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Abstract. To improve transplanting techniques, it is necessary to understand root-pruning induced declines in xylem water transport and
post-transplant environmental effects. In this study, we evaluated the relationship between water potential and hydraulic conductivity (K) in
saplings of Larix kaempferi and Betula maximowicziana, whose roots were pruned in order to improve our understanding of the transplanting
technique. Root-pruning treatments were applied to saplings of both species based on their basal root diameters. After transplanting, the water
potential and K; were measured. In addition, the vulnerability curve was obtained using a centrifuge method by quantifying the relationship
between decreasing xylem pressure and the percentage loss of K, allowing a comparison of water stress tolerance between the two species. Bet-
ula maximowicziana had higher K, and was more vulnerable to water stress induced embolism than L. kaempferi. In L. kaempferi, no decrease
in K, was observed regardless of the level of root pruning, and all saplings survived after transplanting. In B. maximowicziana, saplings sub-
jected to root pruning exhibited a decline in the water potential during midsummer, along with a reduction in K. Moreover, the number of dead
saplings increased with increasing levels of root pruning. For the two species, a relationship was found between increasing level of root prun-
ing and post-transplant mortality in the more water stress vulnerable species, B. maximowicziana. The relationships among post-transplant
changes in water potential, reductions in K; associated with root pruning, and sapling survival provide a useful framework for selecting trans-

planting methods and improving transplant success rates.
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INTRODUCTION

Plant transplantation is a technique used to artificially
position plants for purposes such as stable crop pro-
duction, rapid forest regeneration, and urban greening.
However, there remains a pressing need to develop
labor-efficient and economically viable transplanta-
tion methods (Korbik et al. 2025). In the case of trees,
saplings for transplantation may be cultivated over
several years in containers or in field nurseries before
being relocated to different regions (Struve 2009),
making them especially susceptible to transplant shock.

Transplant shock is generally induced by the loss
of a large portion of the root system during trans-
planting (i.e., root pruning)(Watson 1985). In particu-
lar, during the transplantation of balled and burlapped
stock, up to 95% of the total root system may be lost

(Harris and Bassuk 1993), which has been reported to
result in a substantial reduction in water uptake after
transplantation (Poni et al. 1992; Wang et al. 2014;
Dong et al. 2016; Benson et al. 2019). Currently, a
variety of transplantation methods are used, including
bare-root stock, balled and burlapped stock, container-
grown stock, and fabric container stock. Among these
methods, container-grown stock is relatively expen-
sive but has the advantage of allowing transplantation
without root pruning (Harris and Bassuk 1993). On
the other hand, the other methods involve varying
levels of root loss depending on the technique, but all
require root pruning and therefore may impose sub-
stantial stress on saplings. Consequently, no single
transplantation method is optimal for all situations.
Survival rates after transplantation and recovery from
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transplant shock are thought to be influenced by mul-
tiple factors, including tree species, environmental
conditions, physiological status of the saplings, tim-
ing of transplantation, cultivation management, and
root system type (Bevington and Castle 1985; Fare et
al. 1985; Gilman 1990; Watson 2005). Therefore, it is
necessary to quantitatively evaluate the effects of
changes to the water-conducting pathway caused by
root loss and the susceptibility to water stress arising
from damage to the xylem water transport system.
Accordingly, this study aimed to establish a method
for quantitatively evaluating the effects of different
intensities of root loss/removal on the water transport
System.

Woody plants draw water up from the soil through
their xylem conduits (tracheids and vessels). Since
this water uptake is a consequence of a negative pres-
sure that pulls the water upwards (Tyree and Zimmer-
mann 2002; Umebayashi et al. 2016), the water
column in the conduits is vulnerable to embolism.
Therefore, at the time of root pruning, it is considered
that embolism occurs at the cut sites and that the
embolized area expands due to an increase in xylem
negative pressure resulting from reduced water uptake
caused by the root loss.

