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Abstract

Several squirrel species excise the embryo of acorns of most white oak species

to arrest germination for long-term storage. However, it is not clear how these

acorns counter embryo excision and survive in the arms race of coevolution. In

this study, we simulated the embryo excision behavior of squirrels by removing

4 mm of cotyledon from the apical end of white oak acorns differing in embryo

depths to investigate the effects of embryo excision on acorn germination and

seedling performance of white oak species. The embryo depth in the cotyledons

was significantly different among white oak acorns, with Quercus mongolica

containing the embryo most deeply in the acorns. We found that artificial

embryo excision significantly decreased acorn germination rates of Quercus

variabilis, Quercus acutissima, Quercus aliena, Quercus aliena var. acutiserrata,

Quercus serrata. var. brevipetiolata but not Q. mongolica. Artificial embryo exci-

sion exerted significant negative impacts on seedling performance of all oak

species except Quercus aliena. Our study demonstrates the role of embryo depth

of acorns in countering embryo excision by squirrels and may explain the fact

that squirrels do not perform embryo excision in acorns of Q. mongolica with

deeper embryos. This apparent adaptation of acorns sheds light on the coevolu-

tionary dynamics between oaks and their seed predators.

Introduction

Acorns of most early germinating white oak species (sub-

genus Quercus) exhibit no dormancy and germinate

immediately at seed fall, rapidly moving nutritional stores

into robust taproots in autumn (Barnett 1977; Fox 1982;

Hadj-Chikh et al. 1996; Steele et al. 2001a, 2006). This

strategy is widely regarded as an adaptation to seed pre-

dation by small rodents (Fox 1982; Jansen et al. 2006;

Xiao et al. 2010, 2013a; Sung et al. 2010; Cao et al.

2011). However, several rodent species selectively store

red oak acorns over those of white oaks (Smallwood et al.

2001; Steele et al. 2001a), specifically in response to dif-

ferences in perishability due to different germination

schedules (Hadj-Chikh et al. 1996; Steele et al. 2001b;

Chang et al. 2009). To maximize rewards from caches, at

least three species of squirrels (Callosciurus erythraeus,

Dremomys rufigenis, and Sciurotamias davidianus) in Asia

(Xiao et al. 2009, 2010; Xiao and Zhang 2012) and three

(Sciurus carolinensis, S. aureogaster, S. niger) in North

America (Fox 1982; Steele et al. 2001b; Moore 2005;

Steele 2008) are known to excise the plumule (hereafter

termed embryo) of white oak acorns (Quercus variabilis,

Quercus aliena var. acutiserrata, Quercus serrata. var. brev-

ipetiolata, Quercus alba, and Quercus montana) before

storing them. Recently, Xiao et al. (2013a,b) further

found that embryo excision behavior by squirrels was

much more common in large acorns and in seed masting

years than in small acorns and seed poor years. Previous

studies have emphasized the negative influences of

embryo excision on acorn germination; however, it is not

clear how these acorns counter embryo excision behavior

by squirrels (McEuen and Steele 2005; Xiao et al. 2010).

Although observations suggest a strong evolutionary rela-

tionship between rodents and oaks, we still have a poor

understanding of the adaptive traits of white oak acorns
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that may be responsible for resisting embryo excision in

this interaction.

Coevolution occurs when two or more species influ-

ence each other’s evolution and is most often invoked to

explain coadaptations between species (Kiester et al. 1984;

Thompson 2005). White oak acorn embryo depth varies

significantly at intra- and interspecific levels, ranging from

0.3 cm to 1.30 cm from the apical end of the acorns

(Fig. 1). However, we still have little knowledge of how

acorns of white oaks cope with embryo excision by rodents

(Yi et al. 2012, 2013a; Xiao et al. 2010, 2013a,b). Embryo

excision behavior by squirrels is often found in acorns of

white oak species with shallow embryos (Steele et al.

