Version of Record at: https://doi.org/10.1016/j.scitotenv.2023.169060

Science of the Total Environment 912 (2024) 169060

ELSEVIER

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science orre
Total Environment

L))

Check for

Effects of forest thinning on sap flow dynamics and transpiration in a e

Japanese cedar forest

Shin'ichi Ilida®™ ", Shoji Noguchi”, Delphis F. Levia ©“¢, Makoto Araki®, Kyohei Nitta £
Satoru Wada, Yoshito Narita ¢, Hiroki Tamura ', Toshio Abe ", Tomonori Kaneko "'

& Department of Disaster Prevention, Meteorology and Hydrology, Forestry and Forest Products Research Institute, 1 Matsunosato, Tsukuba, Ibaraki 305-8687, Japan
b Japan International Research Center for Agricultural Sciences, 1-1 Ohwashi, Tsukuba, Ibaraki 305-8686, Japan

¢ Department of Geography & Spatial Sciences, University of Delaware, Newark, DE 19716, USA

d Department of Plant & Soil Sciences, University of Delaware, Newark, DE 19716, USA

€ Department of Civil & Environmental Engineering, University of Delaware, Newark, DE 19716, USA

f Akita Forestry Research and Training Center, 47-2 Idojiridai Kawabetoshima, Akita, Akita 019-2611, Japan

8 Forestry Environment Preservation Division, Akita Prefectural Government, 4-1-1 Sannou, Akita, Akita 010-8570, Japan

h Tohoku Research Center, Forestry and Forest Products Research Institute, 92-25 Nabeyashiki, Shimokuriyagawa, Morioka, Iwate 020-0123, Japan

i Akita Prefecture Forestry Labor Countermeasures Fund, 8-28 Kawamotoyamashita, Akita, Akita 010-0931, Japan

HIGHLIGHTS

e Transpiration (TR) was measured for
two years before and three years post
thinning.

e Outer sap flux increased immediately,
while inner increase was delayed.

o TR decreased to 71 % just after thinning,
returning to initial levels in 2-3 years.
e Delayed but substantial increase of inner
sap flow is a main factor for TR

variation.

e Both outer and inner sap fluxes must be
quantified to evaluate thinning effects.
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ABSTRACT

Historically, forest thinning in Japan was conducted to obtain high-quality timber from plantations. Today, in
contrast, thinning is also motivated by forest water balance and climate change considerations. It is in this
context that the present study examines the effects of thinning on the ecophysiological responses of remaining
trees, which are inadequately understood, especially in relation to changes in the magnitude and duration of
transpiration. Sap flux densities were measured in both outer and inner sapwood to obtain stand-scale tran-
spiration for two years in the pre-thinning state and three years post-thinning. The effects of thinning on tran-
spiration were quantitatively evaluated based on canopy conductance models. The larger increases in outer sap
flux density were found in the first year after the treatment, while those in inner sap flux density were detected in
the second and third years. The remaining trees required a few of years to adjust to improved light conditions of
the lower crown, resulting in a delayed response of inner sap flux density. As a result of this lag, transpiration was
reduced to 71 % of the pre-thinning condition in the first year, but transpiration recovered to the pre-thinning
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levels in the second and third years due to compensating contributions from inner sap flow. In terms of more
accurately chronicling the thinning effect, the distribution of sap flux density with respect to its radial pattern, is
necessary. Such measurements are key to more comprehensively examining the ecophysiological response of
forest plantations to thinning and, ultimately, its effect on the forest water balance.

1. Introduction

The bidirectionality of biosphere-atmosphere interactions, particu-
larly under forest cover, has a substantial effect on the cycling of water
and carbon as well as climate (Alkama and Cescatti, 2016; Ellison et al.,
2017). Climate change can enhance or dampen some aspects of the
coupled fluxes between forests and the atmosphere. For example,
Amazonian deforestation has altered interactions between the land
surface and atmosphere, causing decreases in rainfall (Leite-Filho et al.,
2021; Smith et al., 2023; Spracklen and Garcia-Carreras, 2015). Plan-
tation (or managed) forests may be even more vulnerable to the vagaries
of climate change since they have a more uniform response likely partly
stemming from a more homogenized hydrological cycle compared to
natural forests (Levia et al., 2020). The interplay between managed
forests and the atmosphere is especially relevant to Sustainable Devel-
opment Goal (SDG) 6, which seeks to ensure access to water and sani-
tation for all (e.g., Creed and van Noordwijk, 2018). Japan, for example,
thinned approximately 0.5 million ha of forest plantations in 2015
(Ohmasa et al., 2018). This is interfacial space where science can meet
policy. How does forest thinning affect the ecophysiological and hy-
drological processes of managed forests? How does sap flux density and
stand-scale transpiration (TR) change with thinning? Answers to such
questions will require a quantitative estimate of the effect of thinning on
hydrological cycle to provide the necessary information to help achieve
SDG 6.

Evapotranspiration from a forest ecosystem affects the hydrological
cycle and the processes of local precipitation recycling (Bonan, 2008;
Ellison et al., 2017; Jones et al., 2020). For temperate forests, the ratio of
runoff to precipitation was around 60 %, indicating that the evapo-
transpiration was equivalent to around 40 % of precipitation (Kosugi
and Katsuyama, 2007; Shimizu et al., 2015). Thus, evapotranspiration is
one of the most important processes of the hydrological cycle in forests.
Forest evapotranspiration comprises three components— transpiration,
interception loss and forest floor evaporation. Previous studies have
reported the substantial contribution of transpiration to evapotranspi-
ration, sometimes accounting for as much as 84.6 % for temperate for-
ests (Wilson et al., 2001), 69.2 % for subhumid forest (Tie et al., 2018),
and 73.7 % for tropical dry forest (lida et al., 2020a). The quantitative
estimation of transpiration is essential to understand the hydrological
processes and climate system for forested areas.