The vulnerability of xylem water transport pathways
can be quantitatively assessed using a vulnerability
curve, which illustrates the decline in hydraulic con-
ductance with decreasing xylem water potential (Sperry
and Tyree 1988; Bush et al. 2010; Schreiber et al.
2013). By examining the reduction in hydraulic con-
ductance in transplanted individuals with root prun-
ing, itis expected that tree species with high transplant
tolerance can be identified.

In this study, we conducted a transplant experi-
ment on two species growing in the Northern regions of
Japan. As shown in Figure 1, 3 levels of root-pruning
intensity were established based on basal root diame-
ter, and the effects on water transport after transplan-
tation were examined. One species was Betula
maximowicziana, a broadleaf tree commonly found
in riparian forests, and the other was Larix kaempferi,
a deciduous conifer. These two species were selected
in order to determine the effects of root pruning and
water transport on transplant shock that comes from
sapling production and planting for a coniferous spe-
cies used in afforestation in Japan and a broadleaf
species vulnerable to water stress. To establish a
method for evaluating water transport function in
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trees transplanted after root pruning, we focused on
(1) investigating the influence of root pruning on
hydraulic conductivity (K,) and mortality rate, and (2)
examining relationships between species vulnerabil-
ity to embolism, midday water potential, and the sur-
vival of saplings with different levels of root pruning.

To evaluate species-specific vulnerability to embo-
lism, we calculated the slopes of vulnerability curves
and the water potential at which K, decreased by 50%
(Ps) in saplings of both species using the centrifuge
method. Using these parameters, we tested the
hypothesis that the slopes of vulnerability curves
measured for each species and the magnitude of

Figure 1. Amethodological diagram of root pruning before the
transplant (see also Figures S1A—C for representative photo-
graphs). (A*) The maximal diameter of the stem at ground
level. (A) The dotted line shows the cut position for a 100%
root loss on the main root (the same diameter as A*). (B) The
dotted line shows the cut position for a 75% root loss
(three-quarters of the diameter of A). (C) The dotted line
shows the cut position for a 50% root loss (one-half diameter
of A). (a) The dotted line shows the position for a 100% root
loss on a lateral root (the base diameter of that lateral root).
(b) The dotted line shows the cut position for a 75% root loss
on a lateral root (three-quarters of the diameter of that lateral
root). (c) The dotted line shows the position for a 50% root
loss on a lateral root (one-half diameter of that lateral root). (s)
Finer roots with diameters below 1 mm.
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declines in K observed in transplanted saplings sub-
jected to different root-pruning intensities could serve
as useful indicators for selecting tree species suitable
for transplantation. We predicted that B. maximowic-
ziana, a riparian species that forms vessels, would
exhibit increased declines in K and higher mortality
with increasing root-pruning intensity. In contrast, L.
kaempferi, which forms tracheids and has greater tol-
erance to water stress, was expected to show little
decline in K; even at higher levels of root pruning and
consequently no mortality. In addition, we examined
whether periodic measurements of water potential in
both species could be used to quantitatively assess
water stress conditions.

MATERIALS AND METHODS

Preparation of Samples

The transplanting experiment of two species was
conducted at the Sapporo Experimental Nursery of
Hokkaido University, Sapporo, Japan (43.068948,
141.337325). According to the temperature and precip-
itation data obtained from Sapporo Regional Head-
quarters, Japan Meteorological Agency (at 15 m above
sea level), the yearly mean air temperature and total
precipitation in 2016 were 9.3 °C and 1,360 mm, respec-
tively. In the Appendix (Table S1), the air tempera-
ture and precipitation data for each month from April
to October 2016 are listed. We collected 2-year-old
L. kaempferi saplings (n = 25) from the nursery of
Forestry Research Institute (Bibai, Japan), Hokkaido
Research Organization, and 2- to 3-year-old B. maxi-
mowicziana saplings (n = 25) from the nursery of
Teshio Experimental Forest, Hokkaido University,
respectively. All saplings were carefully dug out with
a shovel after leaf fall in the previous year and were
cultivated at the Sapporo Experimental Nursery of
Hokkaido University until the start of this experi-
ment. This was done in order to grow and compare
the two species under the same environmental condi-
tions. To assess the effects of winter freezing stress
and excavation on branch dieback or mortality, all the
harvested saplings were cultivated in the same plot at
the Sapporo Experimental Nursery of Hokkaido Uni-
versity for approximately 6 months prior to the start of
the experiment. The mean height values of L. kaemp-
feri and B. maximowicziana saplings were 86.5 cm +
16.1 cm (mean + SD) and 75.2 cm + 20.6 cm, respec-
tively, and their stem basal diameters were 13.2 mm +
2.0 mm and 7.9 mm + 1.9 mm, respectively.

