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Abstract

Background: Genus Quercus is a successful group that has occupied the largest area of forest around the world
including South Korea. The acorns are an important food source for both wild animals and humans. Although the
reproductive characteristics of this genus are highly variable, it had been rarely studied in South Korea. Therefore, in
Seoraksan and Odaesan National Parks (i) we measured the acorn production of Quercus mongolica, an
overwhelmingly dominant species in South Korea, for 3 years (2017–2019), (ii) evaluated the spatial-temporal variation
of acorn production, and (iii) analyzed the effects of oak- and site-related variables on the acorn production.

Results: The annual acorn production of Q. mongolica increased 36 times from 1.2 gm−2 in 2017 to 43.2 gm−2 in 2018,
and decreased to 16.7 gm−2 in 2019, resulting in an annual coefficient of variation of 104%. The coefficient of spatial
variation was high and reached a maximum of 142%, and the tree size was the greatest influencing factor. That is, with
an increase in tree size, acorn production increased significantly (2018 F = 16.3, p < 0.001; 2019 F = 8.2, p < 0.01).
Elevation and slope also significantly affected the production in 2019. However, since elevation and tree size showed a
positive correlation (r = 0.517, p < 0.001), the increase in acorn production with increasing elevation was possibly due
to the effect of tree size. The acorn production of Odaesan for 3 years was 2.2 times greater than that of Seoraksan. This
was presumed that there are more distribution of thick oak trees and more favorable site conditions such as deep soil
A-layer depth, high organic matter, and slower slopes.

Conclusion: As reported for other species of the genus Quercus, the acorn production of Q. mongolica showed large
spatial and annual variations. The temporal variability was presumed to be a weather-influenced masting, while the
spatial variability was mainly caused by oak tree size.
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Background
The genus Quercus is an evolutionarily successful taxa
with more than 500 species around the world (McShea
and Healy 2002). Most species in the Genus Quercus have
high resistance and resilience to disturbances, thereby
making them highly adaptable against such disturbances.
Additionally, they have been considered as a member of
the late successional forests due to their long life span al-
though they are not late-successional species themselves
(Abrams 1992; McShea and Healy 2002; Choung et al.

2020). These characteristics contribute to the successful
formation of large oak forests in the world.
The acorns produced by oak trees are not only food for

humans, but are also important food sources for wild ani-
mals. For that reason, the annual production of acorns has
been of significant concern. However, the production is
highly variable and shows masting phenomenon in a spe-
cific year (e.g., Silvertown 1980; Sork and Bramble 1993;
Kelly 1994; Koenig et al. 1994; Koenig and Knops 2002;
Abrahamson and Layne 2003; Liebhold et al. 2004; Bogd-
ziewicz et al. 2018). Here, masting is defined as the
phenomenon in which a plant population intermittently re-
produces on a large scale (Kelly 1994). Some plant species,
particularly well-known in the bamboo family, have evolved
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to have a reproductive strategy that achieves masting
through synchronization, where many individuals simultan-
eously produce large numbers of seeds in large geograph-
ical areas (Janzen 1971; Smith et al. 1990; Kelly and Sullivan
1997; Koenig and Knops 2002).
Populations or individuals of the masting species have

different phenomena of masting which result in variations
in the annual acorn production (e.g., Goodrum et al. 1971;
Sork and Bramble 1993; Cecich and Sullivan 1999; Healy
et al. 1999; Greenberg 2000; Koenig and Knops 2002).
Masting is generally influenced by several factors, of which
the genetic effect is the most prominent followed by cli-
mate and site environment. In particular, climatic vari-
ables have been reported as one of the factors that cause
synchronization by having similar effects on oak individ-
uals that are geographically close and have similar site
conditions (Koenig and Knops 2002; Liebhold et al. 2004).
During the flowering period in spring, the effects of
temperature (Quercus suber, Quercus petraea, Quercus
robur) (Ramírez-Valiente et al. 2009; Caignard et al. 2017)
and precipitation (Quercus ilex) have been reported (e.g.,
Sánchez-humanes and Espelta 2011). Koenig and Knops
(2002) assumed that during the spring, warm temperature
and dry condition increase the acorn production of white
oak, a 1-year species whose acorns mature within a year.
Much attention has been paid to temporal variation of

acorn production. In contrast, spatial variations caused by
differences in stand conditions remained mostly unex-
plored. Even in regions with the same climatic conditions,
the age and structure of oak trees are different depending
upon forest development or disturbance history. Moreover,
the influence of site variables, such as elevation is also large.
Therefore, spatial variation also needs to be studied.
There are 20 taxa (including variety) that belong to the

