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A B S T R A C T

This study investigated the effects of thinning intensities on tree water use and growth of 50-year-old Korean
pine forests for four years. Thinning was conducted with two intensities (light thinning, heavy thinning, and
control) in March 2012. Tree water use was estimated from sap flux density using Granier-type thermal dis-
sipation sensors on 84 of total 103 trees. Tree diameter growth was measured in 97 trees with a dendrometer and
converted to aboveground biomass increment using an allometric equation. Sap flux density increased initially in
both thinning groups, but the effects of light thinning decreased over time. In the heavy thinning plot, sap flux
density was stimulated for the entire study period. While light-thinning affected little on tree growth, tree
diameter growth significantly increased from second year and this enhancement increased with time in the
heavy-thinning plot. The tree diameter and growth rate were positively correlated in the light-thinning plot and
negatively correlated in the heavy-thinning plot. The enhancement of sap flux density and diameter growth
caused higher tree water use and tree level aboveground net primary productivity in heavy-thinning plot. Due to
higher water use in the heavy thinning plot, increase in tree-level water use efficiency was observed in the high
growth year only. Our results indicate that physiological responses of trees differed depending on thinning
intensity and heavy thinning is an appropriate management practice for mature pine plantations.

1. Introduction

Forests affect the local weather conditions by changing the atmo-
spheric composition through photosynthesis and respiration (Bonan,
2008). They also change the land surface albedo and affect energy
partitioning into latent and sensible heat fluxes. These roles of forests in
regulating regional or global weather are sensitive to changes in the
physical and physiological characteristics of forest cover. The char-
acteristics of forest cover are closely related to stand density, stand age,
and species composition and are altered by natural disturbances or
anthropogenic interference, such as forest management practices.
Among various forest management practices, thinning or removal of
some trees from the forest is widely conducted to produce more valu-
able and large-diameter timber. It reduces competition among the re-
maining trees, lowers the risk of natural fire, and helps to maintain a
healthy forest (Kerr and Haufe, 2011).

Structural changes in the forest canopy due to thinning alter the

microclimatic conditions within the forest. For example, light dis-
tribution within the forest canopy is largely affected by leaf area index,
crown structure, and canopy openness. Thinning increases canopy
openness and reduces the fraction of absorbed light within the canopy
(Hale, 2003). It also augments soil water availability by reducing the
intercepted water loss (Breda et al., 1995; Aussenac, 2000; Ganatsios
et al., 2010) and causes the groundwater levels to rise (Jutras et al.,
2006). These microclimatic changes could improve growth conditions
for the remaining trees and understory species. Thus, thinning enhances
growth (Aussenac and Granier, 1988; McDowell et al., 2003; Anning
and McCarthy, 2013) and photosynthetic efficiency (Gauthier and
Jacobs, 2009) in the remaining trees. However, a short-term decline in
the growth of remaining trees, which is called “thinning shock,” has
also been widely reported (Harrington and Reukema, 1983; Dore et al.,
2012).

Owing to the recent increase in drought duration and intensity due
to changes in precipitation patterns (Trenberth, 2011), attention should
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be paid to thinning as a drought mitigation procedure. Thinning en-
hances drought resistance by reducing water stress due to decrement of
interception loss and stand transpiration (Gebhardt et al., 2014). Trees
in thinned stands show sustained growth under drought conditions and
high resilience to severe drought (Kohler et al., 2010). However, this
enhancement under drought conditions reduces with stand age; in fact,
older stands that are thinned become more prone to drought (D'Amato
et al., 2013). In Pinus species, thinning promotes not only basal area
increment and water use efficiency, but also increased light intercep-
tion and nutrient availability (Warren et al., 2001). Similar to other
species, thinning improved drought resistance and recovery in Pinus
species, but these were short-term effects (Sohn et al., 2016). These
positive effects could be offset by high vulnerability to insect damage
and mortality which might be caused by trunk or root damage during
thinning procedure (Zhang et al., 2016).

In conclusion, thinning effects can differ depending on the site
water availability and capacity of tree species to adjust to sudden
changes in environmental conditions. In addition, the magnitude of
thinning effects depends on but is not always proportional to the degree
of thinning intensity. Several studies have reported that light thinning
stimulates individual tree growth, while heavy thinning hampers
growth (Harrington and Reukema, 1983; Laurent et al., 2003; Jimenez
et al., 2011). Other studies have reported that the thinning effects in-
creased positively with thinning intensity (Makinen and Isomaki,
2004b; Zhang et al., 2006). However, the enhancement of growth with
increase in thinning intensity appeared only in young stands, and this
trend was reversed in old stands (Juodvalkis et al., 2005). In addition,
the impact of thinning intensities is affected by site location, and it is
more intense at windward sites than at leeward sites (Pérez-de-Lis et al.,
2011).

