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Introduction
Due to their richness in proteins and carbo-

hydrates,  acorns  are  very attractive  to  ani-
mals as a food source and suffer heavy pre-
dation by a number of consumers. It is well
documented that resistance and tolerance to
biotic and abiotic stresses are alternative de-
fense  strategies  for  plants  (Siemens  et  al.
2003). These mechanisms prevent consump-
tion from predators using a number of physi-
cal barriers and chemical defenses (Hulme &
Benkman 2002, Yi & Yang 2010): (1) to es-
cape certain pathogens or insects, the time of
first  and last  acorn  germinations  can differ
by up to several weeks (Suszka et al. 2000),
which  leads  to  asynchronous  germination
(Giertych & Suszka 2010); (2) under mode-
rate conditions, the biomass remaining in the
cotyledon  serves  as  a  reserve  that  can  be
used for  seedling growth  and survival,  and

the  remaining  biomass  is  used  to  defend
against such stress factors as frequent shoot
destruction,  low light  and  low soil  fertility
(Frost  &  Rydin  1997,  Dalling  &  Harms
1999,  Kabeya & Sakai 2003); (3) chemical
defense by plant secondary metabolites, e.g.,
coumarin,  quinine,  tannins  (Shimada  2001,
Takahashi et al. 2010). While these mecha-
nisms assist oak acorns during germination,
they have a negative effect on seedling quali-
ty in a nursery setting, where fast and simul-
taneous germination is required. If germina-
tion time is long,  the earlier plants quickly
develop leaves that may overshadow neigh-
boring seedlings and restrict access to water
(Giertych & Suszka 2011).

Over  the  past  several  decades,  numerous
studies have found that acorns of many oak
species exhibit characteristics of low germi-
nation  percentage (Bonner  & Vozzo  1987)

and  delayed  and  irregular  germination  in
field and laboratory experiments (Suszka et
al. 2000,  Giertych & Suszka 2011). Several
feasible practice technologies and their asso-
ciated mechanisms have been published for
some oak species popular in Europe, North
America and Asia (Suszka et al. 2000,  Sus-
zka  2006,  Yi  &  Zhang  2008,  Hou  et  al.
2010,  Giertych & Suszka 2011). Removing
pericarp  can  increase  germination  percen-
tage, and cutting off parts of the distal end of
the cotyledons can induce faster emergence
and improve germination percentage (Suszka
2006,  Hou et  al.  2010,  Giertych  & Suszka
2011). Our previous work on the acorns of
Q.  aliena  var. acuteserrata has  supported
these  results  (Liu  et  al.  2012).  Moreover,
previous studies on mechanical scarification
have dealt  exclusively with  acorn  germina-
tion  and  seedling  emergence  (Giertych  &
Suszka 2011). The consequences of mecha-
nical scarification for roots are poorly under-
stood.

We chose three oak species to test the ef-
fects of mechanical treatments on acorn ger-
mination and seedling growth. These species
were selected because: (1) of the proven re-
sistance of the pericarp of  Q. variabilis, re-
stricting water uptake and gas exchange (So-
brino-Vesperinas & Viviani  2000), and the
cutting off of different parts of the cotyledon
having provoked different effects on  Q. va-
riabilis acorn germination (Hou et al. 2010);
(2)  several  similar  studies  have  been  con-
ducted  on  Q. robur acorns,  but  the results
are inconsistent  (Suszka 2006,  Rakić  et  al.
2006,  Giertych & Suszka 2011); (3)  Q. wu-
taishanica is  an  important  and  common
species  in  warm temperate  zone  deciduous
forest in China. The time from root to shoot
germination  is  long,  and  our  previous  re-
search indicated that mechanical treatments
affect root and shoot emergence of Q. aliena
var. acuteserrata (Liu et al. 2012). The aim
of this study was to determine the effects of
mechanical treatments on delayed and asyn-
chronous  germination  of three oak species,
and whether the effects are the same among
the different species.  We also analyzed the
role  that  pericarp  thickness  plays  in  acorn
germination,  and  assumed  that  the  thinner
the pericarp, the more easily the shoot could
emerge from the apex.