genus Quercus in the Korean Peninsula (NIBR 2020).
Among them, six deciduous oaks are common and abun-
dant in South Korea (Q. mongolica Fisch. ex Ledeb, Q. ser-
rata Murray, Q. aliena Blume, Q. dentata Thunb, Q.
variabilis Blume, and Q. acutissima Carruth). These six
species occupy 48.1% of broad-leaved forests (KFS 2019a).
Among the abovementioned 6 oak species, the first four
are 1-year species, and the last two are 2-year species (Lee
2003). In particular, Q. mongolica, a 1-year species, is the
most predominant across the country (NGII 2016;
Choung et al. 2020). Most forests in South Korea had been
restored since 1970s after repeated and long disturbances,
resulting in area of young forest that is overwhelmingly
large. The relatively mature oak forests could be found in
well-preserved areas, such as the national parks. Since oak
species are succeeding P. densiflora trees in the succession
process, the area of oak forest can increase significantly in
the near future (Choung et al. 2020).
Surprisingly, the research on acorn production was con-

ducted only in Jirisan National Park (SRC 2009; NIBR

2014; SRTI 2014). Among the Korean native species, stud-
ies have been done on Q. mongolica var. crispula and Q.
serrata in Japan (Imada et al. 1990; Shibata et al. 2002).
Therefore, we aimed first to examine acorn production in
spatially diverse locations of Seoraksan and Odaesan Na-
tional Parks for 3 years from 2017 to 2019, second to
evaluate the temporal and spatial variation of acorn pro-
duction, and third to analyze oak- and site-related vari-
ables that have an effect on the acorn production.

Methods
Study area: Seoraksan and Odaesan National Parks
Seoraksan National Park (398.24 km2 in area), designated
as a Biosphere Preservation District by UNESCO, is lo-
cated in the northeastern part of South Korea (Fig. 1). It
consists of about 30 peaks, including the highest peak,
Daecheongbong (1708 m high, N38.119189°
E128.465253°) (KNPS 2016). The park has a cool-
temperate climate with annual temperate 10.1 °C and an-
nual precipitation of 1210.5 mm (from Inje meteoro-
logical station, KMA 2020). The terrain is mostly rocky
and steep. About 80% of the vegetation comprises oak
forests (mainly Q. mongolica-deciduous mixed forests
and Q. mongolica-Pinus densiflora mixed forests)
(KNPRI 2016). In addition, some subalpine forests are
distributed at high altitudes, while pine forests in the
low and rocky areas.
Odaesan National Park (326.35 km2 in area) is located

about 40.5 km south of Seoraksan (Fig. 1). The highest
peak is Birobong (1536 m high, N37.760791°
E128.577475°) (KNPS 2016). Odaesan National park also
has cool-temperate climate with annual temperate 6.6 °C
and annual precipitation of 1898.0 mm (18 km away
from Daegwallyeong meteorological station) (KMA
2020). Majority of the terrains in Odaesan are relatively
smooth, and slopes are gradual, in contrast to Seoraksan.
About 94% of the current vegetation is oak-dominated
forests. More than half of the forest is occupied by Q.
mongolica, and the rest are broadleaved-mixed forests
containing Q. mongolica, Tilia amurensis, Carpinus cor-
data, etc. (Choung et al. 2004). Abies holophylla-broad-
leaved-mixed forest developed in some areas, whereas
subalpine forests of A. nephrolepis and Taxus cuspidata
can also be found (KNPRI 2016).

Establishment of collection trap and the measurement of
acorn production
The survey was conducted in six regions, three in each
park (Fig. 1, Suppl. 1). Those regions are Hangyeryeong,
Jeombongsan, and Misiryeong in Seoraksan, while Dur-
oryeong, Seodaesa, and Jingogae in the Woljeongsa dis-
trict of Odaesan. In 2017, 6 stands were selected in each
region (a total of 36 stands), and 4 more were added in
2019, resulting in a total of 40 stands. The location of
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the stands was determined based on the size of oak tree
and elevation of the site.
In both parks, the survey stands were closed forests with

more than 90% coverage of the canopy stratum. Thirteen
canopy tree species such as P. densiflora, Betula davurica,
Tilia amurensis, and Acer pseudosieboldianum, including
the most dominant Q. mongolica, occurred in Seoraksan.
Whereas in Odaesan, 17 species presented, including all
species that occurred in Seoraksan.
For each stand, three collection traps were installed

within a 20 × 20m2 area (total 108 traps in 2017 and 2018,
and 120 traps in 2019). Three healthy oak trees of similar
thickness were selected as target trees for each stand. A
rectangular-shaped trap (1 × 1m2), made of polyester
mesh, was placed under a target oak tree with its bottom
50 cm above the ground to prevent feeding damage by ani-
mals such as rodents. It was tied to surrounding trees.
In order to collect the annual production of acorns, the