Thinning is commonly applied to forest plantations with closed
canopies to create suitable spaces among trees and to mitigate compe-
tition for light (especially for the lower crown), water and nutrients,
thereby enhancing the growth of remaining trees and timber production
(e.g., Lagergren et al., 2008; Skubel et al., 2017; Park et al., 2018). Most
cases of thinning forests lead to reductions of transpiration because of
the decrease in the sapwood area of a forest (e.g., Komatsu et al., 2013;
Tateishi et al., 2015). However, it is necessary to investigate the effects
of thinning on sap flux density of the remaining trees. For example,
many cases of thinning have documented increases in sap flow amounts
of the remaining trees (e.g., Morikawa et al., 1986; del Campo et al.,
2022), which indicates the increase in sap flux densities of remaining
trees is caused by exposure of crowns to improved light conditions
(Medhurst et al., 2002). These changes in sap flux density correspond
with the reports of increased growth rate of tree diameter in the post-
thinning conditions (e.g., Makinen and Isomaki, 2004; Richardson
et al., 2011). Thus, quantitative evaluations of changes for both stand
sapwood area and stand-mean sap flux density are needed to more
precisely comprehend the ecophysiological and hydrological responses

of remaining trees and to clarify the effects of thinning on transpiration.

While thinning has originally been employed to help ensure high
quality timber production, we must now employ hydrology-oriented
silviculture (Molina and del Campo, 2012; Onda and Gomi, 2021; del
Campo et al., 2022) to clarify the hydrological responses of forests in the
post-thinning condition and to adapt and/or mitigate the influences by a
changing climate. It is important for these purposes to evaluate not only
the degree of the effect of thinning on transpiration just after thinning,
but also its dynamics over relatively longer time periods. del Campo
et al. (2022) carried out a global meta-analysis of thinning studies from
the viewpoint of hydrological processes and showed that the duration of
thinning effect on transpiration ranged from 3 to 8 years following
treatment with relatively large variations among site environments,
species, and climates. Focusing on the effect of thinning on transpira-
tion, previous studies have been disproportionately conducted in rela-
tively dry areas as opposed to wet and humid areas (e.g., Tateishi et al.,
2015; Wang et al., 2019), and, therefore, its intensive measurements are
necessary, especially for stands in more humid areas that underwent
thinning operations a few years prior.

Forests cover two-thirds of the land area of Japan, with Japanese
cedar (Cryotomeria japonica D. Don) and Japanese cypress (Chamaecy-
paris obtusa Sieb. et Zucc.) occupying roughly 20 % and 10 % of the
forested area, respectively (Forestry Agency, Ministry of Agriculture,
Forestry and Fisheries, Japan, 2022). Many plantations composed of
these two species are unmanaged and consequently have high stand
densities (e.g., Ohmasa et al., 2018). A similar situation has been re-
ported in Spain (e.g., del Campo et al., 2019). Even though previous
studies evaluated the effect of thinning on transpiration in both Japa-
nese cedar and cypress stands (Morikawa et al., 1986; Komatsu et al.,
2013; Sun et al., 2014; Tateishi et al., 2015), the magnitude and dy-
namics of the thinning effects over longer time spans remain unknown.
To better understand how thinning affects transpiration, i.e., whether
the effects on water resources is positive or negative, evaluation of the
thinning-effect dynamics is necessary.

Here, we measured stand-scale transpiration based on the sap flow
measurements in a thinned (by 38 % stand density) stand of Japanese
cedar located in the northern part of Japan. It is hypothesized that
thinning-induced improvement of solar radiation conditions could result
in ecophysiological changes in the remaining trees by enhancement of
sap movement, causing compensation of reduced transpiration by a
decrease in stand-scale sapwood area. Our objectives are: (i) to evaluate
the degree of decrease in transpiration by thinning and its temporal
dynamics over a few of years after thinning; (ii) to clarify the effect of
improved light conditions on transpiration, focusing on the difference
between outer and inner sap flux densities; and (iii) to present a con-
ceptual model to examine the changes in ecophysiological responses due
to thinning. Achievement of these objectives would improve our un-
derstanding of the ecophysiological controls of thinning on water flux,
thereby ultimately permitting a better integration among measure-
ments, modeling, and policy as envisaged by Guswa et al. (2020).

2. Materials and methods
2.1. Study site

The target stand of Japanese cedar is located in a hilly area near
Kaminosawa stream within the Nagasaka Experimental Watershed

located in Akita Prefecture in northern Japan (40°16'N,140°24E, alti-
tude: 84-174 m, Fig. S1). It was planted in 1963. In 2017, at 54 years of
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age, the initial stand density was 1257 trees ha~! (Table 1). Surficial
geology is Neogene tuffaceous rock (green tuff) that has been weathered
and softened (Kaneko et al., 2010). Annual mean precipitation and air
temperature were 1905.7 mm and 10.3 °C, respectively, and the period
without snow cover was generally from May to October (Noguchi et al.,
2010).

Since the improvement cutting carried out in 1989, no silvicultural
treatments have been applied to this stand. The first thinning was con-
ducted from February to March 2017, during which 38 % stems, cor-
responding to 44 % of stand volume, were removed. Detailed
information of thinning and stand characteristics including diameter at
breast height (DBH) and tree height are listed in Table 1. Stand-scale
transpiration (TR) based on the sap flow technique was measured for
two years (2015 and 2016) and three years (2017, 2018 and 2019) in the
pre- and post- and thinning conditions, respectively.