Materials and methods

Acorn collection and treatment
In  mid-September  of  2009,  acorns  of  Q.

variabilis,  Q.  wutaishanica and Q.  robur
were collected from multiple  trees growing
in the Beijing Botanical Garden of the Chi-
nese Academy of Sciences (116° 20′ E, 39°
56′ N). The mother tree characteristics of Q.
variabilis,  Q.  wutaishanica and Q.  robur
acorns are presented in Tab. 1.
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After collection, acorns were soaked in wa-
ter,  and  all  those  still  floating  after  5  min
were  considered  nonviable  and  removed
(Nyandiga & McPherson 1992,  Kennedy et
al.  2004).  The  remaining  acorns  were  air
dried and stored in 5-ml (0.127 mm) poly-
ethylene bags, which are permeable to car-
bon dioxide and oxygen, but largely imper-

meable to moisture (Bonner & Vozzo 1987),
under temperature of 3 ± 1 °C.

Prior to storage, 100 acorns were randomly
selected so that certain basic acorn morpho-
logical  characteristics  could  be  measured
(Fig. 1). Acorn mass (3.93 ± 1.31 g for  Q.
variabilis, 2.07 ± 0.47 g for Q. wutaishanica
and 2.23 ± 0.46 g for  Q. robur) was mea-

sured  using  a  1/1000  electronic  balance.
Acorn length, package length, diameter, pe-
ricarp thickness and diameter of the cup scar
were  determined  by a  vernier  caliper.  The
difference in pericarp thickness at the apex,
middle, and base of acorns was recorded to
determine whether or not pericarp thickness
had an effect on acorn germination.

Germination tests
To test the effect of pericarp and cotyledon

on root and shoot emergence and establish-
ment,  the acorns of each species were ran-
domly assigned to one of the following me-
chanical  scarification  treatments  or  catego-
ries (Fig. 2): (1) the control (CK); (2) remo-
val of the cup scar (RS); (3) removal of the
pericarp  (RP);  (4)  removal  of  the  pericarp
and half of the cotyledon (HC); (5) removal
of  the  pericarp  and  2/3  of  the  cotyledon
(TC).  On  September  19,  2009,  15  acorns
from each category were placed onto  three
pieces of filter paper moistened with distilled
water in petri dishes (11.5 cm diameter) at a
constant temperature of 25 °C with 8 hours
light  in  an  incubator.  Each  category  had
three replicates. As acorns germinated, root
(the length of radicle being longer than acorn
length)  and shoot  emergence were checked
every seven days, and the length of all roots
and shoots was measured at the end of the
experiment (137 days).

Germination percentage (GP), vigor index
(VI),  mean  germination  time  (t̄ -  Ranal  &
Santana 2006) and the synchronization index
(Z -  Ranal  & Santana  2006)  of  roots  and
shoots  were calculated  using  the  following
formulae (eqn. 1 to 4):

where (eqn. 5 to 7):
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Fig. 1 - Profile of  Quercus variabilis, Q. wutaishanica and  Q. robur acorn measurement.
(L): Length; (PL): Package length; (D): Diameter; (SCD): Diameter of cup scar.

Fig. 2 - The schematic
diagram of different me-

chanical treatments ap-
plied to Q. variabilis

acorns. (CK): control;
(RS): removal of cup

scar; (RP): removal of
pericarp; (HC): removal

of pericarp and half of
the cotyledon; (TC): re-

moval of pericarp and
2/3 of the cotyledon.

Tab. 1 - Characteristics of Quercus variabilis, Q. wutaishanica and Q. robur trees from which acorns were collected. (DBH): diameter at
breast height.