traps were emptied every spring. From each trap, the
acorns were collected twice every year at the end of Sep-
tember and October and summed. The average value of
the three traps was used as annual acorn production
(hereafter “AP”) for each stand. In case a trap was dam-
aged by wind, animal, or human interference, it was ex-
cluded from the calculation.
AP is the dry weight of acorns produced per unit

stand, including cap. The weight was measured after
drying the acorns for 24 h in a drying oven at 80 °C. Unit
weight and number of acorns for 2017 and 2019 have
been presented in Suppl. 2. Almost all of the acorns col-
lected were of Q. mongolica, and only one or two acorns
of Q. serrata were found in one trap in 2018 and two
traps in 2019.

Vegetation and site survey
For each stand, the coverage by oak trees was measured
in the canopy stratum (≥ 8 m high). The diameter at
breast height (DBH ≥ 6 cm) of all the tree species includ-
ing the oaks was measured in a temporary plot of 10 ×
10m2. The stems which branched below 1.3 m high were
counted as separate stems. Based on these measure-
ments, oak-related variables such as density, coverage,
DBHs of trap oak and stand oak, and oak basal area
were calculated. Here, “trap oak” indicates a target oak
tree above each trap, while “stand oak” indicates all oaks
included in the temporary plot.
Among the site variables, elevation, slope, and aspect

were measured, and topography was evaluated qualitatively
as one of the following: valley, slope (upper, middle, or
lower), and mountain top (including ridge). In addition, the
depth of soil and A-horizon was measured at three points
in each stand. Organic matter and moisture content were
measured in October 2019. Three soil samples were col-
lected using a soil auger (10 cm core diameter and 10 cm
deep) and pooled as one sample for each stand. After oven
drying at 105 °C for 4 h, the moisture content of the soil
was calculated from the difference between the fresh weight
and dry weight. To measure the organic matter content in
the soil, the room-temperature dried soil was first filtered
through a 5mm sieve to remove organic debris. The sam-
ple was then dried in a drying oven at 105 °C for 24 h and
combusted in a furnace at 600 °C for 4 h, and then, the lost
weight was calculated as the organic matter.

Data analysis
The oak-related variables, such as density, coverage,
DBHs of trap oak and stand oak, and oak basal area,

Fig. 1 The studied six regions in Seoraksan (left) and Odaesan National Parks (right). SH, SJ, and SM: Hangyeryeong, Jeombongsan, and
Misiryeong in Seoraksan, respectively. OD, OS, and OJ: Duroryeong, Seodaesa, and Jingogae, respectively. Thirty-six stands (108 traps) in six
regions were selected in 2017 and 2018, while 40 stands (120 traps) in 2019. For GPS and topographic information of the investigated stands in
detail, refer to Suppl. 1
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were used to analyze the relationship of these variables
with AP. The oak density was the only one to exhibit
normal distribution in the Kolmogorov-Smirnov test,
whereas the remaining variables including the AP did
not show such distribution. Therefore, the variables were
log10-transformed to ensure normality. On the other
hand, all the site variables except organic matter content
displayed normal distribution in the Kolmogorov-
Smirnov test, and therefore, the organic content was
log10-transformed.
Regression analysis was performed to examine the re-

lationship of AP with the oak-related and site variables.
Pearson correlation between the variables was also eval-
uated. SPSS (ver. 24, SPSS 2017) was used for all
analyses.

Results
Annual and spatial variability in acorn production
The average stand AP was very low in 2017, 1.2 g m−2,
then increased 36.0 times to 43.2 g m−2 in 2018 (Fig. 2,
Suppl. 2), and again decreased in 2019, 16.7 g m−2 which
was 38.7% of the AP in 2018. The APs of six regions
fluctuated significantly over the 3 years. Average 93.0%
of the annual acorns were produced by September, and
the remaining 7.0% by October (average of 94.2% in
2018 and 91.8% in 2019). The values presented here are
the total dry weight including the cap weight. Of these,
the cap was 34.9% of the total weight.
In Seoraksan, the AP increased approximately by 13.7

times from 1.7 g m−2 in 2017 to 23.4 g m−2 in 2018.
However, it decreased in 2019 to 12.4 g, almost half of
that in 2018. On the other hand, the AP of Odaesan was
0.7 g m−2 in 2017 and increased by 87.4 times to 62.9 g
m−2 in 2018. However, it decreased in 2019 to 20.6 g
m−2, which is 0.39 times less than that in 2018 (Fig. 2a).
It can be observed that in 2018, the AP was significantly
higher in Odaesan than Seoraksan (t = − 2.4 p < 0.05),
but in 2017 and 2019, the difference between the APs of
the two parks were not significant.
AP for five regions except Hangyeryeong in Seoraksan