Thus, the objective of the present study was to quantify the effect of
thinning intensities on water use and growth of individual trees, which
could help providing guidelines for the appropriate thinning intensity
in mature Korean pine plantations.

2. Materials and methods

2.1. Study site

The study was conducted at Mt. Taehwa in central Korea (37.18N,
127.18E, 190m a.s.l.). The majority of forest is composed of Quercus
species (58.8%), with Korean pine (Pinus koraiensis) occupying 20.1%
(165 ha) of the area. Our 0.5 ha study plot was established within a
16 ha portion of a 50-year-old Korean pine plantation. The soil is loam
and the mother rock is granite mixed with gneiss. The area is un-
dulating, with a 9–10m difference in elevation, and two streams, in
which water flows only after heavy rainfall events, are located in the
northern and southern parts of the experimental plot. The 30-year mean
annual temperature at the nearest weather station is 11.4 ± 0.6 °C, and
the mean annual precipitation is 1355.8 ± 300.2 mm.

The stand is composed of single overstory species, Korean pine, and
some understory species such as Toxicodendron trichocarpum (Miq.) O.
Kuntze, Rhododendron yedoense, Magnolia kobus DC., and Zanthoxylum
schinifolium Siebold et Zucc. These understory species occupied less
than 10% of the total basal area (BA) and were not included in the stand
transpiration calculation.

2.2. Experimental design

In 2011, coordinates were assigned to all trees with a diameter at
breast height (DBH)> 2 cm throughout the plot, and their diameters
were measured. The coordinates and DBH were used to compute the
competition indices (Hegyi, 1974). Thinning was conducted in March
2012. The two thinning intensities were selected on the basis of target
stand densities, which were 400, 320, and 240 trees per hectare in the
control (0.125 ha), light-thinning (LT, 0.188 ha), and heavy-thinning

(HT, 0.188 ha) plots, respectively. To minimize the interference due to
thinning treatments, we maintained a 5m buffer zone between the
treatments. The trees were cut using chainsaws and removed by hand to
minimize disturbances such as soil compaction and physical damage to
the remaining trees. Trees were selected for thinning based on three
criteria: small DBH, short distance to neighboring trees, and previous
treatment history (e.g., pruning). Thinning resulted in an increase in
mean DBH of a stand. It removed ca. 27 and 37% of the stand density
and ca. 17 and 30% of the basal area from LT and HT plot, respectively
(Table 1).

2.3. Data collection

Sap flux density (JS) was measured by the Granier’s type heat-dis-
sipation probe method (Granier, 1987). This method employs an upper
heated probe that is supplied constant power (0.2W) and a lower re-
ference probe. These two probes were installed at breast height verti-
cally, 10–15 cm apart to avoid thermal interference. Each probe con-
sisted of a needle 20mm long with a diameter of 1.6 mm, and the
temperature was measured at the middle of the needle by a T-type
thermocouple. The temperature difference between the two probes was
measured at 30-s intervals, and the average value over 30min was re-
corded by a data logger (CR-1000, Campbell Scientific, USA).

The sensors were installed on 22 of 32 trees in control plot, 36 of 40
trees in LT plot, and 26 of 31 trees in HT plot in March 2012. The trees
were chosen to avoid edge effects, and the probes were installed on the
outer part (0–20mm) of the sapwood on the north side of each tree. To
measure the radial and circumferential variation in JS, additional
probes were installed on the middle (20–40mm) and inner parts
(40–60mm) of the sapwood of five trees, and at six directions (0, 60,
120, 180, 240, and 300°) on another three trees. The mid- and inner
parts of the sapwood area transport 13.7 and 6.9% of the total sap, and
sap flow across sapwood area deeper than 60mm was assumed to be
negligible. JS of the northern side showed little difference with azimuth-
averaged JS (Moon et al., 2015; Moon et al., 2016); therefore, cir-
cumferential variation in JS was not considered. The trees were con-
sidered to have the same radial variations. Tree water use (TWU) was
scaled up by multiplying the measured JS and relevant sapwood area
(Eq. (2)), as follows:

∑=−

=

JTWU(kg d ) A
i

1

1

3

S Si i
(1)

where JSi=the daily mean sap flux density of outer (i= 1), mid
(i= 2), or inner (i= 3) sapwood (kg m−2 d−1) and ASi=relevant
sapwood area (m2).

