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Abstract: The long-term effects of fire on the radial growth of Korean pines (Pinus koraiensis) in Changbai
Mountain is poorly understood. In order to quantify the impact of fire on the radial growth of Korean pines,
we measured ring widths and developed two tree-ring chronologies from 21 burned Korean pine trees that
were damaged by fire in 1857 as well as 30 control trees in the Changbai Mountain Nature Reserve, China.
As expected, the growth rates of the burned trees were slower than those of the control trees in the first
five years following the fire. However, beginning six years after the fire, the growth of the burned trees in-
creased considerably, and this period of increased growth lasted 13 years, with moderate growth occurring
throughout the 1866 to 1871 period. A difference in growth rates between burned and control tress was
also observed for the 20 years since temperatures began markedly increasing in 1980. Burned trees tended
to respond negatively to monthly minimum temperature, precipitation, and vapor pressure deficits (VPD),
whereas the positive relationship between those factors and radial growth of control trees became strong-
er. In addition, the significantly negative effect of competition on radial growth was only observed among
burned trees. These results demonstrated that the negative and direct effect of damage to physiological
plant processes by fire only affected the years shortly after a fire occurred and then became obscured by its
indirect effects, such as differential responses to climate and competition, which did persist for a long time.
The indirect effect on radial growth over time could be explained by the variability in the relative strength
of climatic responses and competition caused by fire.
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Introduction lack of agreement concerning the effects of fire on ra-
dial growth patterns. Some studies have documented

Fire is an important factor in conifer forests as it  a decrease in growth following fires. For example, Pe-
alters radial growth of trees (Van Sickle & Hickman, terson et al. (1991) determined that fire caused de-
1959), forest composition (Clements, 1910), and creased growth of Douglas fir (Pseudotsuga menziesii)
stand dynamics (Souza, 2007). However, there is a and lodgepole pine (Pinus contorta). Similarly, reduced
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growth of loblolly pines (Pinus taeda) that had been
highly scorched was also observed by Mclnnis et al.
(2004). The negative effect of fire seems to be re-
lated to damage to foliage (Peterson & Arbaugh,
1989), cambium (Ryan & Frandsen, 1991), and fine
roots (Kummerow & Lantz, 1983). In contrast, no
changes in radial growth following fire were detect-
ed in ponderosa pine (Pinus ponderosa) (Wooldridge
& Weaver, 1965), slash pine (Pinus elliotti) (Hunt
& Simpson, 1985), Douglas fir (Ryan & Reinhardt,
1988), and eastern white pine (Pinus strobus) (Elliott
et al., 2002). The occurrence of no change in growth
after a fire suggests the short-term negative effect
of fire on radial growth may be offset by a positive
effect resulting from the release from competition
imposed by neighboring vegetation. Moreover, the
radial growth of western larch (Larix occidentalis) was
reduced in the first year following fire but increased
over the next seven years (Ryan & Reinhardt, 1988).
Previously, Van Sickle and Hickman (1959) reported
that growth of ponderosa pine in north-central Ore-
gon increased in the second decade following a fire. A
delayed tree-ring growth increase was also displayed
by surviving single leaf pinyon pines (Pinus monophyl-
la) (Py et al., 2006). It seems likely that the direct
negative effects of fire on radial growth caused by in-
jury was temporary and immediate and would thus
be obscured or overridden by the indirect positive
effects. The controversy over the effects of historic
fire on radial growth presented above was caused by
the lack of variability in the relative strength of di-
rect and indirect effects of fire on tree growth. There-
fore, an understanding of the temporal dynamics and
strength of direct and indirect effects of fire must be
determined to better comprehend the radial growth
patterns following fires.

