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Abstract Climate change can intensify drought in many
regions of the world and lead to more frequent drought
events or altered cycles of soil water status. Therefore, it
is important to enhance the tolerance to drought and thus
health, vigor, and success of transplantation seedlings used
in the forestry by modifying fertilization and promoting
mycorrhization. Here, we sowed seeds of Japanese larch
(Larix kaempferi) in 0.2-L containers with 0.5 g (low ferti-
lization; LF) or 2 g (high fertilization; HF) of slow-release
fertilizer early in the growing season. One month later, we
irrigated seedlings with non-sterilized ectomycorrhizal
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inoculum (ECM) or sterilized solution (non-ECM), and after
about 2 months, plants were either kept well watered (WW;
500 mL water/plant/week) or subjected to drought (DR;
50 mL water per plant/week) until the end of the growing
season. HF largely stimulated plant growth and above- and
belowground biomass production, effects that are of practi-
cal significance, but caused a small decrease in stomatal
conductance (Gs;q,) and transpiration rate (Eq,), which in
practice is insignificant. ECM treatment resulted in moder-
ate inhibition of seedling growth and biomass and largely
canceled out the enhancement of biomass and foliar K con-
tent by HF. DR caused a large decrease in CO, assimilation,
and enhanced stomatal closure and induced senescence.
DR also largely depleted foliar Mg and enriched foliar K.
Although DR caused a large decrease in foliar P content in
LF, it moderately increased P in HF. Likewise, DR increased
foliar K in HF but not in LF, and decreased foliar P in ECM
plants but not in non-ECM plants. Conversely, ECM plants
exhibited a large enrichment in foliar P under WW and had
a lower water potential under DR when grown in LF. These
results indicate that the drought tolerance and health and
vigor of Japanese larch seedlings can be modified by soil
fertility and soil microorganisms. This study provides a basis
for new multifactorial research programs aimed at producing
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seedlings of superior quality for forestation under climate
change.

Keywords Drought - Ectomycorrhizae - Fertilizer effect -
Oxidative stress - Stressor interactions

Introduction

Larch trees have been widely planted and harvested in
Japan, China, and other regions throughout the Eurasian
continent, which are deciduous conifers promising as an
eco-environmental resource (Chen et al. 2018; Qu et al.
2022). Japanese larch [Larix kaempferi (Lamb.) Carr; syn.
L. leptolepis Sieb and Zucc.] is among the fastest-grow-
ing larch species, an eco-environmentally relevant trait
that promoted its export to Europe as a pollen resource
(Matyssek and Schulze 1987; Qu et al. 2022), and plays a
vital role in silviculture in different regions of the world
(Kochenderfer et al. 1995; Kurinobu 2015). Due to its
desired characteristics for wood production, Japanese larch
is a major plantation species in Japan and has been a tar-
get of breeding programs since the early 1950s (Kurinobu
2015). Moreover, it was promoted in other regions, such as
on hardwood sites of poor quality as an alternative to white
pine in Pennsylvania, United States (Kochenderfer et al.
1995). Nevertheless, recent studies indicate that Japanese
larch does not perform well under nutrient imbalances and
other environmental challenges that cause oxidative stress,
raising concerns that desired wood characteristics would
also decline (Li et al. 2018; Wang et al. 2018; Agathokle-
ous et al. 2020).

Drought is considered the most-damaging natural dis-
aster with the greatest potential to cause water and food
crises on local to global scales, as exemplified by drought-
induced famine in Africa and various ecological impacts in
Asia (Hao et al. 2014). Importantly, increased aridity has
been projected to affect wide regions worldwide during
the twenty-first century (Dai 2011; Vicente-Serrano et al.
2020; Zhuang et al. 2022). Although ecosystems often
exhibit resilience and resistance to drought events, usually
with temporary effects, forest-related studies derived from
inventories or tree ring chronologies suggest that drought
is having greater effects on ecosystems (Vicente-Serrano
et al. 2020).