2.2. Measurements of micrometeorological conditions, leaf area index
and canopy openness

Micrometeorological conditions were measured at the station in an
open space toward the east-north-east 200-m from the Japanese cedar
stand (Fig. S1). Measured factors are vapor pressure deficit (VPD)
calculated from air temperature (T,) and humidity (type HMP45A;
Vaisala, Helsinki, Finland), solar radiation (S4, type CNR4, Kipp &
Zonen, Delft, The Netherlands) and gross rainfall (P, type B-071,
Yokogawa Denshikiki, Tokyo, Japan). These factors were scanned every
30 s and recorded by a datalogger (type CR1000, Campbell Scientific,
Logan, UT, USA) as the averaged or accumulated values over 10 min
intervals. For the following analysis, we used daily amount of gross
rainfall and daytime (9:00 to 15:00) mean values of air temperature,
vapor pressure deficit and solar radiation. Measurements of microme-
teorological conditions began in late 2015. Hence, summer 2015 data
were estimated as follows: vapor pressure deficit was calculated by a
regression equation derived from the vapor pressure deficit above the
forest floor (VPDgi0r) measured by a temperature/humidity probe (type
S-THC-MO002, Onset Computer Corporation, Bourne, MA, USA; VPD =
1.632-VPDjoor + 2.756, R% = 0.78). We estimated solar radiation with a
regression equation obtained from the daily mean values calculated
from daily duration of sunshine at Takanosu station (Sq.taka; Noguchi
et al., 2010), which is 7 km apart from the stand and belonged to the
Automated Meteorological Data Acquisition System (AMeDAS)
managed by the Japan Meteorological Agency (Sq = 2.619-Sq-taka —
32.092, R? = 0.89). The volumetric soil water content was measured at
the depths of 10, 30, 40, 60, and 90 cm by the time-domain-
reflectometry sensors (type CS-616, Campbell Scientific, Logan, UT,
USA). We calculated daily weighted mean value of soil water content to
the depth of 90 cm (SWC) and used for the following analysis.

The leaf area index (LAIL m? m~2) was measured at 22 points fixed in
the stand with the Plant Canopy Analyzer (type LAI-2000, Li-Cor,
Lincoln, NE, USA). At the same positions, we took hemispherical

Table 1
Stand characteristics of the measurement plot before and after thinning. Values
in parentheses are +1 standard deviation.

Before thinning After thinning

Number of trees 16 10

Mean DBH (cm) 27.1 (6.2) 26.1 (3.8)
Mean height (m) 20.6 (1.9) 20.5 (1.4)
Mean height of lowest living branch (m) 11.5 (1.7) 11.6 (1.6)
Mean crown length (m) 9.2 (1.6) 8.9(1.2)
Stand density (trees ha™') 1257 786

Basal area (m? ha™ 1) 76.1 43.1
Stand volume (m® ha™1) 769.4 429.9
Mean sapwood width” (cm) 3.4 (0.5) 3.5(0.4)

@ Sapwood width was measured in June 2015, and the other metrics in April
2016.
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photographs (camera: D5100, Nikon, Tokyo Japan; lens: 4.5 mm F2.8
EX DC Circular Fisheye HSM, SIGMA, Kanagawa, Japan) and calculated
the canopy openness for 0-10° zenith angle with HemiView (version 2.1,
Delta-T Devices, Cambridge, UK).

The wood core samples were taken at the east and west sides of all
stems within the plot by an increment borer to determine sapwood
width in 2015 (lida et al., 2017). The average of east and west sides was
used as the sapwood width of each tree (Table 1). Note that Japanese
cedar trees have a white zone near the boundary between sapwood and
heartwood (e.g., Kumagai et al., 2007), in which the sap movement is
inactive, and we excluded it from the sapwood width.

2.3. Estimation of stand-scale transpiration

The thermal dissipation method (TDM; Granier, 1985) was applied
to measure sap flux density (Fgq, em® cm™2 h™) of all Japanese cedar
trees within the plot (n = 16 in the pre-thinning condition, and n = 10 in
the post-thinning condition) (Table 1, S1). A pair of 2-cm long probes
were inserted into a stem, which were apart 15 cm vertically. The upper
probe included a 0.2 W heater generating heat continuously, and the
thermocouples of both probes measured the temperature difference
between them (AT, °C). Fq can be calculated by the empirical equation
(Granier, 1985) as:

ATy — AT\
07) 6

Fy = 42.84~( T

where ATy is AT when F4q equals to zero, and we assumed the daily
maximum of AT is the same as ATy (Iida et al., 2003). In this study,
custom-made sensors were used (e.g., Kumagai et al., 2007), and AT was
scanned every minute and 30-min averages were recorded by a data-
logger with a multiplexer (type CR1000 and AM16/32B, Campbell
Scientific, Logan, UT, USA).

Given the fact that underestimations of Fq have been reported (e.g.,
Steppe et al., 2010; Fuchs et al., 2017), we calibrated the TDM by using
an equipment generating the artificial sap flow in cut segments by a
vacuum pump (Shinohara et al., 2022; Tida et al., 2022). As a result, Fq
obtained by Eq. (1) was found within +30 % of the artificial sap flux
densities and did not indicate clear underestimations (lida et al., 2020Db),
so that we applied Eq. (1) to calculate Fq.