The variability in the relative strength of these
contrasting direct and indirect effects of fire on tree
growth is likely caused by the differential respons-
es of species (Gonzdlez-Tagle et al., 2008) to fires
(Mutch & Swetnam, 1995; Latham & Tappeiner,
2002) as well as to released competition for water
(Skov et al., 2004) and nutrients (Riegel et al., 1992)
at different ages. Radial growth of ponderosa pine
trees in northern Arizona was increased in areas
where crown kill was less than 60%, but was de-
creased where crown Kkill exceeded 60% (Pearson et
al., 1972). Prescribed fire generally appears to have
positive effects on radial growth of adult giant se-
quoia trees (Mutch & Swetnam, 1995). The negative
effect of fire on tree growth on the windward side
was greater than on leeward slope for Pinus canarien-
sis on Tenerife, Canary Islands (Rozas et al., 2011).
However, relatively few studies have quantified the
temporal dynamics of direct and indirect effects of
fire on radial growth of trees. Previous studies that
have analyzed tree growth have relied on short-term

data, generally within 10 years (Keeling & Sala,
2012). However, the indirect positive effects of fire
could be realized over much longer time periods
(Hoffmann, 2002); thus, the varied competition that
is released or suppressed following a fire may only
be identified in medium- to long-term studies (Val-
or et al., 2013). Tree rings can provide a history of
the sizes of immediate neighbors of a sample tree
(Bakker, 2005), presenting a possibility for evalu-
ating the effect of changing competition on growth
after fire over the long term.

Additionally, the indirect positive effects of fire
have seemed to moderate negative climatic effects
on radial growth (Mutch & Swetnam, 1995). The
complex relationship between tree growth and cli-
mate after a fire are continuing to change at the tem-
poral scale, especially as conditions are expected to
become warmer in the future (Andreu et al., 2007).
A better understanding of the possible interactions
between fire and climate may be critical for inter-
preting long-term tree growth trends. Consequently,
improved knowledge of the indirect effects of fire on
growth patterns, including competition and climate
over the long term, may help to identify dynamic tree
growth responses under the influence of fire and fa-
cilitate improvements in forest management practic-
es (Bergeron & Harvey, 1997; Bergeron et al., 1999a,
1999b).

Korean pine (Pinus koraiensis Siebold & Zucc.) is a
fire-tolerant, ecologically dominant, and widely dis-
tributed conifer species in mixed broad-leaved Ko-
rean pine forests of Changbai Mountain, which is a
well-known dormant volcano in northeastern China
(Stone, 2010). Although fire has been recognized
for several decades as a significant ecological force
in mixed broad-leaved Korean pine forests (Liu &
Ge, 2003; Yang et al., 1998; Wang et al., 2003), little
information is available on the effects of fire on the
radial growth of Korean pines on Changbai Moun-
tain over the long-term because few documented
records of past fires exist. Some Korean pine trees
with scars from previous fire damage and without
any injures were located in the Changbai Mountain
Nature Reserve. Tree-ring data was then collected
from Korean Pines of approximately the same age
within the study area; thus, these trees had grown
under a common environment and common climat-
ic conditions. This provides a rare opportunity for
understanding the direct and indirect effects of fire
on radial growth patterns. We tested two specific
hypotheses. (1) The direct negative effects of fire
on radial growth of trees are offset by indirect pos-
itive effects. (2) The indirect effects of fire on ra-
dial growth over the long term was mainly caused
by modifications to climatic responses instead
of trees being released from or under increasing
competition.
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Methods
Study site