Drought induces water deficit in plants, which causes
oxidative stress and the generation of reactive oxygen
species, which accelerate cell death and senescence and
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inhibit photosynthesis and growth in some species (Chaves
et al. 2002; Lisar et al. 2012; Petrov et al. 2018; Kam-
rani et al. 2022; Sarraf et al. 2022). Hence, water defi-
cit stress induces adaptive responses at low doses and
causes adverse effects at high doses (Chaves et al. 2002),
responses that are driven by foliar elements (Marschner
2012). For example, K participates in the detoxification of
reactive oxygen species and exerts controls over stomata,
photosynthesis, and water relations (Aliniaeifard et al.
2020). Trees, including larches, have diverse mechanisms
that enable them to cope with drought. For instance, they
can acclimate to annual variations in soil moisture level
by adjusting the vertical distribution of their roots (Tak-
enaka et al. 2016). Japanese larch copes with drought (up
to some extent) by developing fine roots to promote water
uptake and by increasing the root to shoot ratio (Takenaka
et al. 2016). However, the opposite may also hold true
for Japanese larch trees that are adapted to low-moisture
environments and then exposed to considerably wet con-
ditions (Takenaka et al. 2016). Adjustments to changes in
moisture levels via alterations in root structure and func-
tioning, including fine roots and root to shoot ratio, implies
concomitant changes in nutrient dynamics, especially in
carbon and nitrogen (Chaves et al. 2002; Lisar et al. 2012),
and in the recruitment of root symbionts (e.g., ectomycor-
rhizae) that aid plant access to water and nutrients.

Similar to drought, fertilizers can increase root length
and surface area and aboveground biomass and alter the
ratio of root mass to total plant mass of Japanese larch in
a dose-dependent manner (Qu et al. 2003). That is, a low-
dose fertilization (e.g., 10 mg N plant™) increases the root
mass fraction, whereas a higher dose (e.g., 40 mg N plant™')
decreases the fraction of root mass to total plant mass (Qu
et al. 2003). Hence, soil fertilization is expected to medi-
ate the effect of environmental stress such as drought on
Japanese larch. Importantly, the effects of fertilization on
the roots suggest that symbioses between plants (fine roots)
and ectomycorrhizae may be altered.

Fertilization regimes and microbes, such as plant growth-
promoting rhizobacteria, arbuscular mycorrhizae and ecto-
mycorrhizae, can also mitigate stress of water deficits in
plants (Svenson et al. 1991; Alvarez et al. 2009; Sun et al.
2017; Bernardo et al. 2019; Aryal et al. 2020; Ahluwalia
et al. 2021; Pons and Miiller 2022). Such microorganisms
and interactions can enhance the antioxidant system and
phytohormones, improve nutrients and water uptake and
relations, metabolism, root and shoot growth and vigor,
increase photosynthetic pigments and rate, and decrease
mortality in plants subjected to drought (Svenson et al. 1991;
Alvarez et al. 2009; Sun et al. 2017; Bernardo et al. 2019;
Aryal et al. 2020; Ahluwalia et al. 2021). Proper fertilization
regimes can promote similar beneficial effects including an
increase in photosynthetic pigments and photosynthetic rate,
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enhanced antioxidant system, improved water relations, and
increased uptake and content of nutrients in plants under
drought (Tariq et al. 2018; Shehab and Guo 2021). However,
numerous factors such as the intensity and type of nutri-
ent treatment and the age of the mycorrhizal symbiosis can
influence the outcomes of experimental manipulations to
alleviate water deficit stress (Sun et al. 2017; Shehab and
Guo 2021; Pons and Miiller 2022). Hence, the results differ
among studies, and microbial inoculation and fertilization
do not always alleviate drought effects (Emery et al. 2020;
Kitao et al. 2022; Pons and Miiller 2022).

In this study, we aimed to evaluate the effects of low and
high soil fertilization and/or low and high soil water avail-
ability on container-grown seedlings of Japanese larch after
inoculation with an ectomycorrhizal source (or blank inocu-
lation). Container-grown seedlings have attracted interest for
reforestation practices in Japan because they have greater
survival rates compared to bareroot seedlings (Masaki et al.
2017; Agathokleous et al. 2020; Kitao et al. 2022). Hence,
we designed this study within the context of forestation prac-
tice to enhance the performance of Japanese larch seedlings
under water challenges.