Experiments

The transplant experiment was conducted between
12:00 and 14:00 on 2016 May 16. This time period
was chosen because the negative pressure in xylem
was high, and embolism formation due to root prun-
ing was expected to become pronounced in the sap-
lings. Ten saplings of each species designated as the
control samples were transplanted without root prun-
ing (five of which were used to calculate stem vulner-
ability curves), and the roots of the remaining fifteen
saplings of each species were pruned and the trees
transplanted. The roots of all saplings including con-
trols were soaked in water (approximately 5 min),
cleaned from mud (Figure S1A), and left under water
to prevent dehydration (approximately 1 min). After-
wards, the roots were cut outside of the water. The
root-pruning treatment was classified into 3 classes
(n =5 in each class) based on the basal root diameter
of the pruned saplings. The root-pruning procedures
are shown in Figure 1. For a 100% root loss treat-
ment, the main root was cut at the point where the
diameter matches the widest stem diameter at ground
level, because the size and structure of the main roots
varied widely among the samples (Figures SI1B,
S1C). Subsequently, all of the remaining lateral roots
with diameters over 1 mm were cut at the base. For
75% and 50% root loss, the main root was cut at 75%
or 50% of the diameter of the widest stem, respec-
tively, and then all of the remaining lateral roots with
diameters over 1 mm were cut at positions with 75%
or 50% of the diameter of their bases, respectively.
All saplings, including controls, were planted imme-
diately after the root-pruning treatment. The saplings
were thoroughly watered on the day of transplantation
and planted after soil moisture was saturated (Figures
S1D, S1E). After planting, irrigation was continued
once every 2 weeks.

Xylem water potential was measured using a pres-
sure bomb (Model 3000; Soilmoisture Equipment
Corp., Goleta, CA, USA) between 13:00 and 14:00
the day after the transplant and 1, 3, and 5 months
after the transplant. Leaves were bagged for at least
30 min to equilibrate with branches before their
removal from the plant (Umebayashi et al. 2019).
From each individual, three leaves were collected for
B. maximowicziana and three shoot tips for L. kaemp-
feri, and the mean midday xylem pressure was calcu-
lated for each sapling. Until October, the mortality of
the transplanted individuals was assessed based on
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external appearance, and the cumulative mortality
rate was recorded in Table 1. A sapling was consid-
ered dead when all the leaves had fallen and the shoot
apex had necrosed. Those that died in October were
also collected, and it was reconfirmed that their stem
cross sections were desiccated. Approximately 5
months after the transplant (2016 October 3), all sap-
lings were tightly wrapped in plastic bags humidified
with damp towels before they were dug out of the
ground at predawn. Collected saplings were soaked
in water, and we were able to confirm the formation
of new roots in the surviving saplings. We brought
these samples back to our laboratory, where the seg-
ments of approximately 160 mm of length were
excised from a stem approximately 10 cm above the
ground level under water to measure the hydraulic
conductivity divided by the stem cross-sectional area
(K). Heartwood had not formed in the cross sections
of any segments. Five saplings were excluded from
this procedure and used to acquire data to make vul-
nerability curves. The sample edges were trimmed
with a sterile razor blade, and basal diameters in L.
kaempferi and B. maximowicziana were 8.2 mm =+
1.1 mm and 7.2 mm + 0.9 mm, respectively. Each
stem segment was attached to a Tygon® tubing appa-
ratus (Saint-Gobain S.A., La Défense, Courbevoie,
France) filled with 20 mM KCI solution to measure
K. The K, value was calculated by dividing the pres-
sure-driven flow (corrected for background flow)
(Hacke et al. 2000; Torres-Ruiz et al. 2012) by pres-
sure gradient (induced by a 4-kPa to 6-kPa hydraulic
head). After measuring the K in B. maximowicziana,
all stem segments were flushed with 20 mM KCl
solution filtered through a 0.2-pm filter for 30 min at
approximately 75 kPa to remove air emboli, and we