The two study sites (burned and control) are lo-
cated in the Changbai Mountain Nature Reserve at
an elevation of approximately 784 m above sea level
(N 42°20'21.1", E 128°05'70.5"). The dominant tree
species are Korean pine (Pinus koraiensis), Mongo-
lian oak (Quercus mongolica), Manchurian ash (Frax-
inus mandshurica), Amur linden (Tilia amurensis), and
painted maple (Acer mono). Very few historical fire
records are available for the Changbai Mountain Na-
ture Reserve. Some Korean pine trees have visible
triangles and lines indicative of fire scars on their
bark. As indicated by Ge et al. (1992) and Liu et al.
(1993), these scars on surviving Korean pines sug-
gest a fire has occurred in this area in the past. Trees
exhibiting these fire scars were used to identify the
burned study site. The control site was established at
a distance of less than 300 m from the burned area
where a cluster of trees without injures were found.
Both sites were flat (with a slope less than 5°) and
had no difference in topography. The climate of the
region is continental with cold winters and warm
summers. The mean annual temperature was 2.7°C.
A cold arctic air mass dominates the region during
the winter with an average minimum temperature in
January of -31.1°C. The highest monthly maximum
temperature was 35.8°C in July. The mean total an-
nual precipitation for the region is 707 mm.

Sample collection and analysis

Field work was conducted in 2009. Cores were
taken from trees using an increment borer (Sweden
Haglof, Langsele, Sweden). At least 25 trees from
each site were required as expressed population sig-
nal (EPS), which expresses the fraction of the general
population chronology variance, is determined by the
numbers of trees (Briffa, 1984). Before sampling, the
diameter at breast height (dbh) of each burned Ko-
rean pine tree in the burned site was recorded. The
mean dbh of burned samples was 46.7+9 cm, rang-
ing from 35.7 cm to 55.4 cm. In order to eliminate
the influence of size, the sample trees in the control
site were selected to be within this range. In order to
account for competition with neighboring trees, the
dbh of the four nearest neighboring trees and their
distances to the sample tree were measured at both
sites. According to the neighboring theory proposed
by Gadow and Hui (1999), the effect of competition
on radial growth of a sampled tree was mainly con-
trolled by the dbh of the four nearest neighboring
trees and their distances to the sample tree. Hegyi’s
competition index is a good indicator that reflects

the competition status of each sampled tree as af-
fected by the nearest four neighboring trees (Daniels,
1976).

For each burned tree, two cores were taken at the
base (at 30 cm above ground), one from the side
of the visible fire scar and the other one from the
opposite side, as far away as possible from the scar.
These were used to determine the year in which the
fire occurred by counting the number of annual rings
from the sampling year to the beginning of the scar
(Arno & Sneck, 1977). This technique revealed that
the fire occurred in the year of 1857. Two perpendic-
ular increment cores of each burned and control tree
were also taken at breast height (at 130 cm above
ground), which were used to assess the differences
in the growth patterns and responses to climate of
the burned and control trees. In order to calculate
Hegyi’s competition index, one core was taken from
the four nearest neighboring trees of each burned
and control specimen at breast height. Because of the
stand structure, both the nearest neighboring trees
and the burned or control sample trees (depending
on site) may also have served as the nearest neighbor
to other burned or control trees. Thus, the overall
number of neighboring trees is less than anticipat-
ed because this total includes previously sampled
shared neighbors as well as other burned or control
trees. In total, 25 burned trees (92 cores, 42 at base
height and 50 at breast height), 30 control trees (60
cores), and 94 nearest neighboring trees (94 cores)
were sampled.

After surfacing and cross-dating (Stokes & Smiley,
1968), tree-ring widths of cores were measured to
an accuracy of 0.01 mm with the Lintab5 tree-ring
measurement station (Rinntech, Heidelberg, Ger-
many). The computer program COFECHA (Grissi-
no-Mayer, 2001) and TSAP-Win Professional, version
0.59 (Rinntech) were used to detect measurement
and cross-dating errors. Missing rings were rare in
the study area. A geometric method, developed by
Duncan (1989), was used to estimate pith location
when a partial core passed close to the pith. All sam-
ples correlated well with the mean site chronology
(r > 0.4', n = 41, p < 0.05) except for sample series
with line scars. Four burned samples with line scars
and 10 control trees with core measurements that
were poorly correlated with the mean site chronology
were excluded. Another 10 control trees were sam-
pled in 2011. Ultimately, 21 burned trees (81 cores,
41 at base height and 40 at breast height), 30 con-
trol trees (54 cores) samples, and 94 nearest neigh-
bor trees (94 cores) were reserved for a subsequent
analysis. Tree-ring chronologies were developed us-
ing the program ARSTAN (Cook, 1985). Individual