Materials and methods
Experimental facility

The experiment was conducted in an automated glasshouse
at the Hokkaido Research Center, Forestry and Forest Prod-
ucts Research Institute, Sapporo, Japan in 2018. The top and
side windows were always open in the summer to prevent
very high temperatures. The average daily mean, maximum,
and minimum air temperature in the glasshouse during the
specific duration of the experiment was 18.2 (SD: +5.2),
26.8 (SD: +6.4), and 12.8 (SD: +4.9) °C, respectively. The
respective values were 16.1 (SD:+5.0), 22.6 (SD: +5.6),
and 11.2 (SD: £5.2) °C in the outdoor air. The mean relative
humidity was 71.3 % (SD: +10.7 %) in the glasshouse and
80.1 % (SD: +9.5%) outside the glasshouse.

Experimental materials, treatments, and design

Japanese larch (L. kaempferi) seeds were obtained from
naturally growing mother trees on the Hokkaido and stored
at 0 °C in a walk-in refrigerator (PR-22CC-1.5, Hoshizaki
Corporation, Toyoake, Japan). Early in the spring of the
experimental season, seeds were moved to a lab and disin-
fested. On 10 May, randomly selected seeds were sown in
0.2-L containers (5.5 cm diameter, 13 cm high) that are used
in the local forestry industry because of the increased sur-
vival rates relative to bareroot seedlings (Masaki et al. 2017).
Four seeds were sown in top-cocopeat (Top, Osaka, Japan;

see Supplementary Materials for components) in each pot.
The substrate was then kept moist with tap water until trans-
plantation as explained later. The containers were placed
on bases, each of which had 35 holes especially designed
for inserting the containers, according to local reforestation
practice. Ten seedlings were inserted in randomly selected
holes in each base and their position rotated biweekly; the
design of the entire experiment was fully randomized. The
plastic bases were placed on different tables, at a height of
1 m in rows 2 m apart. The position of the bases (and con-
tainers) was rotated within and across tables on a weekly
basis. There were 80 plants in total, and they were cultivated
in ambient conditions.

One month after sowing (5 June), 40 seedlings were
randomly allocated into one of two fertilization treatments,
treated with slow-release Osmocote Exact Standard 8-9M
fertilizer (15-9-11+4+2MgO + TE, Hyponex Japan Corp.
Ltd, Osaka, Japan) at a dose of 0.5 g (low-dose fertilization
[LF]) or 2 g (high-dose fertilization [HF]). Seven days later,
the seedlings were thinned to one per container to keep the
most vigorous for further cultivation and experimentation.
On 22 June, an irrigation system was installed. Each con-
tainer was connected to one tube which in turn was attached
to the bottom of an inversely positioned syringe (without
the inner plastic mechanism for creating pressure) that was
placed 1 m above the tables. At the edge of the tube that was
connected to the pot, a 200-pL pipette tip (first 2-3 mm cut
at a diagonal and removed) was attached to ensure a slower
flow of irrigation water into each container. From this point
onward, plants were irrigated twice a week (Monday and
Friday) with 70 mL water in morning and in the evening
until transplantation.

One month after the fertilization treatment (10 July),
ECM treatments were conducted based on a previous expe-
rience (Agathokleous et al. 2020). Roots of 6-year-old L.
kaempferi saplings in the Sapporo Experimental Forest of
Hokkaido University (43°04' N, 141°20" E) were dug out.
Based on perfectly formed ectomycorrhizal tips and hyphal
network according to previous experience of visual observa-
tions and DNA analyses of ECM in this species (Wang et al.
2015; Agathokleous et al. 2020), a considerable portion of
roots that had formed ECM was removed and used immedi-
ately as inoculum. Five liters of tap water were added to each
of two 20-L containers, then the ECM inoculum was added
to one container and the mixture agitated for 15 min. The
ECM inoculum was then removed and placed in the other
container (and vice versa) and agitated for 15 min. The solu-
tion in one container was sterilized by boiling for 40 min,
then 5 L of cold tap water were added to each container.
Half of the experimental seedlings from each fertilization
treatment were randomly allocated into one of the two ECM
treatments: half were irrigated with 60 mL of non-sterilized
solution (ECM) and the rest were irrigated with 60 mL of
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sterilized solution (non-ECM). In a previous experiment,
plants developed damping off approximately 1 month after
inoculation (Agathokleous et al. 2020). However, in the cur-
rent experiment, no damping off occurred.