showed the same trend in their overall pattern. Hangyer-
yeong, on the other hand, had the lowest AP in 2018, which
increased slightly in 2019. Especially in 2018, the APs in
Seodaesa and Duroryeong of Odaesan were much higher
compared to other regions. Seodaesa had the highest AP,
which was 11.3 times higher than Hangyeryeong. In 2019,
72.2% of the 36 stands had a reduced AP compared to
those of 2018 (Fig. 3). However, in some stands, where pro-
duction was very low, the AP rather increased in 2019. This
trend was similar in both parks, but the increase was more
in Seoraksan, where the production was lower.
When calculating the annual variation of the AP in 3

years, the coefficient of variation (CV) was 104.2% (Table
1). The CVs for Seoraksan and Odaesan were 86.7% and

113.2%, respectively, a higher value for Odaesan. Mean-
while, the CV of spatial variation between regions within
the same year was very large, ranging from 121 to 142%
over the 3 years (2017–2019). In both 2018 and 2019, the
difference between the lowest and highest values for each
stand was large by more than two digits (Table 1).

Distribution of oak trees in the stands and site
characteristics
The surveyed forests were oak-dominated forests, so the
coverage of oak trees reached 79.5%. The oak tree density
accounted for 46.4% of the total tree density (Table 2).
The average DBH of stand oak was 26.5 cm, while that of
the trap oak was 33.7 cm. The coverage of oak was higher
in Odaesan, but the density was higher in Seoraksan. This
is because there were more thin oak trees in Seoraksan
and more thick oak trees in Odaesan (Fig. 4).

Fig. 2 Acorn production for 3 years (2017–2019) in Seoraksan and
Odaesan National Parks. a Stand acorn production. b Regional acorn
production. SH, Hangyeryeong in Seoraksan; SJ, Jeombongsan in
Seoraksan; SM, Misiryeong, in Seoraksan; OD, Duroryeong in
Odaesan; OS, Seodaesa in Odaesan; OJ, Jingogae in Odaesan.
Average ± standard deviation is given
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The elevation range of the survey stand was broad,
from 646 to 1314m (Table 3). The average slope was
29.3°, but the deviation was large due to the wide slope
range. The slopes of Seoraksan was steeper than Odae-
san (Table 3). The soil depth was deeper in Seoraksan,
but the soil A-layer depth, organic matter, and moisture
content were higher in Odaesan.

Effects of oak- and site-related variables on acorn
production
The effects of oak- and site-related variables on AP were
evaluated through regression analysis. This analysis was not
done for 2017 because it was considered that other factors
had an influence on AP. In 2018, the AP tended to increase
significantly as the size of the stand oak and trap oak in-
creased, but decreased significantly with increasing oak
density (Table 4, Fig. 5). The AP in 2019 also increased sig-
nificantly with oak size and basal area (Table 4, Fig. 5).
DBH of the stand oak showed higher statistics (F

value) than that of the trap oak, and therefore, it turns
out to be a better variable. In 2019, the AP tended to

increase significantly as the elevation increased and slope
decreased (Table 5, Fig. 6). In 2018 also, the AP tended
to increase with increase in elevation, but the increase
was not so significant. Moreover, soil factors such as soil
depth, A-horizon depth, organic matter, and moisture
content did not show any significant relationship with
AP.
Correlation analysis was performed between all the

variables (Table 6). The elevation and slope showed a
strong negative relationship. Elevation also had a signifi-
cant negative correlation with oak density, and a signifi-
cant positive correlation with DBHs of both the stand
and trap oaks. It meant that the higher the elevation, the
less dense and thicker the trees are.

Discussion
Annual variability and masting in acorn production
During the 3-year study period, the CV for the annual
AP of Q. mongolica was 104.2%, showing a large variabil-
ity. Temporal variation has already been identified for Q.
mongolica as reported for other oak species (e.g., Q. pri-
nus, Q. alba, Q. stellata, Q. lyrata, Q. virginiana, Q.
velutina, Q. mongolica var. crispula) (Goodrum et al.
1971; Imada et al. 1990; Sork and Bramble 1993; Kelly
1994; Koenig and Knops 2002). Koenig and Knops
(2002) studied five oak trees in California for 19 years,
and found that Q. lobata and Q. douglasii, the deciduous
tree and 1-year species, showed CV of 93.4% and
108.8%, respectively. Of these species, some individuals
did not produce even a single acorn in 19 years, while
some produced a large number of acorns consistently,
resulting in extreme variation (Koenig et al. 1994).
In Jirisan where the AP was measured for 6 years

(2008~2013), the AP in 2009 was the highest, 94.6 g m−2,
and the lowest at 3.3 g m−2 in 2012 (SRC 2009; NIBR
2014; SRTI 2014). The 6-year average was 26.4 g m−2,
more than 20.4 g m−2 of the present study. In Jirisan, the
CV of annual production was 129.0%, which was higher
than that of this study. However, in the study of Jirisan,
it was not described what the oak species were, and it
was only referred to as “oak forests”. Considering that
the area of Q. mongolica forests (43%) is the largest in
Jirisan, followed by Q. serrata forests (14%) and Q.

