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Abstract: As climate change progresses, it is becoming more crucial to understand how timber
species respond to increased drought frequency and severity. Photosynthetic traits in a 40-year-old
clonal Japanese cedar (Cryptomeria japonica) plantation were assessed under artificial drought stress
using a roof to exclude rainfall and a control with no exclusion. C. japonica is a commercial tree that
is native to Japan and has high growth on mesic sites. The maximum carboxylation rate (Vcmax),
maximum electron transfer rate (Jmax), and dark respiration rate (Rd) in current-year shoots in the
upper canopy were determined from spring to autumn over two growing seasons. In addition, the
photosynthetic rate at light saturation (Pmax), stomatal conductance (gs), and intrinsic water use
efficiency (WUEi) were measured in the morning and afternoon during the same period. Leaf mass
per unit area (LMA) and nitrogen concentration (N) were also measured. The values of Vcmax, Jmax,
Rd, N, and LMA did not differ between the two plots. By contrast, significantly lower Pmax and gs

and higher WUEi were found in the drought plot, and the reduction in Pmax was accompanied by
low gs values. Midday depressions in Pmax and gs were more pronounced in the drought plot relative
to the control and were related to higher WUEi. Under drought conditions, mature Japanese cedar
experienced little change in photosynthetic capacity, foliar N, or LMA, but they did tend to close
the stomata to regulate transpiration, thus avoiding drought-induced damage to the photosynthetic
machinery and improving WUEi.

Keywords: climate change; drought stress; Jmax; nitrogen; rainfall exclusion; stomatal conductance;
sugi cedar; Vcmax; transpiration

1. Introduction

Predicted changes in precipitation patterns and an increased intensity of drought
frequency will negatively affect tree growth and health [1]. Because photosynthetic traits
are directly linked to tree growth, understanding photosynthetic trait responses to drought
events is critical to predicting future growth patterns in forest trees [2–6]. In general,
changes in photosynthetic capacity resulting from drought are related to changes in stom-
atal regulation, leaf morphology, and foliar nitrogen concentration [2,6–9]. However, the
magnitude of these changes tends to differ among tree species [2,3,10,11]. For example, pre-
vious studies have revealed that when plants suffered drought stress, several tree species
closed their stomata quickly, whereas other species slowly responded [2,3]. The former
species was considered to tolerate drought by less water loss with strong stomatal regu-
lation, but the regulation also caused decreases in photosynthesis and growth [2,3,10,11].
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On the other hand, the later tree species maintained photosynthetic activity by their large
stomatal conductance under drought [2,6,12–14]. However, if the drought is prolonged,
there is a risk of dying via excessive loss of water [6,13,14]. Several tree species under
drought conditions have shown leaf morphological adaptations such as increments in leaf
dry mass per unit area (LMA) to tolerate low water potential [2,6,15,16]. Those different
responses among tree species cause uncertainties in the future prediction of forest growth
and functions under drought.

Japanese cedar (Cryptomeria japonica (L. f.) D. Don., Cupressaceae) is an evergreen
conifer that has been widely planted in East Asia, particularly Japan, for timber produc-
tion [17,18]. In its native range, this species is associated with moist, cool montane areas,
where it is a dominant canopy species of late-successional forests [19–21]. Although these
late-successional trees are usually long-lived, with lifespans of more than 1000 years,
Japanese cedar also shares characteristics with early successional forest tree species, such
as light wood density, fast growth, and higher photosynthetic and transpiration rates than
other co-occurring late-successional conifers, such as hinoki cypress (Chamaecyparis obtusa
(Sieb. et Zucc.) Endl.) [7,22–24]. Due to its high transpiration rate, Japanese cedar is
susceptible to drought, and plantations are often situated in areas of deep soil on lower
slopes to help mitigate this risk [22,25–28]. However, this attention to site moisture was
foregone in Japan following World War II, when plantations were established in unsuitable
areas, such as dry ridges. These plantations experience drought stress and their level of
risk is expected to increase with climate change [4,26,27]. Thus, understanding the drought
responses of Japanese cedar will enable us to evaluate the risks for future climate change.