Approximately 1.5 month after the ECM inoculation (24
September), plants were transplanted into 12 L pots and
irrigated with 500 mL of tap water. For each experimental
condition, 3-6 seedlings were randomly selected and evalu-
ated for physiological and growth status (described in “Pre-
drought evaluation of plant-level performance” section).
The remaining plants were moved into an adjacent, inter-
connected glasshouse with identical conditions for further
experimentation. Starting from 2 October, at 7-day intervals
until the end of the experiment, half of the seedlings in each
irrigation treatment were given 500 mL of tap water (well-
watered, no-drought; WW), while the other half were given
50 mL of tap water (drought; DR). The DR treatment lasted
1.5 month, which is long enough in northern Japan, where
there is periodic precipitation in normal years. For instance,
there were unusually high temperatures and a prolonged
drought during the summer 2021, with the longest drought
lasting 1.5 months (Japan Meteorological Agency; https://
www.jma.go.jp/jma/index.html). The treatments are outlined
in Table 1.

Data collection
Pre-drought evaluation of plant-level performance

Seedlings were assessed for effects of the fertilization and
ECM treatments on 24 September to establish the baseline
condition before the irrigation treatment began. The sampled
seedlings received 140 mL of water the day before measure-
ments (23 September). For water potential measurements,
3-6 randomly selected seedlings for each treatment were
transferred to a dark room on the evening of 23 September.
Before dawn the next day, one randomly selected branch
was removed from each seedling to measure predawn water
potential using a Model 1505D-EXP Pressure Chamber
Instrument (PMS Instrument, Albany, OR, USA). All buds
on each plant were also counted. Two crosswise measure-
ments of the stem basal diameter, using a digital vernier

Table 1 Treatments used in this study

caliper with a two-digit accuracy, were taken and aver-
aged. Stem height was measured using a measuring tape
with a 1-mm grading, as the distance from the soil line at
the base of the stem to the stem apex. The crown width of
each seedling was recorded as the average of two crosswise
measurements of the two farthest points of the crown as
observed from above, using a measuring tape with a 1-mm
grading. Seedlings were harvested as an entire unit along
with their root system, which was gently extracted from the
soil and washed with tap water to remove foreign particles.
The length of the longest root was measured with a measur-
ing tape (1-mm grading) as the distance from top to bottom.
The seedlings were separated into different compartments
and air-dried at 75 °C to constant mass. Root, foliage, and
stem + branches dry matters were weighed with a digital bal-
ance with an accuracy of four digits. Aboveground (shoot)
biomass was calculated as the sum of foliage mass and
stem + branches mass. Total plant biomass was calculated
as the sum of shoot biomass and root biomass. The ratio of
the root length to root dry mass was calculated as a potential
index to indicate whether effects on root dry mass were due
to increased root length. The root mass to shoot mass ratio
(R/S) was also calculated.

Gas exchange was analyzed with the LI-6400 Portable
Photosynthesis System (LI-COR, Lincoln, NE, USA). Pho-
tosynthetic rate (A;q,), stomatal conductance (Gs;q), and
transpiration rate (Eq,) were measured with a leaf tempera-
ture of 25 °C at a CO, concentration of 390 pmol mol~!,
a relative air humidity of 60 +5%, and a light intensity of
1500 pmol m~2 s~!. Following recording of data, the light
intensity was decreased to 100 pmol m~2 5!, and A, and
Gs;q were measured again after 15 min. The response to
light was calculated as the percentage difference of the
values recorded at 100 pmol m~2 s™! relative to the values
recorded at 1500 pmol m~2 s~!. Measurements were taken in
the morning using sunlit mature needles, selected randomly.
The needles were scanned (Canon LIDE 40, Tokyo), and
their projected area was estimated using the software LIA-
32 (Yamamoto 2003). Measurements were often taken from
more than one set of needles per plant, and the average was
calculated as a more representative estimate for statistical
analysis. Seedlings from different experimental conditions