! Leonelli et al. (unpublished) recommend to reject se-
ries with r < 0.4.
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ring-width measurement series were standardized by
cubic spline curve standardization (CSC) with a 40-
year step size. This technique reduces the effect of
outliers and enhances the common signal within a
dataset (Cook et al., 1990).

Data analysis

We conducted t-tests and analyses of growth re-
lease between the burned site and the control site to
determine if mean growth was significantly different
in the post-burn periods. Growth release events, de-
termined by the percentage growth change (G), were
calculated in yearly increments across individual
tree-ring chronologies (Nowacki & Abrams, 1997).

(Mz - Ml)

1

G= x 100%

where G is the percentage growth change between
each preceding and subsequent 5-year means, M, is
the preceding 5-year mean, and M, is the subsequent
5-year mean. Since each percent growth change value
G represents a 10-year span of ring-width data, emp-
ty cells relative to source tree-ring chronologies tend
to occur at both ends. Values of 25%, 50%, and 100%
were selected to be threshold criteria for determining
the growth release as minor, moderate, and severe
release (Wang & Zhao, 2011).

The temporal stability of the relationship between
the growth of trees and climate in our study was
assessed by a moving interval analysis using DEN-
DROCLIM2002 (Biondi & Waikul, 2004). For our
analysis, gridded climate data (1901-2009) from the
high-resolution gridded climate dataset CRUTS3.0
(Climatic Research Unit, University of East Anglia
https://crudata.uea.ac.uk) were selected instead
of the measured data for our area (Fig. 1), which

only has reported records after 1960. We used cli-
mate data for the nearest CRU grid cell (42.750° N,
128.250° E), including monthly mean, maximum,
and minimum temperatures as well as total monthly
precipitation and vapor pressure deficit (VPD) over
a 17-month window from May of the previous year
(the last year of ring formation) to September of the
current year (the current year of ring formation).

A moving window analysis was performed by
moving a 40-year window along the standardized
chronology in one-year steps. The analysis started
with the window for the period 1901-1941 and end-
ed with the window for the period 1966-2005.

The effect of competition on tree growth over the
long term was assessed using Hegyi’s competition
index (Daniels, 1976).

4 dbh. 1
ClL. =y —.—
’ zdbhi dist;

i=1

where CI. is the competition index for sample i,
dbh, represents the dbh of the sample tree, dbh. is the
dbh of the jth neighbor (in cm), and dist, is the dis-
tance between sample tree i and neighbor j.

The stable distance between the four nearest
neighboring trees and the sample tree combined with
the historical tree diameters reconstructed from in-
crement cores makes it is possible to infer the historic
Hegyi’s competition index, which can be used to ana-
lyze variation in annual growth over time (Gadow &
Hui, 1999). The length of the reconstructed dbh series
is determined by the minimum age among each of the
four nearest neighboring trees as a lower limit for in-
ferring the historic competition index. Given that the
minimum age at breast height of neighboring trees
for the burned site was 25 years and that of the con-
trol trees was 10 years, historic competition is largely
unknown over the course of the 142-year observation
period. In order to compare the differential effects of
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Fig. 1. Annual mean temperature (-) and annual total precipitation (m) at the study site from 1901 to 2009
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competition from neighboring trees between burned
and control trees at a temporal scale, the relationship
between competition and annual radial growth (mm)
over the past ten years was also evaluated. The pro-
gram R (R Development Core Team 2010) was used
to determine the relationships between the tree-ring
width and Hegyi’s competition index and to test the
significance of these relationships at the 0.05 level.