2001b; Xiao et al. 2009, 2010; Xiao and Zhang 2012);

however, no evidence of excision is found in those con-

taining deep embryos (e.g., Q. mongolica and

Q. michauxii). Here, we hypothesize that if the embryo

position in the cotyledons plays an important role in

countering embryo excision, acorns with deep embryos

will have a greater ability to cope with embryo excision

and be less likely to be excised by squirrels. In this study,

we explored the effects of artificial embryo excision on

acorn germination and seedling performance of the Asian

white oak species Quercus variabilis, Q. acutissima,

Q. mongolica, Q. aliena, Q. aliena var. acutiserrata, and

Q. serrata. var. brevipetiolata in an attempt to determine

the role of embryo position in acorns in protecting

embryos against excision by tree squirrels and in support-

ing acorn germination and seedling establishment.

Methods

Collection of acorns and measurement of
embryo position

We collected acorns of Q. variabilis, Q. aliena, and

Q. serrata. var. brevipetiolata in Tianchi Mountain

National Forest Park, Henan province, China (33°45′–
33°85′N, 111°75′–112°45′E). Quercus acutissima acorns

were collected in Zijin Mountain, Nanjing, China (32°04′
N, 118°49′E), 700 km southeast of Tianchi Mountain

National Forest Park. Acorns of Q. aliena var. acutiserrata

were collected in Qinling Mountain, Shaanxi province,

China (35°0′N, 105°30′E), 400 km southwest of Tianchi

Mountain National Forest Park. Embryo excision behav-

ior of squirrels has been reported or observed in these

areas (Xiao et al. 2009, 2010; Dong 2013). Acorns of the

unique oak species Q. mongolica were collected in Xiaox-

ing’anling Mountain, Heilongjiang province, China

(46°50′–46°59′N, 128°57′–129°17′E), 1900 km northeast

of Tianchi Mountain National Forest Park. Acorns of

these oak species were randomly collected from several

trees in 2012 to make a composite sample. Twenty acorns

of each oak species were randomly selected to measure

the seed dimensions (length and width) and embryo

depth. Embryo depth was defined as the distance between

the apical end of the cotyledons and the base of the plu-

mule (Fig. 1) and measured using a vernier caliper to the

nearest 0.01 cm. Fifteen acorns of each oak species were

randomly selected and dried at 70°C for 48 h for dry

mass measurements.

Effects of artificial embryo excision on
acorn germination and seedling
establishment

One hundred acorns of each oak species were randomly

selected and sorted into two groups each with 50 acorns.

One group was treated as control, while the embryos of

50 acorns of the other group were artificially excised.

Simulating the behavior of squirrels, we cut off 4 mm of

the cotyledon from the apical end of each acorn accord-

ing to the incisor length (5–6 mm, measured from the

gingival margin to the coronal tip) of red squirrels (Sains-

bury et al. 2004) and the depth of the holes

(0.48 � 0.12 cm, n = 10) remaining in Q. variabilis

acorns excised by squirrels. We then sowed these acorns

into plastic trays with a 5 9 10 grid containing organic

composite soil. Plastic trays were kept in the laboratory at

room temperature (20–25°C) and subject to visible light

800 lmol m�2 s�1 radiation under a 14-h photoperiod.

Plant containers were regularly watered to keep moist. An

acorn was considered germinated when the epicotyl

emerged, while time to germination was defined as the

Q. serrata. var.
brevipetiolata

Q. aliena var. 
acutiserrata

Q. mongolica

Q. aliena 

Q. variabilis

Q. michauxii

Embryo 
depth

1 cm

Figure 1. Longitudinal sections of acorns of several white oaks native

to China (excluding Q. michauxii). Shown are the plumule position

and depth.
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time when the first epicotyl emerged in each acorn group

since sowing. Germination rates were recorded at irregu-

lar intervals after sowing. Dry masses of seedling parts,

dried at 70 °C for 48 h, were measured 132 days after

sowing.

Seed dispersal of Quercus mongolica acorns
by red squirrels

Quercus mongolica is the unique oak species in Xiaox-

ing’anling Mountain areas in northeastern China, and

red squirrels Sciurus vulgaris are considered to be the

main dispersers of its acorns (Hao and Wu 2012). To

test whether red squirrels perform embryo excision

behavior on Q. mongolica acorns with deep embryo, we

randomly selected 1000 acorns of Q. mongolica and

labeled them with plastic tags and thin steel threads

according to Xiao and Zhang (2012). Tagging shows no

significant influence on seed caching and embryo excision

behavior of squirrels (Xiao et al. 2009, 2010; Xiao and

Zhang 2012). This method allows us to easily locate the

scatter-hoarded acorns after dispersal by squirrels. In

October 2012, we established 10 arenas (0.8 m high,

100 m apart) and provided 100 tagged acorns in each

arena in a mature secondary forest in Xiaoxing’anling

Mountain areas. Each arena was covered by steel net

mesh (1 cm 9 1 cm) to prevent avian removal of acorns.