Tree Species
DBH
(cm)

Plant height
(m)

Clear bole
height (m)

Crown width
EW/NS (m)

Quantity
(kg)

Acorn
maturity time

Q. variabilis 29 12 4.5 7.5/6.2 10 late August
Q. wutaishanica 33 5.7 2.2 8.0/7.4 10 mid-September
Q. robur 26 8.0 3.2 6.0/5.2 10 mid-September

GP(%)=
∑ n i

T
⋅100

VI=GI⋅S

t̄=
∑
i=1

k

n1 t i
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Z=
∑Cn i , 2

N

Cn i , 2=n i(n1−1)/2

N=∑ ni(∑ ni−1 )/2
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In these formulae,  ni refers to the number
of seeds germinated in time i (not the accu-
mulated number, but the number correspon-
ding to the ith Cn1, 2 observation); T is the total
number of tested seeds; S represents the ave-
rage length  of root  and  shoot  on  the  137 th

day; ti refers to the time from the start of the
experiment to the ith observation (days); and
k is the last germination time.

Statistical analyses
Analysis  of variance (ANOVA) was used

to compare differences in the final root and
shoot emergence rate and length, t̄, Z, VI and
pericarp thickness among different mechani-
cal scarifications. The results were expressed
in percent, and data were transformed using
arcsin for ANOVA analyses.  All  statistical
tests  were  performed  using  the  software
package  SPSS® version  11.5  (IBM,  NY,
USA) and considered significant at P=0.05.

Results

Effect of different mechanical 
treatments on acorn emergence

RP, HC and TC treatments all caused a sig-
nificant increase in the root and shoot final

germination  rate  of  Q.  variabilis acorns
when  compared  to  control  acorns  (Fig.  3).
Acorns of  Q. variabilis and  Q. robur from
the TC treatment had significantly lower root
and shoot germination rates than those from
the RP and HC treatments, while those of Q.
wutaishanica had  no  significant  difference
from those from the former treatments. There
was  no  significant  difference  in  root  and
shoot germination rate between RS and con-
trol treatments for all three species.

When  the  germination  experiment  was
completed, some acorns had only roots (Fig.
4). RP, HC and TC treatments significantly
reduced the percentage of only roots for  Q.
variabilis,  while  decreasing that  of  Q. wu-
taishanica,  and having no effect on that of
Q. robur acorns (Fig. 4).

Effect of pericarp and cotyledon on root
and shoot mean germination time

Removing the pericarp and cutting off the
distal end of the cotyledon could give rise to
faster  root  and  shoot  emergence.  The  first
roots of  Q. variabilis,  Q. wutaishanica and
Q. robur  acorns from the RP,  HC and TC
treatments emerged 9, 9 and 10 days after in-
cubating, respectively, which amounted to 7,
28 and 21 days earlier than those of the con-
trol treatment (Fig. 3). The first shoots of RP
and HC acorns  emerged 4,  3  and 3 weeks

faster  than  those  of  the  control  treatment,
while the first shoots of TC acorns emerged
one  week  later  than  those  of  RP  and  HC
treatments  (Fig.  3).  All  RP,  HC  and  TC
treatments significantly reduced the root and
shoot  mean  germination  time  of  Q.  varia-
bilis,  Q. wutaishanica and  Q. robur  acorns
(Fig. 5). The root mean germination time of
Q. wutaishanica and Q. robur acorns and the
shoot  mean  germination  time  of  Q.  varia-
bilis and  Q. robur acorns were significantly
decreased by RS compared with those under
control condition.

Effect of the pericarp and cotyledon on 
root and shoot synchronization index

Q.  variabilis,  Q.  wutaishanica and  Q.
robur acorns from the RP, HC and TC treat-
ments  showed  a  much higher  synchroniza-
tion index than those from the control treat-
ment (Fig. 6). No significant difference was
observed between RS and the control treat-
ments for Q. variabilis and Q. wutaishanica
acorns.