Fig. 3 The rate of stand acorn production between 2018 and 2019
(N = 36). Dotted lines indicate that the 2 years of production are
the same

Table 1 Annual and spatial variability in stand acorn production in Seoraksan and Odaesan National parks

Year Total Seoraksan Odaesan

Min (dry wt. g
m−2)

Max (dry wt. g
m−2)

CV
(%)

Min (dry wt. g
m−2)

Max (dry wt. g
m−2)

CV
(%)

Min (dry wt. g
m−2)

Max (dry wt. g
m−2)

CV
(%)

2017 0.0 7.2 121.2 0.0 7.2 107.5 0.0 36.0 106.3

2018 1.2 221.3 123.4 1.2 206.2 130.6 2.0 221.3 101.5

2019 0.0 123.2 142.2 0.0 52.4 129.8 0.2 123.2 140.3

Annual 1.2 43.2 104.2 1.7 23.4 86.7 0.7 62.9 113.2

Min minimum, Max maximum, CV coefficient of variation
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variabilis forests (11%) (KNPRI 2018), it is likely that the
acorns of these three species were mixed. If so, since Q.
variabilis is a 2-year species, the CV might be large de-
pending on the proportion of this species. However, on
the other hand, it is more probable that Q. mongolica
would dominate, considering that the elevation of the
study area is 700 to 1200 m (SRC 2009, NIBR 2014,
SRTI 2014).
Greenberg and Parresol (2002) defined mast year as

the year of production higher than the 5-year average
production. Applying this to Jirisan study, the average
AP for 5 years (2008–2012) was 30.0 g m−2. The AP in
2009 was more than three times this value, so it can be
regarded as a mast year. If we apply this value to our
data, 2018 could be as a mast year. Imada et al. (1990)
studied Q. mongolica var. crispula for 20 years. There
were two mast years in 10-year cycles, and the rest of
the period showed slight fluctuation in biennial cycles.
Our study was unable to determine whether the mast
year of Q. mongolica had periodicity because the study
period was only for 3 years. In Jirisan, 2009 was a mast

year, but no periodic trend was identified. Through this,
we found that Q. mongolica has a mast year, but no
“strict masting” with a certain periodicity (Kelly 1994)
was observed. Koenig and Knops (2002) analyzed the
periodicity of acorn production in the Northern Hemi-
sphere using only data for a study period of at least 15
years or more. In their work, 1-year species Q. alba had
a cycle of 2.0–2.4 years, and 2-year species Q. velutina
had a cycle of 4.6–6.3 years. Although the tendency of
bimodality between masting and nonmasting in 1-year
species was shown, the two modes could not be distin-
guished clearly. In the study of Q. mongolica production
in Jirisan, it was difficult to find the trend of bimodality.
In 2017, it was estimated that oak trees were damaged

by diseases or insect pests, even though no reports of
outbreaks in the oak forest were found. Most of the
acorns collected at that time were unusually small and
deformed with holes. Moreover, 54% of the total 108
traps did not contain a single acorn. Studies have shown
that in the year of low AP, the number of produced
acorns was low, and the maturity rate was low as well

Table 2 Oak tree distribution in Seoraksan and Odaesan National Parks

Variable Total (N = 40) Seoraksan (N = 19) Odaesan (N = 21)