We only wanted to document red squirrel acorn removal

and dispersal; however, Eurasian jays Garrulus glandarius

had limited access to these acorns. After acorn release,

seed removal was checked every day and seed fates were

placed into one of six categories according to previous

observations (Yang and Yi 2012): (1) remaining in situ

(R), (2) eaten in situ (EIS), (3) eaten after removal

(EAR), (4) intact after removal (on ground surface)

(IAR), (5) cached after removal (in the soil or litter)

(CAR), and (6) missing. For the cached acorns, we care-

fully dug them out to check whether their embryos were

excised by squirrels.

Data analysis

Statistical Package for the Social Sciences (SPSS 16.0; IBM

SPSS, Inc., Chicago, IL) and the statistical program R (R

Core Team 2012) were used for the data analyses. MANO-

VA was used to detect differences in acorn dimensions, dry

masses, and embryo depths among the white oak species.

To determine whether the dependent variable was normally

distributed for each combination of the levels of the two

independent variables, Levene’s Test was used. Differences

in final germination status and time to germination of

acorns were detected using chi-squared tests and sequential

Bonferroni corrections to avoid significance errors. P values

are reported and were compared to sequential Bonferroni-

corrected significance levels (N = 6) to minimize type I

error. Differences in dry masses of seedling parts originated

from the intact acorns, and those with embryos excised

were tested using the nonparametric Mann–Whitney U-

test.

Results

Acorn traits

Our results showed significant differences in seed dimen-

sions of the six white oak species in terms of acorn length

(F5,114 = 19.051, df = 5, P < 0.001) and width

(F5,114 = 58.981, P < 0.001) (Table 1). Consistent with the

acorn dimensions, the dry masses of acorns were signifi-

cantly different among the six white oaks species

(F5,84 = 30.927, P < 0.001) (Table 1). Quercus acutissima

and Q. variabilis produced larger acorns, Q. mongolica and

Q. aliena were oak species bearing medium-sized acorns,

and Q. aliena var. acutiserrata and Q. serrata. var. brevip-

etiolata were characterized by small-sized acorns. The

embryos of Q. mongolica acorns were embedded deepest in

the cotyledons compared with other oak species, while

Q. aliena var. acutiserrata and Q. serrata. var. brevipetiolata

were characterized by cotyledons containing the shallowest

embryos (F5,114 = 37.648, P < 0.001) (Table 1).

Table 1. Seed dimensions and embryo depths in acorns of several white oak species in China. MANOVA was used to detect differences in acorn

traits.

Oak species

Length (cm)

(n = 20)

Embryo depth (cm)

(n = 20)

Width (cm)

(n = 20)

Dry mass (g)

(n = 15)

Quercus mongolica 1.91 � 0.04bc 0.76 � 0.04a 1.49 � 0.04ac 1.90 � 0.57c

Quercus variabilis 2.01 � 0.06ab 0.63 � 0.03a 1.63 � 0.04a 3.02 � 1.00b

Quercus aliena 2.20 � 0.07a 0.53 � 0.02b 1.43 � 0.03bc 1.72 � 0.83c

Quercus acutissima 1.92 � 0.04bc 0.44 � 0.01c 1.60 � 0.04a 3.56 � 0.91a

Quercus aliena var. acutiserrata 1.54 � 0.04d 0.32 � 0.01d 1.08 � 0.02d 1.17 � 0.38d

Quercus serrate var. brevipetiolata 1.70 � 0.05d 0.30 � 0.01d 1.02 � 0.02d 1.03 � 0.18d

Different letters in the same column indicate significance at a = 0.05 level.
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Acorn germination and seedling
performance