Meteorological data were measured from a 25-m high walk-up
tower located 100m from the treatment plots. Photosynthetic active
radiation (Q) was measured by quantum sensor (LI-190, LI-Cor). Air
temperature (Ta) and relative humidity (RH) were measured by HMP-
45C (Campbell Scientific), and precipitation was measured by rain
gauge (03319-00, Cole-Parmer) at the top of the tower. Vapor pressure

Table 1
Stand characteristics of control (Con), light-thinning (LT) and heavy-thinning (HT) plots
before and after thinning. Stand density (SD) and basal area (BA) are expressed per
hectare, diameter at breast height (DBH) and competition index (CI) are stand arithmetic
means. Leaf area index (LAI) is sum of individual tree’s leaf area estimated by allometric
equation and specific leaf area within each plot.

SD (trees
ha−1)

BA (m2

ha−1)
DBH (cm) LAI (m2

m−2)
CI

Con 400 27.4 29.1 ± 5.1 4.15 2.0 ± 0.5
LT Before 458 30.2 28.4 ± 5.8 3.76 2.0 ± 0.6

After 333 25.1 30.9 ± 4.2 2.95 1.6 ± 0.5
HT Before 408 28.6 29.4 ± 5.0 3.47 1.8 ± 0.6

After 258 20.0 31.2 ± 3.9 2.30 1.2 ± 0.4
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deficit (D) was calculated from Ta and RH. Data gap due to sensor da-
mage or power failure in meteorological data was filled using data from
a 50-m flux tower that is 50m from the walk-up tower. Volumetric soil
water content (Θ) of upper 30 cm of soil layer was measured by TDR
sensors (CS-616, Campbell Scientific, USA) placed at three positions on
each treatment plot in January 2012 and additional 16 sensors installed
in May 2014. All the environmental variables were measured at 30 s
intervals, and the average values over 30min of data were stored in a
data logger (CR-1000, Campbell Scientific, USA).

Diameter growth was measured with a hand-made dendrometer
band on nearly all the trees on every plot. The recording was manually
conducted 7–13 times per year. Annual relative growth rate (RGR) of
each tree was calculated by following equation:

=
DBH

RGR
diameter growth

i
i

i (2)

where DBHi = diameter at breast height of tree i.
These diameter growth values were used to calculate the single tree

biomass gain by using the allometric equation (Ryu et al., 2014), which
showed consistency with other reported allometric equations on same
species (Son et al., 2001; Li et al., 2011).

=Above ground biomass DBH(kg) 0.2849 2.0553 (3)

The annual aboveground net primary productivity of each tree (AN-
PPTree) was calculated by difference in biomass at the beginning and
end of each year. Tree water use efficiency (WUETree) is the ratio be-
tween annual ANPPTree and TWU.

2.4. Gap filling

Major data gaps occurred from June 2012 to July 2012 because of a
power failure after a typhoon. At other times during the study period,
minor gaps occurred due to sensor damage. Data gaps from individual
trees in JS were filled using the linear relationship with other trees in
the same plot. Data from 10 days before and 10 days after the gap were
used, and trees that showed the highest correlation with the data-gap
tree were selected as reference trees. The average correlation coefficient
was 0.98 and the minimum coefficient was 0.91. Major gaps for which
no reference sap flux data were available were filled using the linear
relationship between JS and combination of environmental variables
like Q, Ta, and D. Similar to gap filling of a single-tree gap, an empirical
correlation was induced using data from 10 days before and 10 days
after the data gaps. The average correlation coefficient was 0.78 and the
minimum coefficient was 0.64. These gap-filled data were not used in
the JS comparison, but only in total tree water use estimation.

2.5. Environmental variables

Environmental conditions varied considerably over the 4-year study
period. Ta was similar during the study period; however, seasonal
trends differed between the first two years (2012, 2013) and last two
years (2014, 2015). Ta was higher during summer in the first two years
than in the last two years, and it was higher in the winter during the last
two years than in the first two years (Fig. 1a). Annual mean Q followed
the annual rainfall frequency pattern and was highest in 2012 and
lowest in 2014 (Fig. 1b). Notably, the mean growing season D
(March–October) was similar between wet years, but showed a dra-
matic difference between dry years (Fig. 1c). In 2014, it was 14.0%
lower than the 4-year-mean D, while in 2015, it was 16.0% higher.