Effect of the pericarp and cotyledon on 
root and shoot vigor index and length

RP  and  HC  treatments  significantly  im-
proved the root and shoot vigor index of Q.
variabilis,  Q.  wutaishanica and  Q.  robur
acorns (Fig. 7). The root vigor index of  Q.
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Fig. 3 - The effects of five
mechanical scarification

treatments on root and shoot
emergence from Q. variabi-
lis (A), Q. wutaishanica (B)

and Q. robur (C) acorns.
(CK): the control; (RS): re-
moval of cup scar; (RP): re-
moval of pericarp; (HC): re-
moval of pericarp and 1/2 of
the distal end of cotyledon;

(TC): removal of pericarp
and 2/3 of the distal end of

cotyledon.

GI=
∑ ni

t i
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Fig. 4 - Percent of germinating, rooting and non-germinating acorns at the end of the 137-day study period for Q. variabilis (A), Q. wutai-
shanica (B) and Q. robur (C) acorns. Using the packing diagram area to represent the ratio of germinated acorns, only roots emerged acorns
and non-germinated acorns under different mechanical treatments. (CK): the control; (RS): removal of cup scar; (RP): removal of pericarp;
(HC): removal of pericarp and 1/2 of the distal end of cotyledon; (TC): removal of pericarp and 2/3 of the distal end of cotyledon.

Fig. 5 - Mean germination time of root and shoot from Q. variabilis (A), Q. wutaishanica (B) and Q. robur (C) acorns. Means with the same
letter are not significantly different from each other (P>0.05) after the Scheffe’s test. Error bars represent the standard deviation from the
mean.

Fig. 6 - Synchronization index of root and shoot for Q. variabilis (A), Q. wutaishanica (B) and Q. robur (C) acorns. Means with the same
letter are not significantly different from each other  (P>0.05) after the Scheffe’s test. Error bars represent the standard deviation from the
mean.

Fig. 7 - Vigor indexes of root and shoot from Q. variabilis (A), Q. wutaishanica (B) and Q. robur (C) acorns. Means with the same letter are
not significantly different from each other  (P>0.05) after the Scheffe’s test. Error bars represent the standard deviation from the mean.
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variabilis and  Q. wutaishanica  acorns from
the  TC  treatment  was  significantly  higher
than those from the control,  but no signifi-
cant  differences  were  detected  among  TC,
RP and HC treatments. The shoot vigor in-
dex of  Q. variabilis and the root and shoot
vigor index of Q. robur acorns from the TC
treatment were much higher than the control,
but  significantly lower than those from the
RP and HC treatments. The root and shoot
vigor index of the three species from RS and
the  control  were  not  significantly different
(Fig. 7). The final root emergence of Q. va-
riabilis,  Q.  wutaishanica and  Q.  robur
acorns from the RS treatment was not signi-
ficantly different from the control (Fig. 7). A
similar result was detected in the final shoot
emergence of the three species.

The final  root  length and shoot  height  of
Q.  variabilis  and  Q.  wutaishanica acorns
were  not  significantly  different  from  the
roots and shoots from the RP, HC, TC and
RS and  the  control  (Fig.  8).  However,  Q.
robur acorns from the RP and HC treatments
had significant higher root length and shoot
height than the control. The final root length
of  Q.  robur acorns  from the  TC treatment

was significantly longer than those from the
control, but the final shoot height showed no
significant  different  between  the  oaks  sub-
jected  to  the TC treatment  and  the control
treatment.

Effect of pericarp thickness on acorn 
germination

A significant difference was found in peri-
carp thickness at the base, middle and apex
of Q. wutaishanica and Q. robur acorns, and
no significant  difference was found for  the
Q. variabilis acorns (Fig. 9). Pericarp thick-
ness of Q. wutaishanica and Q. robur acorns
at the base and apex and at the base and me-
dial was significantly lower than that at other
sections; however, no difference was obser-
ved between the two lower parts. The peri-
carp  thickness  of  Q.  wutaishanica acorns
was significantly thinner than that of Q. va-
riabilis and Q. robur acorns.