measured K, ... In contrast, L. kaempferi segments
were not flushed because decreases in K, after flush-
ing have been reported in conifers (Pittermann and
Sperry 2006), and a similar phenomenon was also
confirmed in our preliminary test.

The vulnerability curves for each species were
plotted from 5 stem segments of each species using the
static centrifuge method. All saplings were shipped to
the Kasuya Research Forest Laboratory (Kyushu
University, Sasaguri, Japan) in low temperature con-
ditions (below 10 °C) on the day of collection using
an express home delivery service (Chilled Type, Cool
TA-Q-BIN; Yamato Holdings Co., Ltd., Tokyo, Japan).
The stem segments of approximately 150-mm length
were excised under water. Before the K, measurement,
sample edges were trimmed with a sterile razor blade
until the branch length was approximately 145 mm.
Basal diameters in L. kaempferi and B. maximowicziana
were 8.3 mm + 0.6 mm and 6.8 mm + 1.5 mm, respec-
tively. All segments of B. maximowicziana were flushed
with 20 mM KCl solution for 30 min at approximately
75 kPa to remove pre-existing air emboli.

All segments were secured with a custom-built rotor
and centrifuged for 5 min at a pressure of —0.5 MPa
(Kubota Corp., Tokyo, Japan) with their ends sub-
merged in water-filled plastic reservoirs (Alder et al.
1997). After centrifugation, the segments were attached
to a Tygon® tubing apparatus filled with 20 mM KCl
solution in order to obtain their initial hydraulic con-
ductivity divided by the stem cross-sectional area (K
iitar) Values. The K i Was calculated using the same
method as described above, by dividing the pres-
sure-driven flow (corrected for background flow)
(Hacke et al. 2000; Torres-Ruiz et al. 2012) by pres-
sure gradient (induced by a 4-kPa to 6-kPa hydraulic

Table 1. Tree heights, stem basal diameters, and mortality rates of the transplanted saplings of both species (n = 5) with pruned
roots, recorded on 2016 October 3. Data are presented as “mean * standard deviation”. Control-VC means saplings making the

vulnerability curve. VC (vulnerability curve).

Betula maximowicziana Larix kaempferi
prunimg | Tree bt cm) | oy |y | reebeigheem |y |
Control-VC 107.0£15.9 10.1+£24 0 71.4+11.0 13.7£2.0 0
Control 80.8+11.0 80+1.4 0 952+ 11.4 144+25 0
50% loss 60.4+10.3 73+£12 20 77.0+17.1 123£1.9 0
75% loss 68.5+5.5 79+1.5 40 88.6 +10.1 127+ 1.6 0
100% loss 59.2+9.6 63+09 100 100.2 +13.1 13.1+2.0 0
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head). After the measurement of K ,;;.1, the centrifug-
ing process was repeated under progressively more
negative pressure values until 2.5 MPa or —5.0 MPa
(K, approached zero) at —0.5 MPa intervals. The rela-
tionship between water potential and the percentage
loss of conductivity (PLC, n=5)(PLC=100 % [1 — K|
/ K iniiar]) Was plotted, and the vulnerability curve was
fitted using a Weibull function (Neufeld et al. 1992).
All data were collected within 3 days of harvesting
the plants.

Statistics

To examine interspecific differences in K i, under
control treatments, a #-test was performed. In addition,
to evaluate differences among root-pruning levels within
each species, analysis of variance (ANOVA) was con-
ducted using R statistical software (version 4.1.2;
R Core Team 2021), followed by Tukey’s honestly sig-
nificant difference (HSD) test as a post hoc analysis.