Results

Growth pattern comparison

Although the burned and control trees were al-
most the same age, with similar distributions of dbh
(with means around 47 cm) and under common cli-
matic conditions, greater variability in growth pat-
terns was observed within the first 25 years following
fire (i.e., 1858-82) and during the period from 1960
to 1980 (Fig. 2). Growth of burned trees decreased
in the first five years immediately following fire, but
increased subsequently. The considerably higher

growth rate of the burned trees relative to the con-
trol trees lasted for 13 years (1866-79). During the
period from 1866 to 1871, the burned trees exhibited
moderate growth release, whereas no growth release
occurred among the control trees. The fluctuation in
annual growth rate for burned tress was rather small
in the first 25 to 65 years following fire, until a large
release in 1922. Thereafter, growth was comparative-
ly fast. A similar growth pattern was observed among
the control trees. At the beginning of the 1960s, the
growth pattern of burned tress changed more rapidly.
During the period from 1960 to 1980, the mean an-
nual growth rate of the burned trees was significant-
ly higher than that of the control trees (one-tailed
paired t-test, t = -7.85, p < 0.05).

As shown in Table 1, the two tree-ring chronol-
ogies from the burned and control sites with EPS
values above 0.85 were considered to be reliable
(Wigley et al., 1984). The two tree-ring chronologies
also exhibited a similar growth pattern as individu-
al growth series (Fig. 3). As the chronology of the
burned site had a higher signal-to-noise ratio (SNR)
and mean correlation between trees (RBAR) relative
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Fig. 2. Growth pattern of burned and control Korean pine trees
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Table 1. Summary statistics of burn and control Korean pine samples and their standardized chronologies

Statistics Burn Control
Number of trees (cores) 21(40) 30(54)
Mean diameter at breast height(cm) 46.7+9 cm 47.6+6 cm
Length of chronology AD1859~2009 AD 1858~2011
Mean sensitivity (MS) 0.19 0.18
Signal to noise ratio (SNR) 17.10 13.10
Express population signal (EPS) 0.94 0.93
Mean correlation between trees (RBAR) 0.62 0.42

to the control site (Table 1), burned trees seemed to
be more influenced by climate (Briffa et al., 1987).

Relationships with meteorological data

The response of the burned trees to monthly max-
imum temperature was similar to that of the control
trees (Fig 4). The responses of both groups showed
a significantly negative correlation with monthly
maximum temperature in the previous growing sea-
son (PG-T_ ). However, the effect of monthly mini-
mum temperature, precipitation, and VPD on radial
growth significantly differed between burned and
control trees. Burned trees had a significantly neg-
ative response to precipitation in the current grow-
ing season (CG-P) and VPD in the previous growing
season (PG-VPD). On the contrary, the responses of
control trees to CG-P and PG-VPD were both signifi-
cantly positive. In contrast with the negative correla-
tion between the monthly minimum temperature in
the current growing season (CG-T ;) and growth of

control trees, a significantly positive relationship was
observed among burned trees.

Except for the unchanged effect of PG-VPD on ra-
dial growth of trees from the two sites, these relation-
ships were not stable over time (Fig. 5). The negative
effect of PG-T _ on radial growth was observed dur-
ing the period from 1960 to 1990 for burned trees, but
from 1990 to 2006 for control trees. The differential
responses to CG-T_, and CG-P of burned and control
trees were only found in the short term from 1960 to
1970 and from 1978 to 1990, respectively. The pos-
itive relationship between CG-T_, and burned trees
growth decreased over time during the second half of
the 1990s and became non-significant after the year
2000, while the response of control trees to CG-T
shifted from negative to positive after 1990. Addi-
tionally, the negative relationship between burned
tree growth and CG-P became significant after the
year 1978. In contrast with the stronger negative cor-
relations among burned trees, the positive response
of control trees to CG-P decreased after 1990.