Artificial embryo excision significantly decreased the ger-

mination of acorns of Q. variabilis, Q. acutissima,

Q. aliena, Q. aliena var. acutiserrata, and Q. serrata. var.

brevipetiolata (v2 = 34.52, df = 1, P < 0.0001; v2 = 60.94,

df = 1, P < 0.0001; v2 = 13.76, df = 1, P < 0.001;

v2 = 29.21, df = 1, P < 0.0001; v2 = 46.16, df = 3, P <
0.0001) (Fig. 2). These P values were less than the sequen-

tial Bonferroni-adjusted significance levels; and therefore,

inferences made from the data did not change. However,

acorn germination of Q. mongolica was not significantly

influenced by artificial embryo excision (v2 = 0.3606,

df = 1, P = 0.548) (Fig. 2). We also found a close correla-

tion between embryo depths and germination rates of

excised acorns among the six white oak species (r = 0.839,

n = 6, P = 0.042). In addition, artificial embryo excision

did not alter the time to germination of acorns of Q. mon-

golica, Q. variabilis, Q. acutissima, Q. aliena, Q. aliena var.

acutiserrata, and Q. serrata. var. brevipetiolata (v2 = 0.818,

df = 1, P = 0.366; v2 = 0.000, df = 1, P = 1.00;

v2 = 0.000, df = 1, P = 1.00; v2 = 0.000, df = 1, P = 1.00;

v2 = 2.469, df = 1, P = 0.116; v2 = 0.000, df = 1,

P = 1.00) (Fig. 3). The P values of all the six species were

greater than the sequential Bonferroni-adjusted signifi-

cance levels. However, there were negative impacts on

seedling performance in terms of seedling height, leaf

number, and above- and belowground dry mass

(Table 2).

Acorn dispersal by red squirrels

Among the 1000 Q. mongolica acorns we released in the

arenas, 92.8% were removed or consumed, with 33.8%

being scatter hoarded. Although we recovered all 338

acorns from caches, none of them had their embryos

excised by red squirrels (Fig. 4).
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Figure 2. Percentage of Chinese oak acorns

germinated in response to artificial embryo

excision. Differences were detected using chi-

squared tests, and sequential Bonferroni

corrections were used to adjust the

significance levels. Different letters on bars of

the same oak species indicate significance.

Table 2. Effects of artificial embryo excision on seedling performance of white oaks in China. Mann–Whitney U-tests were used to detect differ-

ences in seedling performance.

Acorn Type Oak species

Seedling height

(cm)

Leaf number

(N)

Belowground

dry mass (g)

Aboveground

dry mass (g)

Intact acorns Quercus mongolica 8.58 � 1.76a 3.17 � 0.65a 0.33 � 0.08a 0.16 � 0.09a

Quercus variabilis 24.27 � 1.07a 5.30 � 0.28a 0.32 � 0.02a 0.43 � 0.03a

Quercus aliena 9.96 � 0.94a 2.92 � 0.50a 0.19 � 0.02a 0.22 � 0.04a

Quercus acutissima 23.43 � 1.05a 4.40 � 0.61a 0.27 � 0.03a 0.57 � 0.04a

Quercus aliena var. acutiserrata 10.76 � 0.65a 3.72 � 0.34a 0.14 � 0.02a 0.20 � 0.02a

Quercus serrate var.

brevipetiolata

3.50 � 0.73a 1.14 � 0.51a 0.19 � 0.02a 0.09 � 0.02a

Apical 4 mm removed

acorns

Q. mongolica 5.34 � 0.91b 3.20 � 0.83a 0.13 � 0.05b 0.09 � 0.03b

Q. variabilis 26.31 � 3.82a 5.57 � 0.97a 0.17 � 0.04b 0.25 � 0.04b

Q. aliena 12.17 � 3.67a 1.67 � 0.88a 0.13 � 0.08a 0.15 � 0.09a

Q. acutissima 11.25 � 9.25b 4.50 � 4.5a 0.19 � 0.11a 0.35 � 0.28a

Q. aliena var. acutiserrata 10.87 � 1.53a 2.43 � 0.48b 0.11 � 0.03a 0.12 � 0.03b

Q. serrate var. brevipetiolata 1.12 � 0.23b 0.00 � 0.00b 0.01 � 0.01b 0.01 � 0.02b

Different letters in the same column indicate significance at a = 0.05 level between the same oak species.
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Discussion

Our results demonstrate that artificial embryo excision

to 4 mm reduces acorn germination rates of Q. variabi-

lis, Q. acutissima, Q. aliena, Q. aliena var. acutiserrata,

and Q. serrata. var. brevipetiolata, verifying the negative

effects of embryo excision by squirrels on acorn germi-

nation of white oaks (Steele et al. 2001b; Xiao et al.