Discussion

Effects of different treatments on acorn 
germination

Mean germination time was used as the in-

dex to evaluate the phenomenon of germina-
tion speed of oak acorns. It is a measurement
of  the  average  length  of  time  required  for
maximum germination of a seed lot  (Ranal
& Santana 2006). RP, HC and TC treatments
significantly  reduced  root  and  shoot  mean
germination time for Q. variabilis, Q. wutai-
shanica and Q. robur acorns, indicating that
the  three  treatments  can  induce  faster  root
and shoot emergence for the acorns of these
species, which is in accordance with results
from Giertych & Suszka (2011). The results
are also consistent with the effects of cutting
off  approximately 1/3  of  the  distal  end  of
acorns  (Suszka  2006).  The  acorns  of  the
three species under the same treatment had
similar root and shoot mean germination ti-
mes.  One reason  for  faster  germination  re-
sults from a more rapid penetration of water
into the acorn (Finch-Savage & Clay 1994).
Another explanation is that increased levels
of  plant  growth  regulators  were  provoked,
especially of IAA - indole-acetic acid (Fin-
ch-Savage  &  Clay  1994,  Prewein  et  al.
2006), which is closely related to water up-
take. Moreover, cotyledons of  Q. wutaisha-
nica and  Q.  robur acorns  separate  rapidly
when  they  absorb  water,  which  improves
water access to the embryonic axis (Bonner
& Vozzo 1987).

The  synchronization  index  can  describe
acorn emergence patterns, with a higher in-
dex  representing  a  more  uniform germina-
tion. The root and shoot synchronization in-
dex  of  Q.  variabilis  and Q.  wutaishanica
acorns from the RP, HC and TC treatments
was significantly higher than those from the
control, illustrating that the three treatments
can promote simultaneous germination. The
reason  may be  that  removing  pericarp  and
cutting  off  the  distal  end  of  acorns  causes
faster root and shoot emergence, and reduces
root and shoot germination time, causing the
majority of roots and shoots to emerge in a
shorter period.

RP, HC and TC treatments significantly in-
creased the root and shoot emergence as well
as the final germination rate of Q.variabilis,
Q. wutaishanica and Q. robur acorns, a fin-
ding similar to those of other studies on wa-
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Fig. 8 - Influence of experimental treatments on mean root length and shoot height (cm) for Q. variabilis (A), Q. wutaishanica (B) and Q.
robur (C) acorns at the end of the experiment. Means with the same letter are not significantly different from each other  (P>0.05) after the
Scheffe’s test. Error bars represent the standard deviation from the mean.

Fig. 9 - The comparison of pericarp thickness at the apex, middle, and base of Q. variabilis
(A), Q. wutai-shanica (B) and Q. robur (C) acorns. Means with the same letter are not sig-
nificantly different (P>0.05) after the Scheffe’s test. Error bars represent the standard devia-
tion from the mean. (BP): pericarp thickness at the base of acorns; (MP): pericarp thickness
at the middle of acorns; (AP): pericarp thickness at the apex of acorns.
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ter  oak acorns  (e.g.,  Q. nigra  L.  -  Bonner
1968, Bonner & Vozzo 1987). ISTA (1999)
also  showed  that  removing  the  acorn  peri-
carp and cup scar has a positive impact on
acorn emergence. The reasons for this posi-
tive impact is that removing the pericarp can
reduce the resistance of the radicle to pierce
the pericarp, which can improve acorn water
uptake  and  gas  exchange  (Brown  &  Mo-
gensen  1972,  Peterson  1983,  Sobrino-Ves-
perinas & Viviani 2000). Moreover,  Bonner
& Vozzo (1987) have indicated that an acorn
is a raw material rich in tannins, which can
inhibit  radicle  emergence.  The  presence  of
inhibitory substances  has  also  been  confir-
med in the pericarps of mature  Quercus ni-
gra acorns (Peterson 1983) and in the em-
bryo  and cotyledon of  Quercus aliena  var.
acuteserrata acorns  (Liu  et  al.  2012).  RP,
HC and TC treatments had different effects
on enhancing the development of roots  but
not of the shoots of all three species.