Artificial drought experiments using seedlings and small saplings are commonly
used to investigate drought-related responses [2,3,11,14]. However, it is unclear whether
seedling responses can be applied to mature trees [6], given that many physiological
characteristics shift with tree development [29–32]. Specifically, photosynthesis, stomatal
conductance, and foliar nitrogen concentration decline more in mature trees than seedlings,
and leaf mass per unit area (LMA) typically increases with tree height in response to
drought stress [29,30,33,34]. In mature trees, increased gravitational potential and long
water transport lengths from the roots to the canopy increase drought stress and lead
to changes in leaf functional traits [30,35]. Although studies have reported the effects of
artificially induced drought on Japanese cedar seedlings [22–24,36–38], few have tested
drought responses in mature trees [39,40] despite the need to accurately predict tree growth
responses under drought.

Throughfall exclusion is a common technique in artificial drought experiments that
focus on the ecological and physiological response of mature trees to drought, and this
technique has been applied in boreal, temperate, and tropical forests [12,13,41–45]. Large
interspecific variations in stomatal regulation, photosynthetic traits, and growth have been
reported, even within a single forest stand [46,47]. For example, two Mediterranean tree
species showed contrasting photosynthetic and stomatal responses under drought condi-
tions; Phillyrea latifolia L. showed strong stomatal regulation, which reduced transpiration
and mitigated drought stress. This response was weak in Quercus ilex L., despite the fact
that these species co-occur in the same environments [10]. Similar contrasting drought
responses in growth and ecophysiological traits have been reported in temperate and
tropical rainforest tree species [46–48]. In addition, several tree species have been shown to
regulate foliar nitrogen concentration under drought conditions [8,49]. Presumably, this
response compensates for the reduction in photosynthesis by improving the biochemical
photosynthetic capacity [2,8,49]. Understanding photosynthetic function under drought
stress requires evaluating leaf morphology, nitrogen concentration, and photosynthetic
capacity. Understanding these parameters is also essential for process-based models that
aim to estimate tree growth and the forest carbon balance [50].

To understand photosynthetic capacity in mature Japanese cedar under drought
stress, we conducted a throughfall exclusion experiment over two growing seasons. We
hypothesized that drought causes a reduction in photosynthesis due to reduced stomatal
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conductance in mature Japanese cedar. In addition, we also predicted that LMA and
foliar nitrogen would both increase as leaf area declined under drought, and such changes
would offset reductions in photosynthesis by increasing photosynthetic capacity on an
areal basis. To test the hypothesis, we monitored ecophysiological and morphological traits
in the needles of Japanese cedar in relation to photosynthesis, including photosynthetic
functions and foliar characteristics such as nitrogen concentration. We also focused on how
photosynthetic capacity and related foliar properties respond and contribute to adjustments
to drought stress.

2. Materials and Methods
2.1. Study Site and Climate Conditions

The study plantation was 40 years of age at the time of the study, having been planted
in 1978, and located in the Chiyoda Tree Nursery in Ibaraki, Japan (36◦10′ N, 140◦13′ E).
The average canopy height was 20 m, and the average diameter at breast height (DBH)
was 22 cm in 2018. The stand density was 2650 trees per hectare with no evidence of self-
thinning. All study trees had healthy crowns, were not suppressed by neighboring trees,
and showed no signs of disease or insect damage. The stand was an adequate harvestable
size (approximately 20 cm DBH).

The average annual temperature and precipitation between 2017 and 2020 were
14.7 ◦C and 1301 mm, respectively, taken at a nearby meteorological station in Chiyoda,
Ibaraki Prefecture. The average annual precipitation over a 30 year period (1981–2010) was
approximately 1200 mm and ranged from 640 mm in 1984 to 1670 mm in 1991. Severe
summer drought occurred in 1984 in the study region. Therefore, the average annual
precipitation during the study period (1301 mm) was relatively normal and did not indicate
drought conditions.