Treatment Description Initiation
LF (low-dose fertilization) 0.5 g of slow-release fertilizer (15-9-11+2MgO +TE) 5 June
LF (high-dose fertilization) 2 g of slow-release fertilizer (15-9-1142MgO +TE) 5 June
ECM (ectomycorrhizae inoculation) Irrigation with 60 mL of nonsterilized solution of inoculum source 10 July
non-ECM (no ectomycorrhizae inoculation) Irrigation with 60 mL of sterilized solution of inoculum source 10 July
WW (well-watered) Irrigation with 500 mL of tap water every 7 days 2 October
DR (drought) Irrigation with 50 mL of tap water every 7 days 2 October
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were measured in rotation to account for any temporal effect
of methodological error. Gas exchange was measured on
work days during 5-12 September (1st time; see “Post-
drought evaluation of plant-level performance” section for
next times). Gas exchange was measured for 8 or 9 randomly
selected seedlings per experimental condition after re-irri-
gation of all seedlings with 140 mL water.

Post-drought evaluation of plant-level performance

Final assessment of the impacts of fertilization, ECM,
and water treatments was carried out prior approximately
1.5 month after water treatments (15 November). Therefore,
this assessment is also considered baseline condition for the
irrigation treatment. Six to nine seedlings per experimen-
tal condition were evaluated for stem basal diameter, stem
height, crown spread, and number of buds as described
for the pre-drought evaluation (see “Pre-drought evalua-
tion of plant-level performance” section). The plants were
harvested, separated into different organs, which were then
weighed as described for the pre-drought evaluation (see
“Pre-drought evaluation of plant-level performance” sec-
tion). Any leaves shed from each plant remained intact on
the soil surface in each pot and were collected, dried, and
weighed. Aboveground biomass, total plant biomass, and
R/S ratio were calculated as in “Pre-drought evaluation of
plant-level performance” section. For this evaluation, foli-
age, aboveground, and total plant biomass also includes the
shed needles. To understand whether the treatments affected
the senescence rate, the ratio of the mass of shed needles to
the mass of foliage (all needles) was also calculated.

The morphology of the fresh roots was examined using
a Leica MSS5 stereomicroscope (Leica Microsystems) with
five-step magnification changer, trinocular tube mounted
digital camera, and a connected screen.

Water potential was measured in randomly selected
branches in all seedlings right before harvest. Since most
of the seedling consists of woody organs, water potential of
the branches was measured to reflect plant-level water sta-
tus. Each seedling received 500 mL of water the day before
water potential was measured as described in “Pre-drought
evaluation of plant-level performance” section.

Gas exchange was analyzed using the methodology in
“Pre-drought evaluation of plant-level performance” section;
however, light response was not evaluated post-drought. Gas
exchange was measured on work days during 10—12 October
(2nd time), 31 October—-2 November (3rd time), and 6—8
November (4th time). Gas exchange was measured for 3—7
randomly selected seedlings per experimental condition in
October—November (after irrigation treatments). Measure-
ments at times 2 (1 week after drought) and 4 (5 weeks after
drought) were done after re-irrigation of all seedlings with

500 mL of water, whereas measurements at time 3 (4 weeks
after drought) were done 1 week after re-irrigation.

After drying, the foliage of each plant or for two plants
of the same experimental conditions, randomly selected,
was pooled and ground into a fine powder, which was
then digested with HNO; and H,O, PP tubes (50 mL,
DigiTUBES, SCP Science) and a thermal unit (105 °C;
DigiPREP, SCP Science) were used. The residues from the
digestion were then diluted with 2% (v/v) HNO; and filtered
through a Teflon membrane filter (0.45 um; DigiFILTER,
SCP Science). P, K, and Mg concentrations were assessed
with an inductively coupled plasma mass spectrometer (ICP-
MS, Agilent 7700a, Agilent Technologies, Santa Clara, CA,
USA).