It has been reported that Fq shows azimuthal and radial distributions
in sapwood area (e.g., Shinohara et al., 2013). To consider the effect of
azimuthal variations, we measured outer sap flux density at the depth
from 0 to 2 cm (Fqo_2) in the sapwood at north and south sides of a tree,
and obtained their averaged value (Fy_»). Considering that all trees had
the sapwood width of >2 cm (i.e., sensor length), we measured inner sap
flux density by an inner sensor installed at the depth from 2 to 4 cm (Fgz.)
for trees whose sapwood width of >3 cm (Table S1). In cases where the
inner sensors exceeded the active part of sapwood area, we applied the
correction proposed by Clearwater et al. (1999). In the pre-thinning
condition, a total of 46 sensors were used in 16 trees, with 29 sensors
used in 10 trees in the post-thinning condition (Table S1). Based on the
measurements, single-tree transpiration (Q, cm® h™1) that accounted for
contributions of outer and inner portions of sap flow was calculated as:

0=002+ 0 =Ag2Fa2+Ap Foo- )

where Qg2 and Agg_» are sap flow (cm® h™) and sapwood area (cmz),
respectively, for the outer part in the depth from 0 to 2 cm, and Q5 and
Agy_ are for the inner part in the depth of >2 cm, respectively (Table S2).
Note that the total sapwood area of a tree (Ag) is the sum of the areas of
outer and inner sapwood (Ag = Asg_2 + As2-).
The stand-scale transpiration (TR) can be calculated from the sum of
Q for whole trees in the plot (£Q) as:
20 X002 +%

TR =—=TRy_ TR, =
A, 0-2 + 1R, A, A,

3)
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where A; is the plot area (127 m?), and TRo_» and TR,_ are stand
transpiration through the outer and inner parts of sapwood, respec-
tively. TR, TRy 2 and TRy were obtained from the sap flow data of 16
and 10 trees for the pre- and post-thinning conditions, respectively
(Table 1, S1). Moreover, we calculated the stand-scale transpiration of
remaining trees (TRyem) and their outer and inner sap flow contributions
to TRrem (TRremo-2 and TRiema-, respectively) by excluding six thinned
trees from the pre-thinning data. Then, the stand-scale mean sap flux
density (J), and J through the outer (Jy_») and inner sapwood (J2_) were
calculated as:

_x

/= TAs “
2002
Jo2 = 5
0-2 ZAsofz ( )
20,
Jro = SAy (6)

lida et al. (2018) found that a serious underestimation of sap flux
density occurred after a few of months from the insertion of sensors for
Japanese cedar trees due to dehydration around the inserted sensor, and
proposed a method to identify the dampening based on the relationship
between vapor pressure deficit and sap flux density. Thus, all sensors
were replaced with new ones every year, with a total of 179 sensors
utilized over the five-year period (Table S1). We removed dampened sap
flow data by this method, and replaced them with estimated values
derived from the linear regression with sap flux density for the same
tree. Table S3 shows the number of days available for analysis along
with the corresponding gap ratios.

2.4. Calculation of canopy conductance and modeling of its
environmental response

The canopy conductance (G) derived from the sap flow through the
whole stand sapwood area was calculated with the simplified form of the
Penman-Monteith equation (Monteith and Unsworth, 1990) as:

y-A-TR

G=—"12" 7
p-Cp-VPD )

where y is the psychrometric constant, 4 is the latent heat of vaporization
of water, p is the density of moist air, Cp is the specific heat of air at
constant pressure. The canopy conductance contributed by the outer
(Go_2) and inner (G,_) parts of sap flow were obtained by substituting
transpiration corresponding to the outer (TR(_2) and inner parts of the
sapwood (TRy_) into Eq. (7), respectively. In the same manner, the
conductance of the remaining trees in the pre-thinning condition (Gyem)
and that contributed by outer (Gremo_2) and inner (Grem2-) sap flow were
calculated by substituting TRrem, TRremo-2 and TRyem2- into Eq. (7),
respectively. Note that we obtained the daily average conductance using
daytime mean vapor pressure deficit, thermodynamic variables based on
daytime mean air temperature, and all version transpiration summed
over 24 h, but divided by daytime values only (Phillips and Oren, 1998;
Kumagai et al., 2008).

The environmental responses of the conductance can be expressed by
a multiplicative-type function (e.g., Granier and Bréda, 1996; Kumagai
et al., 2008). We took solar radiation, vapor pressure deficit and soil
water content into account to evaluate the effect on conductance:

Sa

G =f(S)f (VPD)f(SWC) = o=

(b + m-In VPD)(c + d-log,ocSWC)  (8)

where a, b, ¢, d, and m are the fitting parameters, and b is the reference
value of conductance at VPD = 1 kPa (Oren et al., 1999). For all types of
conductance (G, Go_2, Go_, Grem, Gremo-2, Grem2—), We derived the sets of
parameters reflecting each environmental response. The fittings were

Science of the Total Environment 912 (2024) 169060

carried out for each year of pre-thinning condition (i.e., 2015 and 2016),
whole pre-thinning dataset (i.e., two years of 2015 and 2016) and for
each year of post-thinning period (i.e., 2017, 2018 and 2019).

In order to evaluate the effect of thinning on transpiration excluding
the influences resulting from the year-to-year differences in environ-
mental conditions (Fig. S2) and in measurement gaps over the five years
(Table S3), we estimate all types of conductance (G, Go_2, G2—, Grem,
Gremo0-2, Grem2-) based on the parameter sets (Table S4) with the same
climatic input variables over the whole analysis period (i.e., 219 days
from 2015 to 2019). Then, the calculations of stand-scale transpiration
through whole sapwood (CT) were obtained from modeled conductance
(G) and measured environmental variables over the 219 days of study
(Eq. (7)). Similarly, transpiration contributed by outer and inner sap
flow (CTy_2 and CT,_) were calculated from the modeled values of outer
and inner conductance (Gg_» and G;_), respectively. In the same manner
for the remaining trees in the pre-thinning condition, the stand-scale
transpiration and the contributions by outer and inner sap flow
(CTrem, CTremo-2 and CTremo—) Were obtained from the modeled Gyem,
Gremo-2 and Grema—, respectively. Finally, the effect of thinning on
transpiration through the whole sapwood was detected as the difference
in calculated transpiration values between the pre- and the post-
thinning conductance models (ACT), and the same calculation proced-
ure was applied for the outer and inner parts, ACTy o and ACT,_,
respectively. We also calculated the differences in whole sapwood
transpiration for remaining trees (ACTep) as the subtraction of CTyem
from CT in the pre-thinning condition, and also for the outer and inner
parts of the remaining trees (ACTremo-2 and ACTrema-—, respectively).
Statistically significant differences in mean values of sapwood width
were analyzed using paired t-test, while linear regression modeling was
performed to all types of G values. All statistical analyses were con-
ducted in R 4.3.1 (R Core Team, 2023).