The first two years were generally wet and the last two years were
dry. The total annual precipitation was 1685.6 mm in 2012, 1366.9 mm
in 2013, 791.5 mm in 2014, and 939.4 mm in 2015 (Fig. 1d). In addi-
tion, the precipitation distribution pattern was different for wet years
(2012, 2013). The rainfall frequency was lowest in 2012 and rainfall
was mainly due to two events (summer monsoon and typhoon). There
was severe soil drying in spring 2012. The rainfall frequency was

highest in 2013. The two dry years (2014, 2015) showed similar pre-
cipitation patterns with high rainfall frequency during the growing
season, but the spring drought lasted longer in 2014 than in 2015.

These conditions resulted in a distinct combination of environ-
mental variables during the measurement years. In general, 2012 was a
wet year with a strong spring drought, 2013 was a wet year with low
light, 2014 was a dry year with a humid atmospheric condition, and
2015 was a dry year with a dry atmospheric condition (Fig. 1a–d).

2.6. Statistical analysis

To evaluate the statistical difference in JS among plots of different
thinning intensities, average daily JS was used. Diameter growth, RGR,
ANPPTree, and WUETree of each year were also compared using ANOVA.
The normality of JS and diameter growth data of each plot was assessed
by Shapiro-Wilks test. The slope coefficients of linear regression be-
tween JS of control and thinned plots were compared. The sensitivity of
environmental variables on JS and growth was also tested. The differ-
ence between thinning treatments during the entire measurement
period was statistically evaluated by repeated measures ANOVA with
Tukey’s LSD post-hoc test. All analyses were conducted in R (R Core
Team, 2016).

3. Results

3.1. Effects of thinning intensities on sap flux density and tree water use

The mean JS of thinned plot significantly increased soon after the
thinning practice in March 2012; however, the duration of thinning
effects on JS differed according to thinning intensity (Fig. 2). The in-
crement in JS was continuously enhanced or sustained in the HT plot
(+8.0% in 2012, +20.2% in 2013, 40.1% in 2014, and 17.8% in 2015,
maximum p < .001) but weakened with time in the LT plot (+11.1%
in 2012, +8.9% in 2013, +9.5% in 2014, and −1.3% in 2015, max-
imum p < .001).

Although the mean plot JS increased significantly, TWU was not
significantly increased in the first two years owing to large tree-to-tree
variations (Fig. 3 and Table 2). In 2012, mean TWU was 10.8 ± 0.5,
12.0 ± 0.5, and 12.1 ± 0.5 kg in control, LT, and HT plots, respec-
tively. TWU in 2013 was similar to that in 2012, but tree-to-tree var-
iations within the same treatment were slightly increased. The mean
TWU was 10.6 ± 0.6, 11.7 ± 0.6, and 12.4 ± 0.7 kg in the control,
LT, and HT plots, respectively. In 2014, when the total precipitation
was lowest, trees in the HT plot (16.5 ± 1.6 kg, maximum p < .01)
used more water than those in the control (10.1 ± 1.0 kg) and LT
(11.7 ± 0.8 kg) plots. This increase in TWU persisted in 2015 also, and
TWU in HT plot (18.6 ± 0.8 kg, maximum p < .05) was higher than
that in the control (15.3 ± 0.8 kg) and LT (14.4 ± 0.7 kg) plots.

The interannual variations in TWU reflected the variations in en-
vironmental conditions, but they differed according to thinning in-
tensity. TWU in the control and LT plots showed similar interannual
variations, while the HT plot showed a continuous increase in TWU for
4 years. Although precipitation declined by 19% between 2012 and
2013, annual TWU did not reduce in all treatment plots. Despite the
huge decrease in annual precipitation, TWU decreased in the control
and LT plots in 2014 compared to that in the previous year. In contrast,
TWU in the HT plot increased compare to that in the previous year
(33.1%). TWU in all plots increased in 2015 compared to that in 2014,
reflecting the increase in annual precipitation and atmospheric dryness.