RESULTS

The vulnerability curves for stem segments of B.
maximowicziana had significantly higher K ;. (by a
factor of 3.0)(Figure 2A) and were more vulnerable
to embolism than the stem segments of L. kaempferi
(Figure 2B). The percent loss of hydraulic conductiv-
ity (PLC) at a pressure of —1.5 MPa showed 23.7% +
10.1% (mean £ SD) in the stem segments of B. max-
imowicziana and 3.0% =+ 0.5% in L. kaempferi seg-
ments. The PLC of B. maximowicziana increased
drastically at pressures lower than —1.5 MPa (85.1%
+13.0% at a pressure of —2.0 MPa), while the PLC of
L. kaempferi showed almost no increase up to —2.0
MPa (2.8% + 8.0% at a pressure of —2.0 MPa). The
Psy values of B. maximowicziana and L. kaempferi
were—1.72 MPa and —2.90 MPa, respectively (Table 2).

Dead saplings of either species were not detected
in June (Figure S2). However, many fallen leaves were
observed in July in saplings of B. maximowicziana

Table 2. Water potential values (MPa) corresponding to Ps,
(50% loss of hydraulic conductivity) and Pg; for the two
species, estimated using the centrifuge method.

Percentage loss of conductivity
P, (MPa) Py (MPa)
Betula maximowicziana -1.72 —2.04
Larix kaempferi -2.90 -3.85

with 100% root loss (Figure S2C). On 2016 August 2,
midday xylem water potential reached —1.6 MPa +
0.3 MPa in saplings of B. maximowicziana with 75%
root loss (Table 3)(Figure S2D). All saplings with
100% root loss had died by that time. The mortality
rate recorded on October 3 differed widely among
treatments in both species. In B. maximowicziana, 3
saplings of 75% root loss and 4 saplings of 50% root
loss survived. Thus, for B. maximowicziana, mortal-
ity rate increased with the increased level of root
pruning. The water potential in the surviving B. max-
imowicziana saplings with 75% root loss recovered at
the pressure of —1.3 MPa + 0.1 MPa. On the other
hand, the decrease in water potential of L. kaempferi
saplings during the experimental period was not
large. All saplings of L. kaempferi survived irrespec-
tive of the level of root pruning (Table 1).

New roots were observed in all surviving saplings.
The loss in K was detected in surviving B. maximo-
wicziana saplings with pruned roots, but the decrease
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Figure 2. Hydraulic conductivity characteristics of the stems
of the two species used in the centrifuge method. (A) Initial
hydraulic conductivity divided by the stem cross-sectional
area (K inisia)) in two species (t-test, P = 0.05). (B) Vulnerability
curves of the two species. (o) indicates Larix kaempferi and
(o) indicates Betula maximowicziana. Conductive capacity in
the vulnerability curves is expressed as percentage loss of
conductivity (PLC) relative to the initial conductivity shown in
(A). Error bars represent 1 SD for n = 5 samples. Data were
fitted with a Weibull function.
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did not occur in L. kaempferi, regardless of the level
of root pruning (Figure 3). In B. maximowicziana
saplings, no significant difference in K was observed
between 50% and 75% root loss (Figure 3).

DISCUSSION
In this study, at one month after transplantation, the
midday water potential values of saplings of neither

species showed a decline sufficient to be associated
with a reduction in K; (Table 3). However, the
decrease in midday water potential was induced in
many saplings of B. maximowicziana, and saplings
subjected to higher levels of root pruning tended to
exhibit lower water potential values in August (Table
3). In addition, many saplings could not survive the
later stages of this experiment, and the mortality rate

Table 3. Midday water potential of both species (n = 5; control, n = 10) by months, listed by treatments. Data are presented as

mean * standard deviation.