3. Results
3.1. Forest conditions before and after the thinning

The number of Japanese cedar trees was reduced from 16 to 10
following thinning, equating to a removal of 38 % of tree stems
(Table 1). The LAI of the stand was 3.4 m? m~2 in the pre-thinning
condition, and just after the thinning, it decreased to 0.8 m? m™2
(Fig. 1A). LAI then gradually increased to 1.4 m? m~2 in 2019, consti-
tuting 41 % of the pre-thinning condition. Assuming the Beer-Lambert
law extinction coefficients for the cedar canopy are 0.52 and 0.61
(Gyokusen et al., 1994; Komatsu, 2020), LAI in 2017 and 2019 yielded
solar radiation levels under the cedar canopy of 3.9-4.9 and 2.8-3.4
times larger than the pre-thinning condition, respectively.

On the other hand, the canopy openness changed from 33 % to 59 %
by thinning, and gradually decreased to 52 % in 2019, corresponding to
a 158 % of the pre-thinning level (Fig. 1B). These trends demonstrate
that both LAI and canopy openness never reached pre-thinning levels
over the three years after treatment.

Year-to-year changes in stand-scale sapwood area (As) are shown in
Table 2. Ag declined from 3809.7 cm? to 2395.2 cm? with the decrease
ratio of 37.1 % after the thinning. We measured the post-thinning
sapwood widths in August 2018 and compared them with the same
trees in pre-thinning condition. The difference in sapwood-width
average between pre- and post-thinning was not significant (paired t-
test, p = 0.13), which was consistent with the fact that DBH showed a
near constant increase ratio of 0.5 cm year’1 from 2015 to 2019
(Fig. 1C).

3.2. Sap flux densities before and after the thinning
To account for the response of sap flux density to solar radiation in

the early morning, typical diurnal changes of stand-scale mean sap flux
density for sunny conditions are presented in Fig. 2. Across the four
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Fig. 1. Top (A) and middle (B) panels show time series of leaf area index (LAI)
and canopy openness, respectively. Error bars depict the standard deviation.
Bottom panel (C) indicates changes in the increase ratio of diameter at breast
height (DBH) for four trees in the measurement plot. Crosses show the increase
ratio from 2008 to 2015 (0.49 cm year™!) and 2008 to 2016 (0.47 cm year?)
corresponding to the pre-thinning condition, while black circles depict the
ratios from 2016 to each measurement point. The gray colored band depicts
the timing of the thinning treatment.

Table 2
Year-to-year variations of stand-scale sapwood area (As), along with its outer
(Aso_2) and inner (Asp_) components.

Year Aso-2 Aga Ag Ratio to 2016 Decrease ratio
(cm®) (cm®) (cm®) %) (%)

Pre-thinning

2015 2324.8 1409.9 3734.7 98.0 2.0

2016 2369.2 1440.5 3809.7 100.0 0.0
Post-thinning

2017 1456.3 938.9 2395.2 62.9 37.1

2018 1503.1 972.7 2475.8 65.0 35.0

2019 1507.5 975.3 2482.8 65.2 34.8

years studied, a somewhat smaller solar radiation was measured in
2017, although large differences in its diurnal patterns were not detec-
ted across years (Fig. 2A). Sap flux density had the smallest value in the
pre-thinning condition around noon in 2016, and increased gradually in
the post-thinning period from 2017 to 2019 (Fig. 2C). Relatively large
increases in outer sap flux density were detected in the first year after the
thinning in 2017 and similar values were found in 2018, then slight
increases in the morning were measured in 2019 (Fig. 2D). Although
slight declines in inner sap flux density were observed just after the
thinning, it showed larger and clear increases from 2017 to 2018 and
2018 to 2019 (Fig. 2E), indicating smaller effects of a slightly smaller
vapor pressure deficit in 2018 (Fig. 2B). The response of inner sap flux
density to sunrise is especially noteworthy as it got earlier and steeper.
Interestingly, changes in inner sap flux density were more evident than
those in whole and outer sap flux densities. For all data measured over
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the five years regardless of solar radiation, the largest changes were
measured in inner sap flux density (Fig. 2F, G, H) with similar re-
lationships found for sunny diurnal patterns (Fig. 2C, D, E).

3.3. Stand-scale transpiration before and after the thinning

Stand-scale transpiration (TR) increased with vapor pressure deficit
(Fig. 2I), and was similar between 2015 and 2016. Given that transpira-
tion was measured in spring and early summer from 2016 to 2019, its
maximum of 2.7 mm day~! was found in the pre-thinning condition in
2016, whereas it decreased after thinning with a maximum of 1.9 mm
day . In the second and third years from thinning (2018 and 2019,
respectively), increasing trends of transpiration were confirmed, result-
ing in an almost similar level as the pre-thinning condition (Fig. 2I).