2.2. Plot Establishment and Throughfall Exclusion

Our target stand was established for testing wood quality in a clone (Kuji-18). There-
fore, a flat site was selected with uniform soil conditions. The soil was a moderately moist
brown forest soil with good drainage [51]. The field capacity and wilting point of the soil
were approximately pF1.5 (−0.003 MPa) and pF4.2 (−1.5 MPa), respectively.

We first established a 20 × 10 m study plot within the stand (Figure 1). In late May
2018, we began excluding throughfall by constructing a roof under the canopy over half of
the plot (10 × 10 m, “drought plot” hereafter), following work at the individual tree level
conducted in a mature temperate forest in Basel, Switzerland [39,40] (Figure 1). The roof
was constructed using corrugated sheets with gutters to eliminate throughfall. Stem flow
was excluded by sealing the gap between the roof and tree stems using a nontoxic silicone
sealant (Cemedine, Tokyo, Japan).

We trenched the exterior of the drought plot and backfilled it with plastic paneling to
a depth of 30 cm to exclude surface soil water flow. Fine root distribution and soil thickness
were similar between the plots; approximately 80% of fine roots (<1 mm in diameter) were
distributed at soil depths of up to 40 cm (Sakata and Tsurita, unpublished data). Given
the density of the fine roots at shallow depths, we trenched to 30 cm to reduce water
absorption. To avoid negative effects from damage to the root systems during construction,
we excluded the trees nearest the plot boundary from the study. In addition, we measured
the maximum photosynthetic rate at light saturation (Pmax), stomatal conductance (gs),
and shoot elongation between the plot boundary and interior trees in 2019; no significant
differences were found (Inoue et al., unpublished data, n = 3, p > 0.05, t-test). Before
beginning the drought treatment, we compared foliar ecophysiological traits such as
nitrogen concentration, Pmax, gs, and A-Ci parameters from February to September 2017
between the control and drought plots (n = 5, p > 0.05, t-test, [52]), and we found no
differences in these parameters. Therefore, we took an individual-tree approach between
the treatment and control plots, as have previous studies in mature forest stands [39,40],
given that individuals in both plots had highly similar photosynthetic traits prior to
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the drought treatment [52]. The average foliar nitrogen concentration in Japanese cedar
plantations was reported as 1.38% (n = 2,116; range: 0.50–4.43%, [18]), similar to our
study trees (1.15%, n = 130; range: 0.89–1.51%). This similarity indicates that soil nutrient
conditions in the study plots are representative of typical planation conditions in terms of
nitrogen [17–19,40].

Soil water potential was recorded at 20 min intervals at three depths (10, 40, and
80 cm) using sensors (MPS-6, Decagon Devices, Pullman, WA, USA) over three growing
seasons. Three sensors were deployed at each depth in the center of each plot. The average
soil water potential values from the three replicates were then obtained for each plot, and
no sensor malfunctions occurred during the study period.
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Figure 1. Images showing the roof that was constructed for throughfall exclusion in the drought plot
(A) and the observation tower used for canopy sampling (B).