3.2. Effects of thinning intensities on diameter growth

Heavy thinning stimulated individual tree diameter growth and
RGR, and this growth enhancement was apparent from the second year
after thinning (Fig. 4 and Table 2). The thinning-induced growth en-
hancement in the HT plot intensified with time (+27.3 ± 65.0% in
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2012, +48.7 ± 46.3% in 2013, +51.0 ± 43.9% in 2014,
and+61.4 ± 46.5% in 2015). Tree growth in LT plot was not sig-
nificantly different from that in the control plot for the entire study
period (+15.8 ± 55.6% in 2012, +14.3 ± 54.0% in 2013,
+11.6 ± 53.8% in 2014, and+13.5 ± 50.4% in 2015). In 2012, the
seasonal growth pattern differed among the plots. While trees in the
control and LT plots showed a similar growth pattern, trees in the HT
plot showed delayed growth initiation and rapid catch-up after growth
initiation. The differences in growth pattern disappeared in 2013, and
the HT plot showed a consistently higher growth rate throughout the
growing season.

The interannual variations in growth were similar regardless of the
difference in thinning intensity; however, the magnitude of variation
was highest in the HT plot. This interannual variation in growth was
caused by differences in environmental conditions, especially in water

availability during the growth onset period. During the years with low
annual growth (2012 and 2014), there was severe drought in the spring.
In addition, a similar overall growth rate was observed in the control
and LT plots despite the huge differences in total annual precipitation
and Q. Meanwhile, trees in the HT plot showed a higher growth rate in
2014 than in 2012. There was no spring drought or only a short one
during the years with high growth rate (2013 and 2015). As in the low-
growth years, trees in the control and LT plot showed similar growth
rates in 2013 and 2015 and trees in the HT plot showed higher growth
in 2015 than in 2013 (Fig. 4).

These growth increment caused the higher ANPPTree in HT plot from
the second year after thinning (Fig. 5). The trees in LT plot showed
consistently statically same but slightly higher ANPPTree than the con-
trol plot for the entire study period (minimum p= .247). The thinning
effects in tree growth sustained during the entire study periods, and

Fig. 1. Meteorological conditions from 2012 to 2015. (a) Daily mean
air temperature (Ta), (b) daily mean photosynthetically active radia-
tion (Q), (c) daily mean vapor pressure deficit (D), and (d) daily mean
volumetric soil water content (θ) at 0–30 cm in the control (black),
light-thinning (light-grey), and heavy-thinning (dark-grey) plots,
along with daily total precipitation (P). The soil water content was
measured at three points per plot until April 2014, after which soil
water content was measured at six points in the control plot and at
nine points in each thinned plot.

Fig. 2. Relationship between daily mean sap flux density (JS) at 0–2 cm of sapwood area in the control plot, light-thinning (LT; grey triangle), and heavy-thinning (HT; black circle) plots
from 2012 to 2015. Colored line indicates linear regression line of control and thinned plots, fit with a zero intercept. (LT, y = 1.111x, r2 = 0.99, P< .001 in 2012, y = 1.089x, r2 =
0.98, P< .001 in 2013, y = 1.095x, r2 = 0.96, P< .001 in 2014, y = 0.987x, r2 = 0.98, P<.001 in 2015 and HT, y = 1.080x, r2 = 0.99, P< .001 in 2012, y = 1.202x, r2 = 0.98,
P< .001 in 2013, y = 1.406x, r2 = 0.97, P< .001 in 2014, y = 1.213x, r2 = 0.99, P< .001 in 2015).
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caused a huge increment in ANPPTree from 3.9 ± 0.4 kg C in 2012 to
6.8 ± 0.3 kg C in 2015.

In addition, the relationship between DBH and annual growth rate
showed a huge difference between the two thinning intensities
(Fig. 6a). In the LT plot, large trees grew significantly more than small
trees, but the opposite trend was seen in the HT plot. These size-growth
relationships were observed during the entire 4-year study period.
Meanwhile, trees in the control plot showed no significant relationship
between tree size and growth rates. Competition intensity, which was
estimated by distance and size differences between neighboring trees,
was negatively correlated with tree growth rate in the LT plot, whereas
there was a significant positive correlation in the HT plot and no sig-
nificant correlation in the control plot (Fig. 6b). In the HT plot, re-
duction of competition intensity by thinning was positively correlated

with tree growth (Fig. 6c).