No significant difference was found in the
root and shoot mean germination time, syn-
chronization index and final germination rate
of  Q.  variabilis,  Q.  wutaishanica and  Q.
robur oak  acorns  between  the  RS  and  the
control treatments. This finding is consistent
with the effect of RS treatment carried out by
Liu et al. (2012), but not with the findings of
Rakić  et  al.  (2006),  who  reported  that  re-
moving the cup scar of Q. robur acorns can
significantly  improve  the  shoot  percentage
from 18 to 89%. Although RS treatment can
alleviate  some  of  the  mechanical  strength,
the main mechanical resistance of the peri-
carp  is  not  removed,  as  the  radicle  breaks
through at the acorn apex, where a powerful
internal binding force is present. In addition,
germination  inhibitors  may  have  impacted
our results.

Effects of the different treatments on 
root and shoot vigor index and length

Vigor  index,  a  comprehensive  account  of
acorn germination and seedling growth, is a
suitable  index  to  evaluate  seed  vigor.  Q.
variabilis and  Q. wutaishanica acorns from
RP  and  HC  treatments  had  a  markedly
higher root and shoot vigor index than those
from  the  control.  However,  TC  treatment
only  significantly  improved  the  root  vigor
index  of  Q.  wutaishanica and Q.  robur
acorns and the shoot vigor index of Q. robur
acorns, indicating that RP and HC treatments
have  a  stronger  effect  on  increasing  acorn
vigor than the TC treatment. No significant
difference  was  observed  in  the  root  length
and shoot height of  Q. variabilis, Q. wutai-
shanica and Q. robur acorns among RS, RP,
HC, TC and control treatments. These results
are supported by previous works by Bonner
&  Vozzo  (1987) and  Andersson  &  Frost
(1996). Fukumoto & Kajimura (2000) argue
that  removing  too  much  of  the  cotyledon
(1/2  and  1/3)  has  a  negative  effect  on  the

growth of Q. variabilis. This negative effect
may be because, even if nutrients reserved in
the  cotyledon  exceed  those  used  in  acorn
germination,  removing  too  much  of  the
cotyledon can cause nutrient deficiencies.

Relationships between pericarp 
thickness and acorn germination

Our hypothesis was that pericarp thickness
has a positive  effect on acorn germination.
However,  Q.  wutaishanica acorns,  having
the  lowest  pericarp  thickness,  emerged  21
and 6 days later than  Q. variabilis and  Q.
robur acorns,  respectively,  indicating  that
thinner  pericarp  thickness  may not  lead  to
faster germination. Pericarp thickness at the
middle  Q.  wutaishanica acorns  was  the
thickest, but for  Q. robur, it was thickest at
the base of the acorns. However, no signifi-
cant difference in pericarp thickness was ob-
served between the base, middle and apex of
Q. variabilis acorns, which was inconsistent
with the findings of  Hou et al. (2010), who
reported that pericarp thickness at the base
and  middle  parts  was  significantly  lower
than  at  the  apex.  Our  results  indicate  that
pericarp  thickness  does  not  correlate  with
faster or higher acorn germination rates. So-
brino-Vesperinas & Viviani (2000) illustra-
ted that microstructures of the pericarp at the
cupule  and the apex of acorns that can re-
strain water are different from other parts of
the  pericarp.  Therefore,  the  acorn  pericarp
anatomy appears  to  have  a  closer  relation-
ship  with  acorn  germination  than  pericarp
thickness.

Conclusions
Mechanical treatments before sowing have

their advantages. RP and HC treatments sig-
nificantly  decreased  root  and  shoot  mean
germination  time,  increased  rooting  and
shooting  germination  percentage,  and  im-
proved  the  root  and  shoot  synchronization
and  vigor  indexes  of  the  three  species’
acorns, which effectively accelerated germi-
nation and regular seedling. Based on our re-
sults,  removing  the  pericarp  or  cutting  off
1/2  of the  cotyledon  would  be optimal  for
seedling producers.
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