2.3. Foliar Ecophysiological Measurements

To estimate Vcmax and the maximum rate of photosynthetic electron transport (Jmax)
in current-year shoots in the upper canopy, the A-Ci curve (A = net carbon dioxide [CO2]
assimilation rate; Ci = calculated intercellular CO2 concentration) was measured using a
portable photosynthesis meter (LI-6400XT Portable Photosynthesis System; LI-COR, Inc.
Lincoln, NE, USA) with a conifer chamber (6400–22L Opaque Conifer Chamber; LI-COR,
Inc.). The light and temperature inside the chamber were maintained at the saturating
light intensity of 1500 µmol m−2 s−1 and 25 ◦C, respectively, using an LED light source
and an air conditioner built into the LI-6400-22L. The CO2 concentration inside the cuvette
in the chamber was varied using the following order, in most cases: 400, 200, 100, 50,
400, 700, 1500, and 2000 ppm. One or two current-year shoots were selected from each of
three to five selected trees for measurements. We considered current-year shoots as the
part of the shoot less than 1 year old, which can be readily determined from the shoot
nodes in Japanese cedar [19]. Only current-year shoots were placed in the cuvette in the
conifer chamber. The average leaf area in the cuvette was 16.2 ± 0.5 cm2. In our study area,
new shoots emerge from late April to May and mature after June [52]. Thus, all spring
measurements used current-year shoots that had emerged during the spring prior, and
summer measurements used shoots that had emerged in the spring of that year. We also
measured the dark respiration rate (Rd) at 25 ◦C in the spring (April), summer (August),
and autumn (October) of 2019 and 2020, from 8:00 AM to 12:00 PM. The A-Ci curves were
assessed using the mechanistic model of CO2 assimilation proposed by Farquhar et al. [53].
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Using the A-Ci curve, Vcmax and Jmax were estimated using nonlinear regression techniques
in the software KaleidaGraph ver. 3.52 [54,55].

We measured Pmax and gs from 8:00 to 11:00 AM using the LI-6400, with a consistent
light intensity of 1500 µmol m−2 s−1 and temperature of 25 ◦C. We repeated these mea-
surements in the afternoon (1:00–3:00 PM, JST) on the same shoot. All measurements were
conducted on sunny days. The CO2 concentration in the leaf chamber was maintained at
400 ppm and the humidity was maintained at 50%–60%. We captured gas exchange data
when the coefficient of variation (CV) was less than 0.2%. Then, we calculated the intrinsic
water use efficiency (WUEi, Pmax/gs) using these measurements.

2.4. Foliar area and Nitrogen Measurements

Following ecophysiological measurements, we carefully cut the leaf tissue, i.e., needles,
from inside the cuvette to calculate leaf area using a laser scanner. Only needles that had
been carefully separated from the shoot were used. The relationship between the projected
area estimated by the laser scanner (As) and the projected needle area (An) in the study
trees (An = 1.536 × As + 0.79, r2 = 0.97, p < 0.0001, [56]) was used in further analyses. Then,
we calculated LMA for each shoot based on An and the needle dry weight. The dry weight
was measured after 3 days, when the weight reached equilibrium, in an oven at 60 ◦C. The
leaf area (Narea) and mass-based (Nmass) nitrogen concentrations were determined using a
Sumigraph NC-900 analyzer (Sumika Chemical Analysis Service, Tokyo, Japan, [32,34]).
The dry foliar samples were ground with a mill (MM400; Retsch GmbH, Haan, Germany)
and approximately 10 mg was used for each foliar estimate. Pmax and gs were measured in
spring (May 2019, April 2020), summer (June and August 2019, August 2020), and autumn
(October and November 2019, October 2020), respectively. All gas exchange measurements
were taken from the top of the sun-exposed canopy with the needles attached condition,
from an observation tower at a height of approximately 20 m (Figure 1).

2.5. Statistical Analyses

We made a linear mixed model (LMM) to test the effect of treatment and sampling
season for Vcmax, Jmax, Rd, Nmass, Narea, and LMA [54]. For Pmax, gs, and WUEi, we added
time of day as an explanatory variable. Tree identity was included as a random effect in all
models. Type III tests were performed to evaluate the fixed effects (Wald-type test) [57].
To identify factors influencing the variation in Pmax, we used multiple regression analyses
with Pmax as the dependent variable and gs, LMA, and Nmass as explanatory variables.
These models were built separately for each treatment and time of day. All analyses were
conducted using SPSS for Windows software ver. 23.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Temperature, Precipitation, and Soil Water Potential

Seasonal variations in temperature and precipitation were similar throughout the
study period (2019–2020) (Figure 2). The highest temperatures occurred in July to Septem-
ber, with maximums of 25–30 ◦C (Figure 2A). Monthly precipitation was lowest in winter
(December–February) and summer (August) and highest in the rainy season (June to July)
and autumn (October) (Figure 2B).