Data analysis

The a priori level of statistical significance was a=0.05.
Due to significant (P <0.05) deviation of the data of several
variables from the standard Gaussian distribution, all data
sets were subjected to a power Box-Cox transformation (Box
and Cox 1964; Agathokleous et al. 2016).

The data for the pre-drought plant-level assessment and
gas exchange measured in September (time 0) were analyzed
using a o-restricted generalized linear model (GLM) with
type VI sum of squares, with fertilizer and ECM as fixed fac-
tors, each with two levels. The data for the post-drought final
plant-level assessment and foliage elements were analyzed
using a o-restricted GLM with type VI sum of squares, with
fertilizer, ECM, and irrigation as fixed factors, each with two
levels. Gas exchange data for October—November (times 1,
2, and 3) were analyzed using a o-restricted GLM with type
VI sum of squares, with fertilizer, ECM, and irrigation as
fixed factors, each with two levels, and irrigation as repeated
(within effects) factor with three levels. Gas exchange data
for September were not included into the repeated meas-
ures analysis because different seedlings were measured
randomly each time, and if only the seedlings with com-
mon measurements across all times were used, the number
of statistical units would be insufficient for analysis. The
stem height and aboveground biomass of LF- and HF-treated
seedlings of the present experiment (all other conditions
pooled) were compared with the respective stem height and
aboveground biomass of LF- and HF-treated seedlings of a
previous experiment (all other conditions pooled; Agath-
okleous et al. 2020) using an independent-sample #-test.
The data supporting the latter analysis are presented in the
respective figures in this and the previous study (Agathok-
leous et al. 2020); thus, only the statistical results are men-
tioned when referring to these results (see Supplementary
Materials).

For any significant interactions based on GLM analyses,
multiple comparisons between experimental conditions
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(groups) were performed using a t-test. To account for trade-
offs between type I and type II errors, considering also the
influence of a correction, only the most biologically mean-
ingful comparisons were selected a priori for analysis. For
fertilizer x ECM interaction, the comparisons were (1) non-
ECM x HF versus non-ECM X LF, (2) ECM x HF versus
ECM XLF, (3) LF xnon-ECM versus LF X ECM, and (4)
HF X non-ECM versus HF x ECM. Regarding ECM X irri-
gation the pairs of comparison were (1) ECM x DR versus
ECM X WW, (2) non-ECM x DR versus non-ECM X WW,
(3) DR XECM versus DR xnon-ECM, and (4) WW XECM
versus WW X non-ECM. The pairs of comparison for the
fertilizer X irrigation interaction were (1) LF X DR versus
LEXWW, (2) HF x DR versus HF x WW, (3) DR x HF ver-
sus DR X LF, and (4) WW X HF versus WW X LF. For the
interaction fertilizer x ECM X irrigation, the comparisons
were same as for ECM X irrigation, but for each fertilization
treatment separately, giving a total of eight comparisons (see
Table S1). Nine comparisons were tested for the time X irri-
gation interaction, namely between the two irrigation treat-
ments within each time and between times within an irriga-
tion treatment (see Table S2 for the exact pairs).

To evaluate the magnitude of treatment effect, effect size
was calculated for comparisons between groups for which
there was some evidence for a statistically significant differ-
ence. Specifically, Cohen’s 6 (Cohen 1988) was calculated as
described previously (Agathokleous et al. 2016). Absolute
values of 6 in the arbitrary ranges of <0.2,>0.2<0.5,>0.
5<0.8, and > 0.8 indicate a neutral, small, moderate, and
large effect, respectively, whereas values in the ranges of
0.25-0.5 and > 0.5 indicate educational and practical sig-
nificance, respectively (Tallmadge 1977; Wolf 1986; Cohen
1988; Agathokleous et al. 2016).

Results are presented as means + standard error (SE),
whereas the 95% confidence interval (CI) of the effect size
is also reported; for CIs whose upper bound is negative,
“to” is used (thus, only “-” before the value of the upper
bound indicates a positive value). The number of replicates
for each experimental condition per trait is presented in the
respective diagrams.