3.3. Effects of thinning intensities on tree water use efficiency (WUE)

Owing to the insignificant effects of LT as well as the synchronized
changes in TWU and tree growth in HT, WUETree was not affected by
thinning (Table 2). The only significant difference appeared between
control and HT plots in high growth years (2013 and 2015, p < .05). In
2012, WUETree values were 0.78 ± 0.08, 0.85 ± 0.05, and
0.96 ± 0.09 g C kg H2O−1 for the control, LT, and HT plots, respec-
tively. In 2013, the WUETree values were 1.06 ± 0.13, 1.13 ± 0.10,
and 1.49 ± 0.14 g C kg H2O−1 for the control, LT, and HT plots, re-
spectively. In all plots, WUETree was higher than in the previous year
(2012), and the HT plot showed a greater increase in WUETree than the
control and LT plots. In 2014, WUETree was reduced in all plots owing to
the drought. The WUETree values were 1.03 ± 0.14, 1.01 ± 0.12, and
1.05 ± 0.12 g C kg H2O−1 for the control, LT, and HT plots, respec-
tively. In 2015, WUETree of the thinned plots recovered with increase in
precipitation, whereas it was low in the control plot. The WUETree va-
lues were 0.72 ± 0.07, 1.04 ± 0.11, and 1.08 ± 0.08 g C kg H2O−1

for the control, LT, and HT plots, respectively. WUETree showed dif-
ferent interannual variations after thinning treatment. The control plot
showed a decrease in WUETree after drought, but WUETree recovered in
the thinned plots after the drought year. The magnitude of WUE was
higher in the HT than in the LT plot (Fig. 7).

4. Discussion

A few studies have quantified the effects of thinning on sap flux
density and growth productivity in mature forests (Breda and Granier,
1996; McJannet and Vertessy, 2001); however, studies focused on the
effects of thinning intensities are scarce (Makinen and Isomaki, 2004b).
In this study, we provide evidence that thinning treatment has con-
siderable effects on water use and growth of trees in mature pine forest
and these thinning effects are controlled by thinning intensity.

4.1. Effects of thinning intensities on tree water use

After thinning treatment, JS initially increased in trees at both
thinning intensities. The initial increment of JS is largely due to changes
in the light environment, because thinning has little effect on mor-
phological or anatomical adaptations to the changed light environment
in such a short period of time (Gebauer et al., 2013). Thinning created
more gaps, allowing remaining trees to receive more light, especially on
the lower and shaded leaves. This improved light environment induced
more leaf-level transpiration as long as soil water was not limited. This
initial increase in JS was not shown in other studies that reported short-
term post-thinning stress in transpiration (Reid et al., 2006; Jimenez
et al., 2008; Lagergren et al., 2008). Stress induced by thinning might
be caused by light stress on previously shaded leaves (Harrington and
Reukema, 1983), mechanical damage to shoots or roots during the
thinning procedure, or additional freezing damage early in the growing
season due to greater exposure of the canopy to wind. In the present
study, the average JS increase of LT plot in the first year was higher (ca.
11.1%) than that of HT plot (ca. 8.0%). This finding might indicate that
there was higher light stress in the HT plot than in the LT plot.

This initial increment of JS increased consistently during the four
years in the HT plot, whereas enhancement of JS declined with time in
the LT plot and showed no difference with the JS in the control plot in
2015. The extent of these enhancements depends on thinning type and
intensity, site-specific climatic conditions, species and age of remaining
trees, and disturbance regime. Especially, it depends primarily on two
factors (1) increased water flow through pre-existing sapwood area and
(2) increased hydraulic conductivity of newly formed sapwood
(Deckmyn et al., 2006). The increased water flow is promoted by the
increased water demand of the new conditions such as excess light and

Fig. 3. Mean daily tree water use of control (Con; open square), light-thinning (LT; closed
grey triangle), and heavy-thinning (HT; closed circle) plots from 2012 to 2015. The
vertical bars represent the standard error (SE).

Table 2
Yearly mean±1 SE of sap flux density (JS), Tree water use (TWU), diameter growth, Tree
level aboveground net primary productivity (ANPPTree), and tree-level water use effi-
ciency (WUETree) for control (Con), light-thinning (LT) and heavy-thinning (HT) plots.

Variable Year Con LT HT

JS (g m−2 s−1) 2012 8.4 ± 0.4a 9.5 ± 0.4a 9.3 ± 0.4a

2013 8.5 ± 0.5a 9.5 ± 0.5a 9.9 ± 0.6a

2014 8.3 ± 0.8a 9.6 ± 0.6a 13.4 ± 1.3b

2015 11.4 ± 0.6a 10.7 ± 0.5a 13.7 ± 0.6b

Whole 9.3 ± 0.4a 9.9 ± 0.3a 11.6 ± 0.4b

TWU (kg d−1 Tree−1) 2012 10.8 ± 0.5a 12.0 ± 0.5a 12.1 ± 0.5a

2013 10.6 ± 0.6a 11.7 ± 0.6a 12.4 ± 0.7a

2014 10.1 ± 1.0a 11.7 ± 0.8a 16.5 ± 1.6b

2015 15.3 ± 0.8a 14.4 ± 0.7a 18.6 ± 0.8b

Whole 11.8 ± 0.5a 12.5 ± 0.4a 14.9 ± 0.5b

Diameter Growth (mm
y−1)