The soil water potential in the drought plot declined following the onset of throughfall
exclusion in May 2018 and was significantly lower than that of the control plot (Figure 3).
Shallow soil layers were drier than the deeper layers. We observed a seasonal trend
between 2019 and 2020, and the soil was driest during August and September. The
maximum differences in soil water potential between the drought and control plot were
−0.5 to −0.7 MPa at a depth of 10 cm during the summer (Figure 3). The soil water
potential at the surface layer (10 cm in depth) following rain events (>10 mm per day)
increased to 61.7 ± 7.1% in the control plot relative to before rainfall (t-test, p < 0.0001,
n = 10), whereas differences of <1% were observed in the drought plot during the same
period (t-test, 0.8 ± 0.5%, p > 0.05, n = 10). This comparison was repeated 10 times over the
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study period to ensure the roof was satisfactory. Based on these findings, we estimated
that the vast majority of throughfall was successfully excluded.
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3.2. Photosynthetic Capacity, Stomatal Conductance, and Water Use Efficiency

Statistical analyses indicated significant seasonal changes in Vcmax (Type III test,
p < 0.05, Table 1). Vcmax was lowest in April (Figure 4A), but we found no difference
between the two plots. We found no differences in Jmax across seasons or between plots
(Figure 4B, Table 1). There was evidence of a seasonal variation in Rd, but no difference
between the plots (Figure 4C, Table 1).
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Table 1. Summary statistics for the Type III test performed for fixed effects (season and treatment) in the linear mixed model
(LMM), assessing differences in Vcmax, Jmax, Rd, LMA, Narea, and Nmass.

Vcmax Jmax Rd LMA Narea Nmass

Fixed Effect F-value, p F-value, p F-value, p F-value, p F-value, p F-value, p

Season 30.5, <0.0001 3.0, ns 51.6, <0.0001 200.9, <0.0001 142.7, <0.0001 9.1, <0.001
Treatment 0.9, ns 1.3, ns 0.0, ns 0.2, ns 0.8, ns 0.2, ns

Season × treatment 1.0, ns 1.6, ns 1.7, ns 1.5, ns 2.6, ns 0.4, ns
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There was a significant seasonal variation in Pmax (Type III test, p < 0.05, Figure 5A,
Table 2). Pmax was higher in August and October than in March or April. Pmax was
significantly lower in the drought plot relative to the control (Figure 5A, Table 2). We also
found a variation in time of day, where Pmax tended to be lower in the afternoon (Figure 5A,
Table 2).
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Figure 5. Seasonal changes in (A) Pmax, (B) gs, and (C) WUEi in the drought and control plots. Bars
indicate standard errors (n = 5). Closed and open symbols represent observations in the control and
drought plots, respectively. Solid and dashed lines indicate morning and afternoon measurements,
respectively. Asterisks indicate significant differences among treatments and time of day for each
month, as assessed using a one-way ANOVA (* p < 0.05, ** p < 0.01, *** p < 0.001). The results of the
associated statistical analyses are shown in Table 2.

There were significant seasonal changes in gs, which were similar to those in Pmax
(Type III test, p < 0.05, Table 2). We also found differences between the two plots and in
time of day (Table 2); gs was lower in the drought plot and in the afternoon (Figure 5B).
WUEi varied significantly among seasons and was low in spring and summer and high in
autumn (Figure 5C, Table 2). In addition, WUEi was higher in the drought plot and in the
afternoon relative to the control and the morning measurement period (Figure 5C, Table 2).
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Table 2. Summary statistics for the Type III test performed for fixed effects (season, treatment, and
morning (AM) or afternoon (PM)) in the linear mixed model (LMM), assessing differences in Pmax,
gs, and WUE. “ns” indicates not significant (p > 0.05).