1.8 - r 35
enrneas Burned Control
1.6 1 .
H 30
144 F i
g ' : 2 ;5' | : £ } \ =
it H i i o B Y E | . Ik |
< 1 A A NEE O\ GF I: s, i oAl 0 ‘;
i= ' § ; g 5y E E N -
] _ 3 1 : ||r :.: H ¢ [y @
0.6 - f S0 z,
g - 10
0.4 A
-5
0.2 A
0‘ [ T T T T T T T T T T T T T T T D
1858 1868 1878 1888 1898 1908 1918 1928 1938 1948 1958 1968 1978 1988 1998 2008
Year

Fig. 3. Standardized tree ring chronologies for burned (1858~2009) and control (1858~2009) Korean pine trees
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Fig. 5. Moving correlations between climate variables(T-

max, monthly maximum temperature in previous
growing season; Tmin, monthly minimum temperature
in current growing season, P monthly total precipitation
in current growing season and VPD vapor pressure defi-
cit in previous growing season) and standardized chro-
nologies of burn trees (dotted line) and control trees
(solid line). Horizontal red dotted lines indicate 95%
significance levels

standardized chronologies and the monthly minimum
(T min) and maximum (T max) temperature variables,
the monthly precipitation (P) and vapour pressure defi-
cit (VPD) variables. Only statistically significant corre-
lation coefficient values were showed (P<0.05)

Table 2. Summary statistics of neighboring trees of burn and control Korean pine samples

Statistics Burn Control
Average distances between the target and neighboring trees(m) 2.73 m (0.5 m~4.7 m) 2.5m (0.8m~4.7 m)
Average age at dbh of the nearest neighboring trees(cm) 20+4 cm 14+2 cm
Average age at breast height of the nearest neighboring trees 87(25~150) 56(10~148)
Mean competition intensity 0.86 0.66

Correlation between competition and annual radial growth rate -0.5857 p=0.013*

-0.3496 p=0.242

* indicate the significantly at level 0.05.
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Effect of recent competition

The negative correlation between competition and
annual radial growth rate was significant among the
burned trees, but not significant among the control
trees (Table 2, Fig. 6). This negative effect on burned
trees was stable and increased during the last dec-
ade (Fig. 7). As shown in Table 2, there was no sig-
nificant difference in distances from the sample tree
to their nearest neighboring trees between burned
and control trees. The nearest neighboring trees of
burned trees were slightly older with higher dbh val-
ues than the nearest neighbors of the control trees.
Burned trees seemed to be affected more severely by
competition.

Discussion

Previous studies have shown that fire has a direct
effect on tree growth through damaging physiolog-
ical processes and an indirect effect on the control
of climate responses and release from competition
(Hoffman, 2002). Some studies have suggested that
differential growth rates resulted from climatic re-
sponses rather than from the direct effects of fire
(Mutch & Swetnam, 1995). Our study, by focusing
on a single tree species and trees of approximately
the same age under common climatic conditions,
was able to suggest that the direct and indirect ef-
fects of fire impacted different phases of growth.

The direct effect of fire on Korean pine trees was
only observed within the first five years following fire.
Similar growth patterns were reported by Van Sickle
and Hickman (1959) as well as Ryan and Reinhardt
(1988). Generally, fire damage results in a reduction
in photosynthesis or water use efficiency, thus sharp-
ly reducing the radial growth of burned trees (Gon-
zalez-Rosales & Rodriguez-Trejo, 2004). As the post-
fire time span increased, tree growth can recover as
light and soil nutrient availability increase through
reduced competition from associated trees that were
damaged or killed by the fire (Certini, 2005). As a
result, the growth of the surviving trees increased
(Wang et al., 2007), and growth releases frequent-
ly followed the formation of fire scars (Swetnam et
al.,, 1992). Our findings revealed that burned trees
showed a continuous increasing growth pattern from
the sixth year following the fire and onward for 13
years (1866-79). In this period, the moderate growth
release exhibited only by burned trees was observed.