Water potential (MPa)
The level of root pruning May (one day later) June (one month later) August October
Betula maximowicziana
Control -0.7+0.1 -0.9+0.1 -1.1£0.2 -1.0£0.1
50% loss -0.8+0.1 -1.0+£0.2 -1.3£0.2 -1.4+03°
75% loss -0.8+0.1 -1.0+0.1 -1.6+0.3 -1.3+£0.1°
100% loss -0.7+0.1 -1.0+0.2 - -
Larix kaempferi
Control -0.6+0.2 -0.9+0.1 -1.1£0.2 -1.1+0.1
50% loss -0.6+0.1 -0.9+0.1 -1.0£0.1 -1.1£0.1
75% loss -0.6+0.2 -0.8+0.2 -1.0+0.2 -1.1£0.1
100% loss -0.7+0.1 -0.9+0.1 -1.2+£02 -1.1£0.1
‘n=4
=3
— all saplings were dead
1.5
%
E 'l
§ O Betula maximowicziana
o o 1
g O Larix kaempferi
o
. 8 Q‘S
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Figure 3. Hydraulic conductivity of surviving saplings of the two species after transplanting under each root-pruning treatment. Error
bars are 1 SD for n = 3 to 5 samples. Dieback of all saplings was induced in 100% root loss B. maximowicziana saplings. To evaluate
differences among root-pruning levels within each species, analysis of variance (ANOVA) was conducted using R statistical software
(R Foundation, Vienna, Austria), followed by Tukey’s honestly significant difference (HSD) test as a post hoc analysis. For B. maximo-
wicziana, different letters above each column indicate significant differences according to Tukey’s HSD test (P = 0.05). No significant

differences were observed in L. kaempferi.
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increased with the increased level of root pruning in
B. maximowicziana. In contrast, no reduction in Kj
was observed in any of the transplanted L. kaempferi
saplings. In healthy plants, water moves from roots to
leaves as a consequence of pressure gradients, and
water transport in saplings is mainly controlled by
leaves. In transplanted saplings whose roots were
subjected to pruning, a sufficient water supply cannot
be achieved until the water transport pathway from
soil to roots has recovered, and serious decreases in
stomatal conductance and water potential are induced
by increasing the level of root pruning (Benson et al.
2019). This concurs with the results of our research in
which the transplanted saplings whose roots were
pruned in mid-May were more vulnerable to water
stress during midsummer. In addition, the number of
embolized xylem conduits may have increased on the
side that the plant was cut while root pruning (Torres-
Ruiz et al. 2015).

Post-transplantation measurements of water poten-
tial in B. maximowicziana indicated that xylem nega-
tive pressure reached its maximum in August. Moreover,
the decline in water potential became more pronounced
with increasing levels of root pruning, potentially
leading to a further reduction in K,. Furthermore,
once xylem dysfunction occurred in the stem, little
recovery of K, was observed even when water stress
was alleviated in October (Table 2). In contrast, in L.
kaempferi, even saplings subjected to the 100% root-
pruning treatment in August maintained water poten-
tials of —1.2 MPa + 0.2 MPa, and no reduction in K|
was observed (Table 3).

Results from the vulnerability curves revealed that,
in B. maximowicziana, a loss in K, occurred under
pressure conditions below —1.5 MPa (Table 2)(Figure
2). In saplings subjected to the 75% root-pruning
treatment, the mean water potential in August reached
—1.6 MPa, which is consistent with the vulnerability
curve indicating the occurrence of stem embolism
formation (i.e., an increase in PLC). In contrast, in the
vulnerability curve of L. kaempferi, a decrease in K,
was detected only below —2.5 MPa (Figure 2B).
These results suggest that species-specific vulnerabil-
ity curves are useful indicators for selecting tree spe-
cies with high tolerance to transplantation. In species
vulnerable to water stress, increasing levels of root
pruning enhance sensitivity to summer water stress,
resulting in higher mortality rates (Tables 1 and 3).
Therefore, for such species, it is desirable to select

transplanting techniques that minimize root loss
during transplantation.