2009, 2010). Embryo excision arrests acorn germination

and facilitates long-term acorn storage and ensures more

food rewards from caches by squirrels. Our results on

Q. variabilis acorns are very similar to those of Xiao

and Zhang (2012) that showed embryo excision by three

squirrel species (Callosciurus erythraeus, Dremomys rufige-

nis, and Sciurotamias davidianus) significantly decreases

acorn germination rates of Q. variabilis. This indicates

that our acorn manipulations in this study successfully

simulated embryo excision behavior of squirrels. These

results imply that the embryos in acorns of Q. variabilis,

Q. acutissima, Q. aliena, Q. aliena var. acutiserrata, and

Q. serrata. var. brevipetiolata are not deep enough to

cope with simulated embryo excision. However, acorn

germination rates of Q. mongolica were not affected by

artificial embryo excision to 4 mm in our study, which

can be attributed to the typical embryo position in

acorns of Q. mongolica. Acorns with deeper embryos are

expected to have a higher probability of escaping

embryo excision by squirrels at intra- and interspecific

levels. While partial damage influences acorn germina-

tion (Hou et al. 2010; Perea et al. 2011; Mancilla-Leyt�on

et al. 2012, 2013; Yang and Yi 2012), we did not

observe a similar effect on time to germination of the

acorns of the six oak species. This contradiction cannot

be explained by faster water uptake in partially damaged

acorns (Kikuzawa and Koyama 1999) or by faster export

from edible tissues and greater partitioning into tissues

inaccessible to foraging herbivores (Orians et al. 2011)

and remains unexplained. Artificial embryo excision

shows significant impacts on oak seedling performance,

which can be explained by cotyledon losses (Yang and

Yi 2012; Mancilla-Leyt�on et al. 2012), especially the

essential part at the apical end of acorns (Hou et al.

2010).

In the coevolutionary history between plants and seed

eating animals, attack and counterattack impose strong

selection on seeds and their predators, resulting in the

development of reciprocal evolutionary dynamics (Kan-

zaki et al. 2012). In the oak dispersal system, acorns of

many white oaks (e.g., subgenera Quercus and Cerris), in

contrast to those of red oaks (subgenus Lobatae), exhibit

no dormancy and germinate immediately at or even

before seed fall, rapidly producing robust taproots (Bar-

nett 1977; Steele et al. 2001a, 2006). This strategy has

been regarded as an adaptive strategy of white oak acorns

to survive seed predation by small rodents (Fox 1982;
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Xiao et al. 2010; Yi et al. 2012, 2013a). While prey species

evolve successful defenses, predator species also evolve

techniques for better foraging (Xiao et al. 2007; Tamura

2011; Toju et al. 2011; Yi et al. 2013b). Several squirrel

species appear to retard or completely arrest germination

of acorns by removing the entire embryo (Fox 1982;

Steele et al. 2001b; Xiao et al. 2009, 2010; Xiao and

Zhang 2012), allowing squirrels to use nondormant

acorns as a long-term food supply. However, results in

this study clearly show that artificial embryo excision

exerts no significant effects on acorn germination of

Q. mongolica. Moreover, the deep embryos in Q. mongolica

acorns seem to prevent embryo excision behavior by red

squirrels. Although several oak species with shallow

embryos have been reported to be embryo-excised by vari-

ous tree squirrels (Fox 1982; Steele et al. 2001b; Xiao et al.