Notably, this increase in growth rate only occurs
for a short time after fire, when competition for re-
sources is less intense. Twenty years following fire,
the radial growth of Korean pine trees once again
decreased. This growth pattern showed that the in-
direct effects of fire shifted from positive to negative.

As shown by Grady and Conrad (2001), after long
fire-free periods, radial growth can decrease as a re-
sult of increasing competition. Significantly negative
and stable effects of competition only for the burned
trees observed in the past decade implied that com-
petition had a substantial impact over the long-term.
Consequently, this finding supported the idea that
tree ring data could be used to reconstruct the histor-
ic competition and explain variation in radial growth
after fire-damage over the long term (Bergeron & Ar-
chambault, 1993; Bergeron et al., 2001). For the first
hypothesis, it was concluded from this study that
relative strength between direct and indirect effects
of fire varied on a temporal scale, as demonstrated
by the changes in the growth pattern of Korean pine
trees in the first 25 years following fire.

It was notable that both burned and control trees
showed a dramatic response to changing climate
conditions in 1922. Usually, trees benefit from fire
through the increased availability of light, moisture,
and nutrients (Swetnam et al., 1992). Control trees
that were not affected by fire were also subject to
fluctuating conditions affecting their growth. These
effects may be explained by climate change or human
disturbance. As the study sites located in Changbai
Nature Reserve were protected and investigations in-
dicated no harvest event occurred here, the influence
from human disturbance can be excluded. Addition-
ally, burned and control trees were more sensitive to
climate change (Table 1). The study sites experienced
warming since 1960 (Ren et al., 2005). During the
years of increasing temperatures, the radial growth
rates of the burned trees were higher than those of
the control trees. This suggests that the differential
growth pattern resulted from variability in the cli-
matic response caused by the indirect effect of fire.

Correlation analyses revealed that radial growth of
both burned and control trees were significantly neg-
atively correlated with PG-T__ . A similar response of
Korean pine trees to previous summer temperature
was observed by Yu et al. (2011). High temperatures
during the growing season prolong the duration of
annual growth as a consequence of longer favorable
growing conditions. The prolonged growing season
consumes more stored nutrients, thereby reducing
the availability of nutrition for tree growth in the fol-
lowing year, and thus retarding radial growth in the
following year (Yu et al., 2005). Lower mean max-
imum temperature in the previous growing season
(PG-T_,) in 1922 was also associated with a sharp
increase in growth.

The minimum temperature in the current grow-
ing season (CG-T_, ) had a positive impact on burned
trees, especially in February and May. However, radi-
al growth of control trees had a significant negative
correlation with T_, in June. Higher mean minimum
temperatures in the early growing season favor radial
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growth of conifers by increasing the photosynthetic
rates of trees (Wu, 1990). Higher respiration during
the growing season (Damesin et al., 2002) increas-
es the demand for photosynthates at the expense of
radial growth. Lower mean minimum temperature
reduces tree respiration and increases retention of
photosynthetic products for subsequent tree growth
(Gao et al., 2011; Wang et al., 2011).