Oak coverage at canopy stratum (%) 79.5 ± 18.9 76.6 ± 19.7 82.1 ± 18.3

No. of oak stems (No. ha−1) 760.0 ± 511.3 842.1 ± 587.2 685.7 ± 432.8

No. of total stems (No. ha−1) 1637.5 ± 597.3 1457.9 ± 464.7 1800.0 ± 665.6

Stand oak DBH (cm) 26.5 ± 9.5 24.7 ± 9.6 28.1 ± 9.2

Trap oak DBH (cm) 33.7 ± 15.6 29.3 ± 11.1 37.7 ± 18.1

Oak basal area (m2 ha−1) 36.9 ± 23.7 34.0 ± 18.4 39.5 ± 27.8

Average ± standard deviation is given. Stems (DBH ≥ 6 cm) were measured

Fig. 4 Tree DBH distribution in Seoraksan and Odaesan National Parks measured in 2019
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(Goodrum et al. 1971; Healy et al. 1999). To determine
whether such poor production for the year was confined
to the surveyed area or it was also a widespread
phenomenon in other regions too, we consulted two na-
tional park offices and acorn collectors in Inje county and
Chuncheon city, tens of kilometers away from two parks.
We found there were very low APs in a fairly large area in
2017. As another evidence, the amount of acorns KFS pur-
chased in 5 years (2014–2018) was investigated (KFS 2015,
2016, 2017, 2018, 2019b). Common in five provinces
(Gangwon, Chungbuk, Chungnam, Gyeongbuk, and
Gyeongnam), it was found to be the lowest in 2017 and
increased by 2–5 times in 2018. It appears to be geograph-
ical synchronization over a spatial range of several hun-
dred kilometers or more (Koenig and Knops 2002).
In both the national parks, the production of each stand

increased greatly in 2018, showing a masting phenomenon,
and then 72% of the stands decreased simultaneously in
2019. It is presumed to be due to the synchronization of Q.
mongolica. The six regions in Jirisan also displayed masting
in 2009. Koenig and Knops (2002) reported synchronization
for the population of five species, and Koenig and Knops
(2002, 2013) estimated that synchronization in close geo-
graphic regions is caused by certain climatic factors, such
as warm temperatures and somewhat dry conditions in
spring flowering period. This synchronization has been said
to be responsible for increasing the productivity of a num-
ber of species belonging to the white oak subgenus, particu-
larly in the 1-year species.
During the flowering period in 2018 (April to May),

the temperature of Seoraksan was similar to previous
years but higher in Odaesan. Additionally, precipitation

in the two parks was 1.9 and 1.6 times higher than the
previous years, respectively. In Korea, spring drought is
a limiting factor for plant growth. Therefore, an increase
in precipitation could promote plant growth. In 2019,
both the national parks had lower temperatures than the
previous years in April and higher in May. Precipitation
was lower in the two parks than in the previous year. In
particular, the drought in May seemed to have caused
the decline in production.

Spatial variability in acorn production: oak- and site-
related variables
The CV, a measure of spatial variability among the stands,
was very large for 3 years, ranging from 121 to 142%. It
was greater than the annual variability. In the same year,
the difference in stand AP between the minimum and
maximum values showed a two-digit difference. The
spatial variability in the same year is mainly affected by
both oak- or site-related variables, among which, the size
of the oak tree is the most influential. The thicker the oak,
the greater was the production. This was the same for
both 2018 and 2019. Even though a trap was placed under
an individual oak tree, both the trap DBH and the stand
DBH had a significant effect on the AP. The F value of the
stand DBH was larger, resulting in better predictor for AP.
This indicated that unit area production is affected not
only by the oak tree directly above the trap, but also by
the surrounding oak trees.
The range of DBH in the current study was 9.3–46.5

cm. It is already known that AP is affected by the size of
the tree (Goodrum et al. 1971; Beck 1977; Dey 1995;
Healy et al. 1999; Greenberg 2000). Dey (1995) reported

Table 3 Site characteristics of Seoraksan and Odaesan National Parks

Variable Total (N = 40) Seoraksan (N = 19) Odaesan (N = 21)

Elevation (m) 969.5 ± 178.1 864.7 ± 146.8 1064.3 ± 150.2

Slope (°) 29.3 ± 8.2 31.3 ± 7.1 27.4 ± 8.9

Soil depth (cm) 35.3 ± 11.6 39.1 ± 13.0 31.7 ± 9.0

Soil A-layer depth (cm) 2.6 ± 2.0 1.8 ± 1.4 3.4 ± 2.1

Soil organic matter (%) 23.6 ± 8.5 20.6 ± 5.2 26.3 ± 10.0

Soil water content (%) 33.2 ± 8.8 30.7 ± 10.5 35.5 ± 6.3

Average ± standard deviation is given

Table 4 Regression analysis of the effects of oak-related variables on the acorn production in Seoraksan and Odaesan National Parks