Pmax gs WUEi

Fixed effect d.f., F-value, p d.f., F-value, p d.f., F-value, p

Season 2, 50.1, <0.0001 2, 4.7, <0.05 2, 26.9, <0.0001
Treatment 1, 7.6, <0.01 1, 17.6, <0.0001 1, 6.9, <0.05
AM/PM 1, 44.3, <0.0001 1, 53.0, <0.0001 1, 8.9, <0.01

Season × treatment 2, 4.1, ns 2, 1.4, ns 2, 0.5, ns
Season × AM/PM 2, 0.8, ns 2, 1.3, ns 2, 0.1, ns

Treatment × AM/PM 1, 0.1, ns 1, 0.2, ns 1, 0.6, ns
Season × treatment × AM/PM 2, 1.0, ns 2, 0.2, ns 2, 0.9, ns

3.3. LMA and Nitrogen Content

Seasonal changes in LMA were found and increased from summer (August) to the
next spring (April) (Figure 6A, Table 1). However, we found no significant difference in
LMA between the two plots. Narea showed a similar pattern to LMA and also did not differ
between plots (Figure 6B, Table 1), nor did Nmass. However, both Narea and Nmass varied
significantly among seasons (Figure 6C, Table 1).
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Table 3. Results of multiple regression analysis between Pmax and explanatory variables (LMA, gs,
and Nmass) in control and dry plots in each measurement timing (morning/afternoon). The β-values
are standardized regression coefficients.

Treatment Control Drought

Measurement Time Morning Afternoon Morning Afternoon

B-value, p β-value, p β-value, p β-value, p

gs 0.24, ns 0.79, <0.0001 0.39, <0.05 0.67, <0.0001
LMA −0.72, <0.001 −0.31, <0.01 −0.55, <0.01 −0.31, <0.05
Nmass −0.17, ns 0.07, ns −0.26, ns −0.08, ns

3.4. Foliar Traits and Pmax

Generally, gs was significantly positively related to Pmax, excluding in the control plot
in the morning. By contrast, LMA had a significant negative effect on Pmax in all models
(Table 3). In the afternoon, gs had a stronger relationship than did LMA with Pmax. Nmass
had little effect on Pmax in all models (Table 3).

4. Discussion
4.1. Photosynthetic Capacity and Dark Respiration Rate

Unlike our prediction, the photosynthetic capacity, as assessed by Vcmax and Jmax, was
affected little by drought in mature Japanese cedar. Similar findings of low sensitivities
to drought, again in terms of Vcmax and Jmax, have been reported in tropical broadleaf
trees and conifers, including Pinus and Juniper, as a result of long-term throughfall ex-
periments [15,46,58], but we note that Quercus ilex showed a significant reduction in these
parameters in the Mediterranean area [7]. Although the reasons for these differences
remain to be clarified, species-specific responses in foliar nutrients, such as nitrogen, and
stomatal regulation may be a driving factor in regulating photosynthesis. Generally, Vcmax
is positively correlated with foliar nitrogen concentration [59–62], and we found a positive
relationship between Vcmax and Nmass (regression analysis, r2 = 0.15, p < 0.01). Similar
Nmass and Narea values between the two plots are consistent with a stable Vcmax in the
present study. Generally, Jmax shows a positive correlation with foliar phosphorus concen-
tration, because it depends on phosphate regeneration [63]. The limited variation we saw
in Jmax in this study could be related to stable phosphorus concentrations under drought
conditions, but we note that we did not directly measure phosphorus.

Japanese cedar may be insensitive to changes in respiration under soil drought. Pre-
vious studies have reported interspecies variations in the response of Rd to soil drought,
with both increases and decreases, even within the same stand [46,64]. Our results are
consistent with a previous study that found that mature Pinus massoniana showed little
change in Rd during throughfall exclusion [58]. Foliar Rd tends to increase in species with
low drought tolerance, and changes in respiration may be associated with changes in leaf
physiological functions, particularly photosynthesis [46,64,65]. In our study, foliar photo-
synthetic capacity and nitrogen concentration, both of which are strongly associated with
physiological functions, did not vary under drought conditions, which may explain why
we observed little sensitivity in Rd. Seedlings of Japanese cedar also show low sensitivity
in their respiration rate under drought conditions [36,37].