Precipitation during the current growing season
(CG-P) and VPD in the previous growing season
(PG-VPD) had significantly negative effects on the
radial growth of burned pine trees, but positive ef-
fects on the growth of control trees. The positive rela-
tionship between CG-P and control tree growth was
in agreement with the earlier report by Wang et al.
(2013). The soil in our study is of volcanic origin and
has a low water-holding capacity (Yu et al., 2005). In-
creased precipitation during the growing season thus
increases soil moisture, which in turn stimulates ra-
dial growth in the current season (Wang et al., 2013).
The negative effect of higher VPD on the soil water
deficit appeared to be strengthened in this volcanic
soil (Warren, 2008). Thus, greater VPD in the pre-
vious year retards the radial growth in the previous
year. The positive effect of VPD on control trees could
be explained by the high correlation between the VPD
and temperature (r = 0.687). The higher VPD in Sep-
tember likely indicates that warmer conditions in ear-
ly autumn postpone growth cessation. Thus, warmer
conditions in early autumn could encourage growth,
rather than limit it. Moreover, the longer growing
season of the previous year conserves nutrients that
are available to support radial growth of control trees
in the following year. With respect to burned trees,
radial growth was significantly negatively correlated
with CG-P and PG-VPD. This runs counter to the
traditional view that precipitation, particularly dur-
ing the growing season, positively impacts growth
of Korean pine trees (Shao & Wu, 1997; Wang et
al.,, 2013). Precipitation mainly impacts water table
variation. Because their growth is strictly controlled
by soil moisture, soil drainage and ventilation con-
ditions, Korean pine trees favor soil conditions that
are neither too dry nor too wet (Lious, 1955). As the
average annual rainfall total in the study site is 707
mm, with 74% falling during the growing season, it
seemed likely that burned trees tended to grow more
slowly under higher soil moisture levels. Rozas et al.
(2011) found that oaks growing under high humidity
had more reduced radial growth under higher compe-
tition. The burned trees were affected more severely
by competition. This suggests that divergent precip-
itation effects between treatments could be partially
connected to heterogeneous competition intensities.

Previous research suggested that the indirect ef-
fects of moderate negative climatic effects on se-
quoia growth (Mutch & Swetnam, 1995) or impeded

upslope establishment of forests in response to cli-
matic warming are expected for to 21% century (Co-
lombaroli et al., 2010). In combination with the stable
effect of PG-VPD on burned trees, our data suggested
the indirect effect of fire makes Korean pine tree traits
more sensitive to soil moisture over the long-term.

Additionally, the instability of the tree growth—cli-
mate relationship in the burned and control Korean
pine trees during the late twentieth century (Fig. 5)
suggested that as the temperature increased, it tended
to disproportionately influence the growth of burned
trees, while the control trees were more sensitive to
precipitation. Liu et al. (1993) reported that Korean
pine trees damaged by fire sprout more slowly and
with shorter leaves but with higher levels of chloro-
phyll. Therefore, slight variation in temperature may
have influenced photosynthesis; hence, physiological
acclimation was likely responsible for the enhanced
or diminished growth of burned trees (Wang et al.,
2011). The study sites experienced climate warming
but without any accompanying increase in precipita-
tion (Fig. 1; Wang et al., 2002). The positive effect of
CG-P on control trees was only significant at the be-
ginning of the period of increasing temperatures. A
similar response pattern was observed among Korean
pines growing at high elevation in Changbai Moun-
tain (Wang et al., 2013). Water availability during the
relatively short growing season becomes a key factor
for tree growth when ambient air temperatures are
higher than the thermal boundary temperature (Car-
rer et al., 1998). The variability in growth of Korean
pine trees following climate warming is likely a result
of the response to changing competition for water
(Skov et al., 2004). In the last decade there was no
abrupt change in temperature. Therefore, that radial
growth of burned trees, which was initially negative-
ly influenced by competition, was no longer signifi-
cantly different from that of the control trees.

This study demonstrated that the radial growth of
Korean pine trees was negatively influenced by the
direct effect of fire in the short term, specifically the
first 5 years following fire, but both negatively and
positively influenced by the indirect effect of fire over
the long term. The indirect positive effect of fire out-
weighed the direct negative effects in the short period
when trees recovered and were released from compe-
tition. Fire had both a negative and positive indirect
effect on radial growth over the long term through
changes to both climatic responses and competition.
The present study may not provide a complete and
definitive answer to the relative strength of the ef-
fects of varied climatic responses and changing com-
petition on radial growth caused by fire. However,
future investigations may build upon these findings
to tease apart both the positive and negative effects
of fire and ultimately advance our knowledge of the
indirect effects of fire on radial growth.
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