The data were processed and analyzed statistically with
the software Excel 2010 (Microsoft, Redmond, WA, USA)
and Statistica v.10 (StatSoft, Tulsa, OK, USA) and a freely
available effect size estimation application (Agathokleous
and Saitanis 2020).

Results
Pre-drought assessment of plant performance

Approximately 2.5 months after fertilization, 1.5 month
after inoculation, and right before transplantation and
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irrigation treatments, there was no evidence that water
potential was influenced by the experimental treatments
(Supplementary Materials, Fig. S1).

For plant growth traits, there was no significant main
effect of fertilizer on root length (Fig. 1A). However, rela-
tive to the effect of LF, HF had a large negative effect
on the root length to root biomass ratio (6= — 1.94,
CI—-19.83 to 31.03; Fig. 1B) and a large positive effect
on stem height (6§ =2.47, CI—0.55 to 3.60; Fig. 1C), crown
width (6=2.39, CI 0.07 to 3.30; Fig. 1D), stem diameter
(6=3.01, CI 2.53 to 3.30; Fig. 1E), and number of buds
per plant (6=2.04, CI -9.18 to 6.42; Fig. 1F). There was
weak evidence for a moderate negative effect of ECM on
root length (6= —0.73, CI-2.82 to 0.39; Fig. 1A). ECM
had a moderate positive effect on the root length to root
biomass ratio (6 =0.59, CI —40.82 to 32.78; Fig. 1B) and
a moderate negative effect on stem height (6= —0.67,
CI-3.73 to 3.16; Fig. 1C), crown width (6= —0.86,
CI-3.02 to 1.95; Fig. 1D), and number of buds per plant
(6=-0.71, CI-10.38 to 12.01; Fig. 1F). There was no
evidence for a significant fertilizer x ECM interaction for
any of the growth traits (Fig. 1).

For plant biomass production traits, compared to LF,
HF led to a large increase in root mass (6=1.77, CI 1.60
to 1.83; Fig. 2A), foliage mass (6 =2.22, CI 1.87 to 2.27;
Fig. 2B), stem + branches mass (6§ =2.36, CI 2.24 to 2.38;
Fig. 2C), aboveground biomass (6 =2.33, CI 1.88 to 2.40;
Fig. 2D), and total plant biomass (6 =2.25, CI 1.65 to 2.38;
Fig. 2E). Conversely, HF led to a large decrease in R/S
ratio (6= —1.56, CI —1.64 to 1.38; Fig. 2F). ECM treat-
ment resulted in a large decrease in root mass (6 = — 0.94,
CI-1.03 to—0.76; Fig. 2A), foliage mass (6= —0.82,
CI-1.00 to—0.41; Fig. 2B), stem + branches mass
(6=0.81, CI-0.88 to—0.67; Fig. 2C), aboveground bio-
mass (6= —0.83, CI-1.07 to —0.28; Fig. 2D), and total
plant biomass (6= —0.88, CI - 1.19 to—0.16; Fig. 2E).
No evidence was observed for ECM affecting R/S ratio
(Fig. 2F). Evidence for a significant fertilizer x ECM inter-
action was found for foliage mass (Fig. 2B), aboveground
biomass (Fig. 2D), and total plant biomass (Fig. 2E);
for all three traits, ECM treatment largely decreased the
positive effect of HF (Fig. 2; Supplementary Materials,
Table S3).

For gas exchange, there was no evidence for signifi-
cant differences between experimental conditions before
the drought treatment, although the distribution of Gs;g
values of LF X ECM plants shifted well below the distri-
butions of the values of the other three experimental con-
ditions, indicating a trend toward lower values (Fig. 3).
There was also no evidence that the treatments signifi-
cantly altered response to light (Supplementary Materials,
Fig. S2).
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Fig. 1 Means+SE of plant growth traits. Japanese larch seedlings
were sampled approximately 1.5 months after inoculation with ecto-
mycorrhizae (ECM) and 2.5 months after fertilization (pre-drought
assessment). LF, 0.5 g (low-dose fertilization); HF, 2 g (high-dose

Post-drought assessment of plant performance (after
water treatments)

The final impacts of all experimental treatments on plants
were evaluated approximately 5, 4, and 1.5 months after
fertilization, ECM, and irrigation treatments, respectively.