3.4. Canopy conductance and its response to light, soil moisture and
humidity

There were no clear relationships between canopy conductance (G)
and solar radiation (Fig. 3A). The soil water content (SWC) was >0.33
except for 2019, in which it had the value close to 0.3, however, canopy
conductance in 2019 showed the similar variations with the other years
(Fig. 3C). On the other hand, the linear relationships between canopy
conductance and vapor pressure deficit (VPD) in both of pre- and post-
thinning conditions were found (Fig. 3B), and the fitting parameters of
f(VPD), that is, b and m, were obtained for each year and two-year
dataset from 2015 and 2016 (Eq. (8); Fig. 3B; Table S4). The values of
G/f(VPD), which exclude effects of vapor pressure deficit on conduc-
tance, were distributed around unity over whole ranges in solar radia-
tion and soil water content (Fig. 3D, E), strongly indicating that
conductance was solely controlled by vapor pressure deficit. Note that
similar trends were found for conductance, which reflects outer and
inner sap flow contributions (Gg_3 and G,_, respectively; Figs. S3, S4).
Also, conductance of the remaining trees in the pre-thinning condition
(Grem) showed a correlation with vapor pressure deficit (Fig. S5), and the
contributions from outer (Gremo_2) and inner (Gremz-) sap flow exhibited
similar relationships (Figs. S6, S7). Thus, all types of conductance were
modeled by linear regressions with vapor pressure deficit (Table S4),
which can reasonably calculate stand-scale transpiration (Fig. S8).

3.5. Quantification of the thinning effect based on the conductance model

The calculated transpiration by the conductance model for 2017 was
71 % of the pre-thinning condition, which was larger than that of the
remaining trees in the pre-thinning condition (CT;ep) of 59 %, indicating
a lesser effect on transpiration than expected from the pre-thinning
response (Fig. 4A). The calculated transpiration by the models of 2018
and 2019 were 100 % and 107 %, respectively. Transpiration contrib-
uted by the outer sap flow (CTy ) were estimated to be 83 % in 2017,
which was larger than that expected from the pre-thinning condition
(CTremo-2) of 62 % (Fig. 4B). The contribution of outer sap flow in 2018
and 2019 resulted in 98 % and 97 % of the pre-thinning condition,
respectively, and its increase slowed dramatically as pre-thinning levels
were approached. On the other hand, the contribution of inner sap flow
(CT5_) of 49 % in 2017 was smaller than its expected value (CTyemo_2) of
54 % (Fig. 4C). Remarkable increases in inner sap flow contribution
were found in 2018 and 2019 with values of 103 % and 125 %,
respectively. Comparing these results among whole, outer and inner sap
flow, the difference in calculated transpiration between the pre- and
post-thinning condition (ACT) was mainly caused by the inner contri-
bution (ACT,_) rather than the outer (ACT, ») (Fig. 5B). Assuming outer
and inner responses of the remaining trees as the same in the pre-
thinning condition (ACTiemo_2 and ACTrema-, respectively), the actual
contribution of the outer part (ACT(_») was lower than ACT;emo_2, While
that of inner effect (ACT5_) was larger than ACTemo in the first year
after the thinning (Fig. 5A, B).
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Fig. 2. Left panels indicate diurnal changes in (A) solar radiation (Sq), (B) vapor pressure deficit (VPD), (C) stand-scale sap flux density for whole sapwood area (J),
(D) J in the outer sapwood area (Jo_2), and (E) J in the inner sapwood area (J,_). Data are selected for the days when the daytime mean S4 is >500 (W m’z),
encompassing 30, 19, 23 and 22 days for 2016, 2017, 2018 and 2019, respectively. Please note that to ensure comparability among the data collected we do not
include data measured in 2015 due to seasonal differences in data collection. The 2015 data were acquired in summer when sunrise and sunset times were different,
while for all the other years data were acquired in spring to early summer. Right upper three panels show comparisons between daytime mean vapor pressure deficit
(VPD) and daily values of stand-scale sap flux density for (F) whole sapwood, (G) outer and (H) inner parts of sapwood. The right bottom panel (I) shows the

relationship between VPD and daily stand-scale transpiration (TR).
4. Discussion
4.1. Changes in stand-scale transpiration before and after thinning

In 2017, the first year after thinning, stand-scale transpiration was
71 % of the pre-thinning level (Fig. 4A), and it was relatively larger than
the remaining sapwood of 63 % (Table 2) and the value expected from
the pre-thinning condition of 59 % (Fig. 4A). For Japanese cedar stands,
when the sapwood area was reduced to 63 % of the pre-thinning con-
dition, 56 % transpiration was estimated (Komatsu et al., 2013), and a
value of 72 % transpiration was obtained for the case of 66 % sapwood
(Tateishi et al., 2015). Thinning effects were also reported for Japanese
cypress stands as 51 % transpiration for 55 % sapwood (Tateishi et al.,
2015) and as 62 % transpiration for 54 % sapwood (Sun et al., 2014).
Our result of 71 % transpiration for 63 % sapwood (Table 2) was com-
parable to these previous reports. Because transpiration is expressed as

the product of sapwood area and sap flux density (Egs. (2)-(3)), the
decreases in sapwood area contribute to reductions of transpiration in
the first year after thinning.

Based on the comparisons between percentages of transpiration and
sapwood area to the pre-thinning conditions, Komatsu et al. (2013) and
Tateishi et al. (2015) concluded that the effects on sap flux density were
relatively small and the decreases in transpiration were caused by the
depletions in the sapwood area. However, in this study, the calculated
transpiration in 2017 was larger than expected by assuming the same
environmental responses of canopy conductance for the remaining trees
as the pre-thinning condition (CTyem, Fig. 4A). This means the increased
sap flux density in the first year after the thinning, which was confirmed
by the measurements (Fig. 2C, F), corresponding with the enhancement
of single-tree transpiration of the remaining trees. The increase in sap
flux density after thinning was found in Sun et al. (2014), and had been
recognized as the general pattern based on the meta-analysis of thinning
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Fig. 3. The left panels show responses of canopy conductance (G) to daytime mean of (A) solar radiation (Sq) and (B) vapor pressure deficit (VPD), and (C) daily
mean of soil water content (SWC). Solid lines depict the results of regression analysis (refer to Table S4). The right panels depict the relationships between G scaled by
vapor pressure deficit function (G/f(VPD)) and (D) Sy, and (E) SWC. The dashed lines denote a G/f(VPD) value of 1.

studies (del Campo et al., 2022). Thus, it is concluded that the first-year
decrease in transpiration resulted from the decline in sapwood area,
although this was partly compensated by the increased sap flux density.