4.2. Effects of Leaf Morphology and Nitrogen Concentration

The lack of response observed in LMA under throughfall exclusion indicates that
Japanese cedar may be able to adjust to drought without major changes to their foliar mor-
phology, although this outcome is different from our hypothesis. Typically, LMA increases
under severe drought stress [29,66–68], and Japanese cedar may exhibit a response in LMA
at greater stress than what was induced in our study. Furthermore, increased LMA with
increasing tree height has been reported in very tall Japanese cedar, particularly those of 50
m in height, which is related to hydraulic limitations, causing greater drought stress [69].
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Generally, increased LMA is believed to enhance drought tolerance by withstanding low
water potential through physical strengthening of the leaf structure [29,30,67]. By contrast,
very high LMA may be related to a reduction in Pmax, due to the increase in leaf mesophyll
CO2 conductance [6,33–35]. In fact, a negative correlation has been found between LMA
and Pmax in several conifers, including Picea abies and Pinus sylvestris [70]. We also found a
negative correlation between these two parameters (r2 = 0.24, p < 0.0001), and we suggest
that Pmax may have decreased due to an increase in mesophyll conductance. Alternatively,
the similar LMA values observed between the control and drought plots may reflect an
avoidance of a reduction in Pmax, also due to mesophyll conductance [15].

4.3. Foliar Gas Exchange and Drought Response

Drought conditions caused a reduction in Pmax, via stomatal limitation in mature
Japanese cedar in our study. This reduction was more pronounced in the afternoon due
to more stressful conditions, such as a high vapor pressure deficit (VPD), relative to the
morning. Trees tend to close their stomata, indicated by reduced gs and reduced water
consumption, when subjected to soil drought and high VPD [64]. Due to stomatal clo-
sure, various conifers show a midday depression in photosynthesis and transpiration,
particularly on sunny days [3,71,72], and these reductions have also been observed in
Japanese cedar seedlings under drought conditions [22,24,73]. In addition, mature conifers
and broadleaved trees, including Juniperus monosperma (Engelm.) Sarg., Pinus taeda L.,
and Quercus ilex L., show stomatal closure and an associated reduction in photosynthe-
sis and transpiration during throughfall exclusion; our results are consistent with those
findings [7,15,41,58]. The reduction of photosynthesis by stomatal regulation may also
negatively influence productivity in Japanese cedar plantations, given that the frequency
and intensity of drought events should increase with climate change progresses [6].

By contrast, decreasing gs limited transpiration, leading to an improvement in WUEi.
This suggests that mature Japanese cedar could respond to prolonged soil drought by
maintaining photosynthetic activity while reducing transpiration by closing the stomata.
Many plant species show an acclimation to drought by an increase in WUEi [5,66,74].
Mature pines under long-term soil drought conditions have shown similar improvements
in WUEi to what we have reported here [9,41,75].

5. Conclusions

Unlike our prediction, the photosynthetic capacity of mature Japanese cedar, as indi-
cated by Vcmax and Jmax and foliar traits such as nitrogen concentration and LMA, did not
respond to drought conditions induced using throughfall exclusion. Although a reduction
in Pmax in the afternoon may negatively influence the productivity of Japanese cedar plan-
tations, this may be mitigated by increased WUEi as trees adjust to drought conditions. We
recommend that future studies focus on drought responses in biomass allocation to the
canopy and/or roots at the individual tree level, as well as responses in water use traits
such as osmotic adjustment. Assessing these parameters, in addition to those investigated
here, will lead to a holistic understanding of the effects of drought on productivity and
drought tolerance in Japanese cedar plantations. In addition, the obtained parameters also
contribute to the accurate estimation of future forest productivity in Japanese cedar stands
and carbon storage under drought by applying those parameters to process-based models.
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