Variables 2018 2019

a b F p value a b F p value

No. of oak stems 1.668 − 0.000 6.957 0.013 1.015 − 0.000 1.934 0.172

Stand oak DBHa − 1.407 1.959 16.355 < 0.001 − 1.782 1.840 8.284 0.007

Trap oak DBHa − 1.171 1.677 15.663 < 0.001 − 1.141 1.293 4.961 0.032

Stand oak BAa 0.852 0.318 0.862 0.360 − 0.477 0.853 4.823 0.034

a intercept, b regression coefficient, stand DBH average oak DBH in stand, trap DBH average oak DBH by trap, stand BA oak basal area in stand
alog10-transformed, p < 0.05 in bold
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that the highest AP was found when the diameter was
41–56 cm for Q. robur, and less when it was smaller or
larger than this range. Greenberg and Parresol (2002)
found that the APs of Q. robur, Q. alba, and Q. velutina
were significantly less in trees with a diameter less than
25 cm compared to trees with diameter larger than 25
cm. Even though the AP tended to increase with diam-
eter in this study, it was predicted that AP decreases due
to slowing of physiological function when oak trees ex-
ceed a certain size. In addition, the AP showed a nega-
tive correlation with the tree density. This indicated that
fewer thick trees contribute to AP rather than many thin
trees with low productivity. The density and DBH also

showed a significant negative correlation, and it is a nat-
ural process that over time the number of trees decrease
by thinning and the remaining trees become thicker
(Barbour et al. 1999).
Among the site variables, elevation showed a signifi-

cant relationship with the AP of 2019, and with the AP
of 2018, the relationship was not significant. If the vege-
tation structure is similar regardless of elevation, the
production will decrease with increase in the elevation
(Galván et al. 2012; Caignard et al. 2017; Roukos et al.
2017). This is because the higher the elevation, the lower
the temperature, the more evapotranspiration, and drier,
which are unfavorable conditions for plant growth and

Fig. 5 Regression analysis of acorn production (2018 and 2019) and oak-related variables. a Number of oak stems, b Stand DBH, c Trap DBH, and
d Stand basal area. Regression line is shown only when the regression coefficient is significant (p < 0.05)

Table 5 Regression analysis of the effect of site variables on the acorn production in Seoraksan and Odaesan National Parks

Variable 2018 2019

a b F p value a b F p value

Elevation 0.441 0.001 3.165 0.084 − 1.425 0.002 18.911 0.000

Slope 1.156 0.006 0.215 0.646 1.743 − 0.033 6.484 0.015

Soil depth 1.614 − 0.008 0.919 0.344 1.087 − 0.009 0.769 0.386

Soil A-layer depth 1.438 − 0.044 0.783 0.382 0.543 0.091 2.668 0.111

Soil OMa 1.859 − 0.396 0.328 0.571 0.057 0.538 0.438 0.512

Soil water content 1.133 0.006 0.268 0.608 0.810 − 0.001 0.004 0.950

a intercept, b regression coefficient, Soil OM soil organic matter
alog10-transformed, p < 0.05 in bold
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reproduction. Nevertheless, in the present study,
elevation-related increase of AP may be because with rise
in elevation, the thicker oak trees are more distributed, ra-
ther than the direct effect of elevation. In both the parks,
the relatively thinner trees are distributed at low elevation

due to past disturbances. This was verified by the positive
correlation between elevation and tree size.
The slope is likely to have a direct impact on produc-

tion (Yanagisawa and Fujita 1999; Osman and Barakbah
2006). This may be because the moisture and organic

Fig. 6 Regression analysis of acorn production (2018 and 2019) and site-related variables. a Elevation, b slope. Regression line is shown only
when the regression coefficient is significant (p < 0.05)

