed on the 
phloem of ponderosa pine15. Each, however, selects trees 
based on different, genetically-based biochemical proper-
ties. The result is multi-directional (diversifying) selec-
tion by this community of consumers that likely serves to 
increase, rather than decrease, genetic diversity in pon-
derosa pine15. 
 Finally, the importance of hypogeous fungi in the diet 
of Abert’s squirrels, a critical food resource that often 
appears to satisfy nutrient deficits during food shortages 

deserves mention5,43. Squirrels consume the sporocarps, 
defecate their spores, and thereby disperse the fungi that 
form an obligate mutualism with the roots of ponderosa 
pine5,43.  

Conclusions 

To date, approaches proven most effective in testing evo-
lutionary interactions between trees squirrels and trees 
include (1) detailed behavioural experiments24,26,35, (2) 
well-controlled field manipulations (e.g. those that simu-
late seed damage)13,37, (3) landscape comparisons that focus 
on the biogeographic ‘matrices of evolutionary (or coevo-
lutionary) hot and cold spots’31,32

, (4) multifaceted studies 
that consider the diffuse effects of all members of an eco-
logical guild15, and (5) a consideration for the history of 
the system19,29,30. Tree squirrels and their seed trees im-
pact each other’s evolutionary history in profound ways; 
and some of these interactions have clearly escalated to 
coevolutionary arms races. With the exception of studies 
on herbivory by Abert’s squirrels, however, little is 
known about the impact of squirrels on the fitness of in-
dividual trees. This is one area where future research is 
needed. Finally, the studies discussed here are almost en-
tirely from the Holarctic region. More studies are needed 
from the tropics, especially southeast Asia45 where the di-
versity of tree and flying squirrels is the highest in the 
world.  
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