The stand-scale transpiration recovered to pre-thinning level after
more than two years (Fig. 4A), and the duration of effect by thinning was
near the lower boundary of the range of the 3 to 8 year window reported
by del Campo et al. (2022). Similarly, Bréda et al. (1995) found that the
duration of the thinning effect on transpiration of a pure natural oak
stand was two years post treatment. For a boreal forest consisting of
Scots pine and Norway spruce in Sweden, 120 % stand-scale transpira-
tion compared to the pre-thinning level was measured in the second year
of the post-thinning condition (Lagergren et al., 2008). Considering
these previous studies, our finding that the stand-scale transpiration
increased to the pre-thinning condition after two years post treatment
concurs with these other studies.

4.2. Changes in sap flux density by the thinning explained by
ecophysiological factors

The increase in transpiration in the second and third years after
thinning could not be attributed to changes in sapwood area, which
showed negligible increases after the thinning (Table 2, Figs. 2I, 4).
Therefore, the increase in sap flux density was the main factor
explaining the recovery of transpiration (Fig. 2C, F). LAI and canopy
openness, however, were 41 % and 158 % of pre-thinning levels in 2019,
respectively (Fig. 1A, B). Given the fact that the foliage of the stand was
less than in the pre-thinning condition, there is a clear indication that
the ecophysiological response of remaining trees was altered due to the
thinning. Specifically, the distribution of transpiration activity within
the crowns of remaining trees could shift, resulting in larger changes in
sap flux density originating from the inner than outer sapwood (Figs. 2D,
E, G, H, 4B, Q). In order to explain the difference between outer and

inner sap flow contributions due to the thinning, a conceptual model
was created (Fig. 6).

Congruent with our findings, larger contributions of inner sap flux
density after thinning were also found for other coniferous tree species
and eucalypts (Medhurst et al., 2002; Fiora and Cescatti, 2006; Gebauer
et al., 2011). Previous studies pointed out that the water flowing in the
inner part of sapwood was supplied to the foliage on earlier-formed, or,
lower branches (e.g., Dye et al., 1991; Forrester et al., 2012; Cermak
et al., 2015; Fig. 6). Thus, the increase in inner sap flux density corre-
sponds with thinning-induced improvement of light condition for
remaining trees, especially for lower crowns. In the early morning with
lower solar inclination angles, the degree of solar radiation reaching the
lower part of tree crowns is more dependent on the lateral shadows cast
by neighboring trees than upper portions of the tree crown. Therefore, it
is expected that the most pronounced changes of inner sap flux density
following thinning would occur in the early morning. Indeed, the re-
sponses of inner sap flux density around sunrise became earlier and
sharper from the first to third year (Fig. 2E). These measurement results
clearly indicate the importance of position vis-a-vis neighboring trees on
inner/outer sap flux densities in relation to forest thinning (Fig. 6).

The different dynamics in sap flux density between the outer and
inner parts of the sapwood was found after the thinning (Fig. 2D, E), and,
thus, temporal variations should be considered as an important dimen-
sion of the ecophysiological responses of the cedar stand to thinning
(Fig. 6). The rapid increase in the outer sap flow contribution to tran-
spiration in the first year after thinning corresponded with Sun et al.
(2014), followed by its relatively small changes in the second and third
years after treatment (Figs. 2D, G, 4B). On the other hand, the inner
contribution showed a decrease in the first year, and then increases for
second and third years (Figs. 2E, H, 4C). These results are attributed to
the differences in stomatal and photosynthetic response between sun-
exposed and sun-shaded foliage in the crown (e.g., Pearcy and Sims,
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Fig. 4. Calculated amounts of stand-scale transpiration through (A) whole
sapwood (CT), (B) outer (CTy_») and (C) inner (CT,_) parts of sapwood based on
the conductance models. The relative proportions of these values to pre-
thinning condition are also shown. The solid lines indicate the results
obtained from the model for the pooled dataset of the pre-thinning condition
(2015-2016). The upper and lower dashed lines depict the amounts resulted
from the models of 2016 and 2015, respectively. Refer to Table S4 for detailed
information of each model. Arrows show differences in CT values between the
pre-thinning condition and each period (ACT). Years 2017, 2018, and 2019
represent the first, second, and third years after thinning, respectively.

1994; Mohammed and Parker, 1999). The foliage in the upper part of
crown, which originally had better light conditions, could have higher
stomatal conductance than the lower crown, triggering higher sap flux
density in outer than inner sapwood in the pre-thinning condition
(Fig. 6). Moreover, sun-exposed foliage in upper crown could adapt
more readily to the improved radiation environment, while the shade
formed foliage in the lower crown would have a limited capacity to
adjust the modified environment in the first year after the treatment
(Harrington and Reukema, 1983; Mohammed and Parker, 1999; Fig. 6).
In addition, the lower crowns of the remaining trees would be partly
damaged during the thinning operations by the contacts of branches
and/or boles of thinned trees (Fig. 6). These related to the lower crown
were probably reasons to explain the slight decrease in inner sap flux
density measured in the first year (Fig. 2E, H). The newly expanded
foliage after the thinning would adjust to the improved light condition
(Mohammed and Parker, 1999; Jiménez et al., 2008). Gebauer et al.
(2014) pointed out that the remaining trees required a few of years to
adjust the stomatal function of shade formed foliage to the thinning-
induced changes in light condition, and similar responses could be
detected in the second and third years (Fig. 6). Overall, different
ecophysiological responses of the upper and lower crowns are
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summarized, and the processes causing these changes in transpiration
after the thinning are shown as a conceptual model (Fig. 6).