Table 6 Pearson correlations between oak-related and site-related variables

Variable No. of
stems

Stand
DBHa

Trap
DBHa

Stand
BAa

Elevation Slope Soil
depth

Soil A
depth

Soil water
content

Pearson
correlation

Stand DBHa − 0.770

Trap DBHa − 0.613 0.809

Stand BAa 0.280 0.287 0.137

Elevation − 0.415 0.517 0.409 0.189

Slope − 0.006 0.002 − 0.067 − 0.074 − 0.316

Soil depth − 0.048 0.063 0.068 0.060 − 0.179 0.080

Soil A-layer
depth

− 0.017 0.013 0.123 − 0.016 0.212 0.012 − 0.023

Soil water
content

− 0.255 0.110 0.185 − 0.119 0.225 −
0.198

− 0.018 0.247

Soil OMa − 0.121 − 0.008 − 0.084 − 0.044 0.248 −
0.064

− 0.105 0.473 0.510

p value Stand DBHa 0.000

Trap DBHa 0.000 0.000

Stand BAa 0.080 0.073 0.401

Elevation 0.008 0.001 0.009 0.243

Slope 0.972 0.991 0.681 0.650 0.047

Soil depth 0.768 0.700 0.675 0.714 0.269 0.625

Soil A-layer
depth

0.916 0.936 0.448 0.924 0.188 0.942 0.888

Soil water
content

0.113 0.500 0.252 0.463 0.164 0.221 0.910 0.125

Soil OMa 0.456 0.959 0.607 0.788 0.122 0.695 0.517 0.002 0.001

Stand DBH average oak DBH in stand, Trap DBH average oak DBH by trap, Stand BA oak basal area in stand, Soil OM soil organic matter,
alog10-transformed, p < 0.05 in bold
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matter content are low and the root development is dif-
ficult where the slope is steep (Hairston and Grigal
1991). Among the study regions, Duroryeong and Seo-
daesa in Odaesan, where production was high, had a
gentle slope in spite of high elevation area. By contrast
to this, Seoraksan had many steep slopes at low eleva-
tion. Overall, it seems that the distribution of thick oak
trees rather than the site condition had a decisive influ-
ence on the spatial variability. Nonetheless, site condi-
tions such as slope, soil fertility, and moisture conditions
have additional effects.

Implications and limitations
The temporal and spatial variability in production affect
significantly on the population of wildlife that feed on
acorns. It is because acorns account for about 47% of
wild boar’s food source in the fall (Fournier-Chambrillon
et al. 1995), and for 50–90% of Asiatic black bear’s food
(Schaller et al. 1989). Massei et al. (1996) have shown
that the weight and fertility in wild boars, whose main
diets are high-energy acorns and olives, depend on the
amount consumed. The population dynamics of the
American black bear was influenced by the periodicity of
masting year (Pelton 1989). Not only the growth and
reproduction of large mammals, but those of small
mammals also, such as rodents and siskins were affected
by AP (Elias et al. 2004; Clotfelter et al. 2007). Yang
et al. (2008) found that the size of home range and habi-
tat use characteristics of Asiatic black bear depended on
the amount of food, distribution of food, and habitat
condition in Jirisan National Park.
The national parks of Seoraksan and Odaesan are con-

sidered as potential habitats to restore Asiatic black bear
(Ursus thibetanus ussuricus Heude) following the Jirisan
National Park, which is successfully pursuing bear restor-
ation project. Seoraksan is the last area where bear was
found in South Korea (The Kyunghyang Shinmun 1983),
while Odaesan is the area where a trace of an Asiatic black
bear was found in 2015 (KNPS 2017). Moreover, two
parks are fairly large and geographically adjacent with oak
forests providing abundant food sources.
The present study will contribute to deciding whether

to implement bear restoration projects in both the parks.
This is because the key information on acorn production
at both the stand and region level, and temporal-spatial
variability have been provided to estimate the carrying
capacity of the bear population. In addition, there is also
important information necessary for management when
the project should be promoted. Our study found that
93% of the annual acorn production in both the parks
was produced at the end of September. Therefore, pre-
sampling at this time is useful to predict the available
amount of acorn for wildlife during winter, and thus de-
cide further whether the year is good or bad for wildlife.

If it is a bad year, food can be supplemented during the
winter. Then, the potential damage to local residents
caused by insufficient food can be prevented.
Our study only revealed the acorn production for Q.

mongolica. Although this species dominates in South
Korea including both the parks (Choung et al. 2020),
further studies on other oak species such as Q. serrata
and Q. variabilis are also necessary. Different species will
have different reproductive characteristics in terms of
production and masting. In particular, 2-year species
such as Q. variabilis and Q. acutissima must be studied.
Moreover, since it was revealed that the temporal and
spatial variation of oak species was very large, longer
term study is necessary in more regions in order to ac-
curately understand the reproductive characteristics of
the genus Quercus.

Conclusions
The acorn production of Q. mongolica was measured in
six regions of Seoraksan and Odaesan National Parks for
3 years (2017–2019). In 2017, the production was very
low due to presumed causes of diseases or insect pests.
However, in 2018, the productivity of most stands in-
creased dramatically due to presumably weather-
involved synchronization, resulting in masting (36 times
larger than in 2017). Consequently, the high annual vari-
ability including the masting event, which has been
known for other species of the genus Quercus, was also
revealed for Q. mongolica.
The acorn production showed a large spatial variation at

the stand, region, and park level, and we found that the
spatial variation was greater than the annual variation. It
was analyzed that the key variable causing this spatial het-
erogeneity was the size of oak tree. The effect of elevation
was also significant, but this was presumed to be due to
the distribution of many thick oak trees at higher elevation
rather than a direct effect of the elevation.
In conclusion, we not only examined the acorn pro-

duction of Q. mongolica, the most dominant broadleaved
species in South Korea, but also confirmed the
temporal-spatial variability of this species, although it
was for only 3 years. We propose that the production of
genus Quercus, including species such as Q. variabilis
and Q. serrata, is studied over a long period, and in-
ternal- and external factors as well as trends in produc-
tion is revealed.
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