2009), Q. mongolica acorns with deep embryo are not

found to be embryo-excised in the field. Despite the

delayed germination schedule, acorns of Castanea henryi

and Q. rubra also suffered from embryo excision by squir-

rels (Steele et al. 2001b; Xiao et al. 2009), possibly due to

the shallow embryos in their cotyledons. These observa-

tions suggest that Q. mongolica has evolved a specialized

defense system (deep embryo) in northeastern China in

response to embryo excision behavior by red squirrels,

which has been subsequently lost. Differing from other oak

acorns with shallow embryos, germinating acorns of

Q. mongolica with deep embryos are characterized by elon-

gation and swelling of the hypocotyls rather than cotyle-

donary petioles (0.5–1 cm) (Yi et al. 2012). This hypocotyl

results in two split cotyledons attached to the base of seed-

lings. Deep embryos in acorns are expected to facilitate

Q. mongolica seedlings in escaping rodent predation as it is

easy for rodents to detach the cotyledons from anchored

taproots of young seedlings. Moreover, a previous study

showed that no acorns were embryo-excised by red squir-

rels when provided with acorns of alien oak species

Q. variabilis, Q. aliena, and Q. serrata. var. brevipetiolata

containing shallow embryos (Lei et al. 2012; X. F. Yi, un-

publ. data). Our results seem to challenge the prediction of

Xiao et al. (2009) that embryo excision would be a conver-

gent behavior of tree squirrels. The absence of embryo exci-

sion behavior of red squirrels implies the advantage of

Q. mongolica acorns during the long-term coevolutionary

history between oaks and squirrels. Squirrel species in other

areas may have overcome the specialized defense system of

early acorn germination of white oaks with shallow

embryos (Xiao et al. 2009, 2010).

To our knowledge, this is the first study to verify the

effect of embryo depth in acorns of white oak species on

acorn germination and embryo excision behavior of squir-

rels. This represents an evolutionary tactic of white oak

acorns to cope with predation by small rodents. Our

results show that artificial embryo excision exerts different

impacts on acorn germination of white oak species, sug-

gesting that embryo depth plays a significant role in coun-

tering embryo excision by their mutualistic partner and

can influence embryo excision behavior of squirrels. How-

ever, acorns of the closest relative of Q. mongolica,

Q. liaotungensis, contain shallow embryos and are not

embryo-excised by squirrels (Zhang et al. 2008), suggest-

ing that the embryo position in acorns is not the only

determinant of embryo excision. Although it is not clear

why only acorns of Q. mongolica contain deep embryo, a

possible explanation is that deep embryos (plumules) in

acorns are expected to be well protected under extremely

low temperatures (�40°C) in winter in northeastern

China (Yang and Yi 2012) where Q. mongolica, rather

than other oak species, are widely distributed. It should be

noted that the existing embryo excision behavior by squir-

rels is often found in the forests where red oaks (subgenus

Erythrobalanus) or ginggang oaks (subgenus Cyclobalanop-

sis) co-occur with white oaks (Fox 1982; Steele et al.

2001b; Moore 2005; Steele 2008; Xiao et al. 2009, 2010,

2013a,b), and we still lack evidence of this behavior in for-

ests where only white oaks occur (Zhang et al. 2008; Yang

and Yi 2012; and this study). Moreover, squirrels excise

the embryo of white oak acorns in old forests where white

oaks have long been extirpated (Xiao and Zhang 2012). It

is plausible that past or current coexisting oaks bearing

dormant and nondormant acorns is a prerequisite for the

evolution of this type of behavior of squirrels. We propose

that long-term experience with and/or recognition of dif-

ferent germination schedules in white and red oaks are

expected to select for embryo excision behavior of squir-

rels, which needs further investigation.

Acknowledgments

Funding for this study was supported by Natural Science

Foundation of China (Nos. 31172101 and 41203018) and

the Program for New Century Excellent Talents in Uni-

versity (NCET-12-0693).

Conflict of Interest

None declared.

References

Barnett, R. J. 1977. The effect of burial by squirrels on

germination and survival of oak and hickory nuts. Am.

Midl. Nat. 98:319–330.

Cao, L., Z. S. Xiao, Z. Y. Wang, C. Guo, J. Chen, and Z. B.

Zhang. 2011. High regeneration capacity helps tropical seeds

to counter rodent predation. Oecologia 166:997–1007.

64 ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

How Acorns Survive Embryo Excision M. Zhang et al.



Chang, G., Z. S. Xiao, and Z. B. Zhang. 2009. Hoarding

decisions by Edward’s long-tailed rats (Leopoldamys

edwardsi) and South China field mice (Apodemus draco): the

responses to seed size and germination schedule in acorns.

Behav. Proc. 82:7–11.