2012 2.8 ± 0.2a 3.2 ± 0.3a 3.6 ± 0.3a

2013 3.6 ± 0.3a 4.1 ± 0.3a 5.4 ± 0.3b

2014 2.9 ± 0.2a 3.2 ± 0.2a 4.3 ± 0.2b

2015 3.7 ± 0.3a 4.2 ± 0.3a 5.9 ± 0.3b

Whole 3.2 ± 0.3a 3.7 ± 0.2a 4.8 ± 0.3b

ANPPTree (kg C Tree−1) 2012 3.0 ± 0.3a 3.7 ± 0.3a 3.9 ± 0.4a

2013 3.8 ± 0.4a 4.7 ± 0.4a 6.0 ± 0.3b

2014 3.1 ± 0.3a 3.7 ± 0.4a 4.9 ± 0.2b

2015 4.0 ± 0.4a 4.9 ± 0.4a 6.8 ± 0.3b

Whole 3.5 ± 0.4a 4.3 ± 0.3a 5.4 ± 0.4b

WUETree (g C kg H2O−1) 2012 0.78 ± 0.08a 0.85 ± 0.05a 0.96 ± 0.09a

2013 1.06 ± 0.13a 1.13 ± 0.10a 1.49 ± 0.14b

2014 1.03 ± 0.14a 1.01 ± 0.12a 1.05 ± 0.12a

2015 0.72 ± 0.07a 1.04 ± 0.11a 1.08 ± 0.08b

Whole 0.89 ± 0.09a 1.00 ± 0.07a 1.13 ± 0.09a

Different letters next to numbers represent significantly different means (p< .05, Tukey’s
LSD post hoc tests). The difference in each year was tested by simple ANOVA, and the
difference in whole periods was tested by repeated measure ANOVA.
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soil water, but is constrained by the limited water transport capacity of
the existing sapwood. The increased hydraulic conductivity is enabled
by the increased tracheid size (Gebauer et al., 2013), formation of new
sapwood area (Nadezhdina et al., 2010), or a fertilization effect (Gough
et al., 2004).

Although the thinned plots showed increased JS soon after thinning,
high tree-to-tree variation within the plots caused insignificant differ-
ences in TWU for the first two years. Owing to both sap flux density
increment (Fig. 2) and diameter growth increment (Fig. 4), TWU in-
creased significantly in HT plot in the third year after thinning (Fig. 3).
Similar results have been reported in a wide range of tree species and
locations (Medhurst et al., 2002; Gebhardt et al., 2014).

4.2. Thinning-induced growth enhancement

In general, water and light are the major limiting factors of tree
growth. Water stress is especially notable in the Asian monsoon climate,
where most of the annual precipitation occurs during the summer
season and there are periodic droughts in the spring and fall. Drought in
the spring and fall might disturb phenological development (Borchert
et al., 2002), with critical effects on productivity (Richardson et al.,
2010). The diameter growth of Pinus species in particular is limited by
spring drought (Oberhuber et al., 1998; Rigling et al., 2002). Our re-
sults showed that reduction of stand density by thinning enhanced the
growth of the remaining trees in thinned plot by improving either or
both of the limiting conditions (water and light; Fig. 4). Thinning
promotes photosynthetic capacity by increasing the leaf water potential
(Donner and Running, 1986; Gauthier and Jacobs, 2009).

The growth increment of the remaining trees was more pronounced
in the HT plot (Fig. 4), in accordance with previous results from studies
on various tree species (Makinen and Isomaki, 2004a, b; Martin-Benito
et al., 2010). The insignificant growth increment in the LT plot might be
due to the small removal of the basal area, which was not enough to
cause considerable changes (Misson et al., 2005). In addition, the
growth rate of trees may increase with tree size, because large trees can
support more leaves, which increases the whole-tree photosynthetic
rate (Enquist, 2002). However, growth rates are affected not only by
tree size but also by competition for light and nutrients as well as en-
vironmental conditions. Competition for light is more important for
small trees, whereas competition for nutrients affects all trees, regard-
less of their size (Coomes and Allen, 2007). In addition, sensitivity to
competition shows a high correlation with site water availability
(Gomez-Aparicio et al., 2011). In the LT plot, thinning did not increase
the site water availability because TWU was similar to that in the
control plot, and the reduced competition for light did not boost the
growth of small trees. Meanwhile, in the HT plot, thinning improved

Fig. 4. Annual patterns of relative growth rate (RGR; top) and absolute diameter growth (bottom) in control (Con; open square), light-thinning (LT; grey triangle), and heavy-thinning
(HT; closed circle) plots. The vertical bars represent the standard error (SE).