Urtli et al. (2013) reported that the lethal threshold
of drought stress in broadleaved species occurs
around Pg. Among the surviving B. maximowicziana
saplings subjected to root pruning, the lowest K was
observed in a sapling from the 75% root-pruning
treatment, with a value of 0.20 kg MPa' m™' s™' (Fig-
ure 3). This corresponds to an 88% reduction relative
to the control K, .., (i.e., the value after refilling fol-
lowing K, measurement; 1.60+0.29 kgMPa ' m™'s™!).
In addition, our data clearly showed that the K ,,, of
B. maximowicziana tended to be lower in saplings
subjected to the 50% and 75% root-pruning treat-
ments (0.64 = 0.15 and 0.76 + 0.55 kg MPa™ m™' 57/,
respectively) than in the control. It is well known that
tyloses and/or gums can form within embolized ves-
sels (De Micco et al. 2016), and the observed reduc-
tion in K ., suggests that embolisms may have
already formed in the stem at the time of root prun-
ing. Therefore, in species vulnerable to water stress, a
reduction in K ,,, may occur in individuals planted
after root pruning, and evaluating hydraulic function
solely based on PLC may lead to an underestimation
of the decline in water transport capacity. In this con-
text, assessment based on K is useful for understand-
ing the hydraulic properties of saplings after
transplantation. Future studies incorporating spatial
analyses of embolized areas in saplings after root
pruning would further improve our understanding of
the relationship between reductions in K and survival.

In conclusion, our methods, including root prun-
ing, were shown to be effective for evaluating species-
specific tolerance to water stress that arises after
transplantation. In L. kaempferi, which forms trache-
ids and is relatively tolerant to water stress, no reduc-
tion in K, or mortality was observed in saplings
subjected to root pruning. In contrast, in B. maximo-
wicziana, which forms vessels and is more vulnera-
ble to water stress, declines in water potential during
midsummer and increases in mortality were observed
with increasing levels of root pruning. In B. maximo-
wicziana, the reduction in K; was suggested to be
induced not only by hydraulic disruption at the time
of root pruning but also by summer water stress.
Therefore, as hypothesized, the slope of the vulnera-
bility curve, the magnitude of K; reduction after trans-
plantation, and the monitoring of post-transplantation
water potential are useful indicators for evaluating
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post-transplant survival potential and provide import-
ant information for species selection in planting prac-
tices. Species with higher tolerance to water stress
tend to exhibit higher survival rates after transplanta-
tion. Although this study focused solely on the effects
of root pruning, it is well known that multiple factors,
including seasonal conditions, weather, soil proper-
ties, and post-transplant management interact in com-
plex ways during actual transplantation practices
(Harris and Bassuk 1993). Therefore, further studies
adopting more comprehensive perspectives are required
(Brancalion and Holl 2020).
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Appendix

Figure S1. Photographs of saplings before and after the root-pruning treatment. (A) A Larix kaempferi sapling soaked in water before
the root-pruning treatment. (B) Roots of control saplings of Betula maximowicziana. (C) Roots of B. maximowicziana saplings sub-
jected to the 100% root-loss treatment. (D) L. kaempferi saplings after transplanting. (E) B. maximowicziana saplings after transplant-

ing in the nursery. Arrowheads in (B) and (C) indicate the positions corresponding to the maximal stem diameter at ground level. Scale
bars in (B) and (C) represent 5 cm.
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Figure S2. Betula maximowicziana saplings after the transplant. (A—C) Saplings with 100% root loss on June 6 (A, B) and July 1 (C). (D)
A sapling with 75% root loss on August 2. An arrow shows the observed dried part of the leaf.

Appendix continued on next page
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Appendix. Continued.

Table S1. Monthly air temperature (maximum and minimum) and precipitation data for Sapporo, Japan, from April to October 2016.

Air temperature (°C)
Precipitation (mm) Humidity (%)
Maximum Minimum
April 21.0 0.1 58.5 58
May 29.7 1.7 40.5 58
June 28.4 8.4 1125 73
July 30.5 13.4 118.5 75
August 31.9 15.1 279.0 73
September 31.1 9.5 107.0 72
October 24.7 0.5 78.0 58
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