Dong, Z. 2013. The effects of simulated damage on acorn

germination and seedling establishment of several white oak

species. Ms thesis, Henan University of Science and

Technology, p 65.

Fox, J. F. 1982. Adaptation of gray squirrel behaviour to

autumn germination by white oak acorns. Evolution

36:800–809.

Hadj-Chikh, L. Z., M. A. Steele, and P. D. Smallwood. 1996.

Caching decisions by grey squirrels: a test of the handling

time and perishability hypotheses. Anim. Behav. 52:

941–948.

Hao, H. J., and J. P. Wu. 2012. The Role of squirrel in the

dispersal of Mongolian 0ak in the Northeast Forestry

University Forestry Farm in Harbin. Territ. Nat. Res. Stud.

24:84–85.

Hou, X. G., X. F. Yi, Y. Q. Yang, and W. J. Liu. 2010. Acorn

germination and seedling survival of Q. variabilis: effects of

cotyledon excision. Ann. For. Sci. 67:711.

Jansen, P. A., F. H. Bongers, and H. T. Prins. 2006. Tropical

rodents change rapidly germinating seeds into long-term

food supplies. Oikos 113:449–458.

Kanzaki, H., K. Yoshida, H. Saitoh, K. Fujisaki, A. Hirabuchi,

L. Alaux, et al. 2012. Arms race co-evolution of

Magnaporthe oryzae AVR-Pik and rice Pik genes driven by

their physical interactions. Plant J., 72: 894–907.

Kiester, A. R., R. Lande, and D. W. Schemske. 1984. Models of

coevolution and speciation in plants and their pollinators.

Am. Nat. 124:220–243.

Kikuzawa, K., and H. Koyama. 1999. Scaling of soil water

absorption by seeds: an experiment using seed analogues.

Seed Sci. Res. 9:171–178.

Lei, J. J., Z. Shen, and X. F. Yi. 2012. Pericarp thickness and

seed size determine acorn dispersal of five rodent-dispersed

oak species. Acta. Theriol. Sin. 32:83–89.

Mancilla-Leyt�on, J. M., J. Cambroll�e, and A. M. Vicente. 2012.

The impact of the common rabbit on cork oak regeneration

in SW Spain. Plant Ecol. 213:1503–1510.

Mancilla-Leyt�on, J. M., J. Cambroll�e, M. E. Figueroa, and A.

M. Vicente. 2013. Growth and survival of cork oak (Quercus

suber) seedlings after simulated partial cotyledon

consumption under different soil nutrient contents. Plant

Soil, 370:381–392.

McEuen, A. B., and M. A. Steele. 2005. Atypical acorns appear

to allow escape after apical notching by tree squirrels. Am.

Midl. Nat. 154:450–458.

Moore, J. E. 2005. Ecology of animal-mediated seed dispersal

in the fragmented central hardwoods region. PhD thesis,

Purdue University, West Lafayette, Indiana.

Orians, C. M., A. Thorn, and S. G�omez. 2011.

Herbivore-induced resource sequestration in plants: why

bother? Oecologia, 167:1–9.

Perea, R., A. San Miguel, and L. Gil. 2011. Leftovers in seed

dispersal: ecological implications of partial seed

consumption for oak regeneration. J. Ecol. 99:194–201.

R Core Team. 2012. R: A language and environment for

statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. ISBN 3-900051-07-0, URL

http://www.R-project.org/.

Sainsbury, A. W., A. Kountouri, G. DuBoulay, and P. Kertesz.

2004. Oral disease in free-living red squirrels (Sciurus

vulgaris) in the United Kingdom. J. Wildl. Dis. 40:185–196.

Smallwood, P. D., M. A. Steele, and S. H. Faeth. 2001. The

ultimate basis of the caching preferences of rodents, and the

oak-dispersal Syndrome: tannins, insects, and seed

germination. Am. Zool. 41:840–851.

Steele, M. A. 2008. Evolutionary interactions between tree

squirrels and trees: a review and synthesis. Curr. Sci.

95:871–876.

Steele, M. A., P. D. Smallwood, A. Spunar, and E. Nelsen.

2001a. The proximate basis of the oak dispersal syndrome:

detection of seed dormancy by rodents. Am. Zool. 41:852–

864.