Fig. 5. Tree-level aboveground net primary production (ANPPTree) of control (Con; open
square), light-thinning (LT; grey triangle), and heavy-thinning (HT; closed circle) plots for
4 years. The vertical bars represent the standard error (SE).
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the site water availability as indicated by the huge increment in TWU
(Fig. 3), which diminished the sensitivity of the trees to competition
intensity. Therefore, small trees were benefited the most by thinning
and showed higher growth rates than large trees.

4.3. Effects of thinning intensities on tree water use efficiency

WUE, which is the ratio of the amount of biomass gain per unit
water loss by transpiration, was not increased by thinning treatment
except in high growth years (Fig. 7 and Table 2). As mentioned, thin-
ning reduces competition for water, light, and nutrients. The relative
improvement of water and light conditions caused by thinning de-
termines the effects of thinning on WUE. In general, thinning enhances
WUE in a light-limited environment (Martin-Benito et al., 2010; Brooks
and Mitchell, 2011) rather than in a water-limited environment
(Moreno-Gutierrez et al., 2011; Giuggiola et al., 2015). Thinning in-
creases light interception by individual trees and concentration of nu-
trients in the foliage, resulting in efficient carbon assimilation. High
density stands showed less WUE than the low-density stands especially
in shade-intolerant pine forests (Warren et al., 2001).

WUE is controlled more by carbon gain than by water use in mesic
areas (Yang et al., 2016). Although there were huge differences in an-
nual precipitation among the study years, soil water status reached the
field capacity during summer precipitation in all the years, and soil
water content was maintained above 15% during most of the growing
periods (Fig. 1). Thus, TWU was hardly affected by fluctuation in an-
nual precipitation (Fig. 3). In the years with low stand WUE (2012 and

2014), severe spring droughts (Fig. 1) hampered tree growth (Huang
and Zhang, 2007).

In 2014, a notable combination of environmental conditions was
observed: humid atmosphere and drought-affected soil (Fig. 1c and d).
WUETree is controlled by both D and Θ, with D dominating (Yang et al.,
2010; Novick et al., 2016). Θ and WUE may have an opposite re-
lationship for low and high D conditions due to failure in stomatal
optimization. Under low D conditions, tree water use could be de-
coupled from Θ owing to loose stomatal regulation. Unregulated sto-
mata resulted in similarly low WUETree in all plots. In addition, the
leaves that developed during previous humid conditions may fail to
adjust their physiological characteristics to dry conditions completely.
The huge reduction of WUETree in HT plot was mainly caused by the
improved TWU (Fig. 3).

WUETree increment of thinned plot in 2015 could be explained
partly by “memory effects,” which are effects of previous drought on
current productivity and water use (Zhang et al., 2014; Yang et al.,
2016). Under drought conditions, trees increased their belowground
allocation to increase their water uptake capacity. Evergreen conifer
trees in particular tend to allocate more biomass to the drought en-
during organs (Markesteijn and Poorter, 2009). The combination of
improved soil water condition, high D, and previous investment to
adapt to drought conditions caused a significant increase in WUETree in
2015. Meanwhile, WUETree was reduced in the control plot. Although
both TWU and ANPPTree increased over the previous year in the control
plot, the increment of water use outweighed that of biomass gain.
Owing to higher density in the control plot relative to thinned plot,
TWU responded to D more sensitively.

5. Conclusions

Our study shows that thinning enhanced the sap flux density and
diameter growth. These positive effects of thinning on tree level water
use and growth were more apparent in HT plot than in the LT plot. The
interannual variations in water use efficiency indicated that light con-
ditions might be the main driver of positive thinning effects. Other
approaches, such as stable isotope analysis in leaves or tree core ana-
lysis could be used to reveal the hidden mechanism of thinning effects.

Our results indicate that thinning by 40% removal of total trees is an
appropriate management practice in mature pine forests compared to
thinning by 20% removal, and this results in improved tree growth
together without loss in water use efficiency.
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