4.3. Implications for future directions to investigate the effect of thinning

Our measurements clearly showed the ecophysiological changes of
the remaining trees after thinning (Fig. 6). The increases in the inner
contribution, which probably resulted from the improvement of light
environment for the lower part of crown, caused the recovery of tran-
spiration after the treatment. In terms of more accurately chronicling the
thinning effect, both measurements of outer and inner sap flux densities
are necessary. In cases that measurements are not carried out and/or the
correction factors (Delzon et al., 2004) determined at the pre-thinning
condition are used, the inner contribution is underestimated, and
finally, the lower increases in transpiration would be obtained with a
consequent misunderstanding of the longer effect by thinning. To
measure the radial distribution of sap flux density with high spatial
resolution over sapwood area, the heat field deformation method
(Nadezhdina et al., 2012) is recommended. Our results also strongly
suggest the necessity of taking account of outer and inner contributions
into the calculation and/or prediction of changes in transpiration and its
dynamics after thinning with the numerical simulations. It should be
emphasized that longer measurements of sap flux density (i.e., > 5
years) at this site are difficult because TDM sensors need to be replaced
yearly (lida et al., 2018). Moreover, if sensors were replaced two or three
times per year, the trees would have been damaged and reliable mea-
surements of sap flow would have been compromised. Thus, to lengthen
the measurement period in future studies, suitable sensor management
schemes and/or other methods that are less damaging to the trees need
to be developed.

The ecophysiological change after thinning, especially for the
enhancement of the inner sap flow contribution to transpiration, would
additionally suggest changes in the water transport process from the
root system to the leaves. Specifically, water flowing in the inner part of
sapwood would be absorbed from the deeper part of the root system (i.
e., Cermak et al., 2015; Takeuchi et al., 2020). Measurement findings
strongly suggest the larger water uptake by deep root system than
shallow of Japanese cedar trees (Fig. 6). We observed the growth of
understory vegetation after the thinning because of increase in solar
radiation to the subcanopy (Fig. S1D, E). Given the coexistence of
overstory cedar trees and understory vegetation, the increase in the
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inner contribution to cedar transpiration would be adaptive by water
uptake through the relatively deeper roots, corresponding to the water
source separation (e.g., Dawson et al., 2002; Yamanaka, 2018). The
changes in water-uptake depth and/or water source separation might be
essential for regulating the ecophysiological response of forest
ecosystem after the thinning, and are recommended to be analyzed in
future investigations for the comprehensive understanding the effect of
thinning on forest water balance and the effect duration.

In addition to transpiration, the total water loss from a forest
ecosystem includes interception loss and forest floor evaporation. The
decreases in stand density caused the decrease in interception (Komatsu,
2007; Komatsu et al., 2008), and less LAI of overstory trees resulted in
higher contribution of evapotranspiration from the understory vegeta-
tion to the whole evapotranspiration (lida et al., 2020a). In fact, de-
creases in both transpiration and interception loss and an increase in
forest floor evaporation were measured in the first year after the thin-
ning (e.g., Sun et al., 2017). Recently, Chiu et al. (2022) found the
contribution of regrown understory vegetation to evapotranspiration
five months after thinning. The water loss from a Japanese cypress
watershed recovered to the pre-thinning condition three years after
thinning (Kubota et al., 2018), while the trend of transpiration after
thinning was unknown. In order to understand the effect of thinning on
the forest water balance and its dynamics from the viewpoints of
hydrology-oriented silviculture and ecophysiology, all components of
evapotranspiration should be measured individually for a minimum of a
few of years following thinning. In light of this and similar studies, water
resource planners interested in achieving SDG 6 should be cognizant of
the effects of forest thinning on the forest water balance because suffi-
cient water supplies are necessary to ensure access to safe, clean water
and sanitation by all (Creed and van Noordwijk, 2018; Nath et al.,
2020).

5. Conclusions

Based on pre- and post-thinning measurements of sap flux density
over a five-year period to estimate the effect of thinning on transpiration
from a Japanese cedar stand, the following conclusions have been
reached:

1. Due to the thinning, stand-scale transpiration decreased to 71 % of
the pre-thinning level in the first year after treatment, and was 100 %
and 107 % in the second and third years, respectively, indicating that
transpiration recovered to the pre-thinning levels in approximately
two to three years.

2. The prompt recovery of transpiration was caused by the large in-
crease in the inner sap flow contribution, rather than the changes in
outer sap flux density after thinning.

3. Our conceptual model demonstrates that the higher contribution of
inner sap flow (as opposed to outer sap flow) was attributable to the
differential ecophysiological responses between upper and lower
portions of tree crowns to changing light conditions.

To establish suitable management plans for plantation forests based
on hydrology-oriented silviculture, measurements of outer and inner sap
flux densities are necessary for at least a few of years after thinning
operations. This will ensure the capture of post thinning temporal var-
iabilities in transpiration. Besides quantifying and documenting changes
in transpiration, it is recommended that future studies also examine
other components of evapotranspiration, namely interception loss and
forest floor evaporation, for a few years post treatment. Together, the
results of this and future studies would provide a more thorough un-
derstanding of alterations to the hydrological cycle by thinning that may
be used to advance progress toward achievement of SDG 6.
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