Steele, M. A., G. Turner, P. D. Smallwood, J. O. Wolff, and J.

Radillo. 2001b. Cache management by small mammals:

experimental evidence for the significance of acorn embryo

excision. J. Mammal. 82:35–42.

Steele, M. A., S. Manierre, T. Genna, T. Contreras, P. D.

Smallwood, and M. Pereira. 2006. The innate basis of food

hoarding decisions in grey squirrels: evidence for behavioral

adaptations to the oaks. Anim. Behav. 71:155–160.

Sung, S. J. S., P. P. Kormanik, and S. J. Zarnoch 2010. White

oak epicotyls emergence and 1-0 seedling growth from

surgically altered germinating acorns. In: S. JA (ed)

Proceedings of the 14th biennial southern silvicultural

research conference. Gen. Tech. Rep. SRS-121. Asheville,

NC: U.S. Department of Agriculture, Forest Service,

Southern Research Station. pp. 185–190.

Tamura, N. 2011. Population differences and learning effects

in walnut feeding technique by the Japanese squirrel. J.

Ethol. 29:351–363.

Thompson, J. N. 2005. The geographic mosaic of coevolution.

University of Chicago Press, Chicago, IL, USA.

Toju, H., H. Abe, S. Ueno, Y. Miyazawa, F. Taniguchi, T. Sota,

et al. 2011. Climatic gradients of arms race coevolution.

Am. Nat. 177:562–573.

Xiao, Z. S., and Z. B. Zhang. 2012. Behavioural responses to

acorn germination by tree squirrels in an old forest where

white oaks have long been extirpated. Anim. Behav. 83:945–

951.

Xiao, Z. S., M. K. Harris, and Z. B. Zhang. 2007. Acorn

defenses to herbivory from insects: implications for the joint

ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 65

M. Zhang et al. How Acorns Survive Embryo Excision



evolution of resistance, tolerance and escape. For. Ecol.

Manage. 238:302–308.

Xiao, Z. S., X. Gao, M. M. Jiang, and Z. B. Zhang. 2009.

Behavioral adaptation of Pallas’s squirrels to germination

schedule and tannins in acorns. Behav. Ecol. 20:1050–1055.

Xiao, Z. S., X. Gao, M. A. Steele, and Z. B. Zhang. 2010.

Frequency-dependent selection by tree squirrels: adaptive

escape of nondormant white oaks. Behav. Ecol. 21:169–175.

Xiao, Z. S., X. Gao, and Z. B. Zhang. 2013a. Sensitivity to seed

germination schedule by scatter-hoarding P�ere David’s rock

squirrels during mast and non-mast years. Ethology

119:472–479.

Xiao, Z. S., X. Gao, and Z. B. Zhang. 2013b. The combined

effects of seed perishability and seed size on hoarding

decisions by P�ere David’s Rock squirrels. Behav. Ecol.

Sociobiol, 67:1067–1075.

Yang, Y. Q., and X. F. Yi. 2012. Partial acorn consumption by

small rodents: implications for regeneration of white oak,

Quercus mongolica. Plant Ecol. 213:197–205.

Yi, X. F., Y. Q. Yang, R. Curtis, A. W. Bartlow, S. J. Agosta,

and M. A. Steele. 2012. Alternative strategies of seed

predator escape by early-germinating oaks in Asia and

North America. Ecol. Evol. 2:487–492.

Yi, X. F., R. Curtis, A. W. Bartlow, S. J. Agosta, and M. A.

Steele. 2013a. Ability of chestnut oak to tolerate acorn

pruning by rodents: the role of the cotyledonary petiole.

Naturwissenschaften 100:81–90.

Yi, X. F., M. A. Steele, and Z. Shen. 2013b. Manipulation of

walnuts to facilitate opening by The Great Spotted

Woodpecker (Picoides major): is it tool use? Anim. Cogn.

doi:10.1007/s10071-013-0695-y.

Zhang, H. M., Y. Chen, and Z. B. Zhang. 2008. Differences of

dispersal fitness of large and small acorns of Liaodong oak

(Quercus liaotungensis) before and after seed caching by

small rodents in a warm temperate forest China. For. Ecol.

Manage. 255:1243–1250.

66 ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

How Acorns Survive Embryo Excision M. Zhang et al.