Root length to root biomass ratio &
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LF mHF
60

1

Buds per plant (total number) =

non-ECM

Treatment

fertilization) 15-9-114+2MgO+TE fertilizer. Data were analyzed
with a generalized linear model (GLM) at a=0.05. n indicates the
sample size for each experimental condition

Growth and biomass

Similar to results of the pre-drought assessment (“Pre-
drought assessment of plant performance” section), HF had
various positive effects on plants, compared to LF (regard-
less of the ECM and irrigation treatments). It caused a large
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Fig. 2 Means+SE of plant biomass production traits for Japanese
larch seedlings approximately 1.5 months after inoculation with ecto-
mycorrhizae (ECM) and 2.5 months after fertilization (pre-drought
assessment). LF, 0.5 g (low-dose fertilization); HF, 2 g (high-dose
fertilization) 15-9-11+2MgO+TE fertilizer. Different lowercase
letters above error bars indicate a significant difference between LF

increase in stem diameter (6=23.02, CI 2.69 to 3.24; Sup-
plementary Materials, Fig. S3), stem height (6=2.97, CI
0.98 to 3.59; Fig. S4), crown width (6 =3.08, CI 1.60 to
3.64; Fig. S5), number of buds per plant (6§=3.06, CI -4.98
to 5.83; Fig. S6), foliage mass (6=2.97, CI 2.80 to 3.01;
Fig. S7), stem + branches mass (6=3.18, CI 3.04 to 3.21;
Fig. S8), aboveground biomass (6=3.17, CI 2.88 to 3.24;
Fig. S9), root mass (6=2.11, CI 1.82 to 2.20; Fig. S10),
and total plant biomass (6 =2.80, CI 2.26 to 2.96; Fig.
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and HF within non-ECM or within ECM. Different uppercase letters
above error bars indicate significant difference between non-ECM
and ECM within LF or within HF. Data were analyzed with a gener-
alized linear model (GLM), followed by ¢ tests at a=0.05. n=sample
size for each experimental condition

S11). Conversely, HF led to a large decrease in R/S ratio
(6= —-1.13,CI-1.22 to - 0.83; Fig. S12).

ECM treatment negatively affected plants, compared to
non-ECM (regardless of fertilization and irrigation treat-
ment), similar to the results of the pre-drought assess-
ment (“Pre-drought assessment of plant performance”
section). ECM treatment had a moderate negative effect
on stem diameter (6 = —0.60, CI-1.03 to—0.10; Fig.
S3), stem height (6= —0.61, CI1-2.57 to 1.95; Fig. S4),
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Fig. 3 Means+SE of plant gas exchange traits for Japanese larch
seedlings approximately 1.5 months after inoculation with ecto-
mycorrhizae (ECM) and 2.5 months after fertilization (pre-drought
assessment). Asq,, net photosynthetic rate; Gssq, stomatal conduct-
ance; Esq, transpiration rate. LF, 0.5 g (low-dose fertilization); HF,
2 g (high-dose fertilization) 15-9-11+2MgO+TE fertilizer. Data
were analyzed with a generalized linear model (GLM) at a=0.05.
n=sample size for each experimental condition

crown width (6= —0.53, CI-1.94 to 1.59; Fig. S5),
stem + branches mass (6= —0.53, CI-0.65 to—0.34;
Fig. S8), and total plant biomass (6= —0.50, CI -1.00
to 0.18; Fig. S11). It also had a small negative effect on
foliage mass (6= —0.41, CI -0.58 to—0.20; Fig. S7),

aboveground biomass (6= —0.47, CI-0.76 to—0.08;
Fig. S9), and root mass (6= —0.48, CI-0.70 to—0.16;
Fig. S10).

Irrigation main effect was significant for the ratio of shed
needles mass to all needles mass (Fig. 4A), with DR largely
increasing the ratio relative to WW (6=0.92, CI 0.86 to
1.00).

The only significant interaction was ECM X irrigation for
the ratio of shed needles mass to all needles mass (Fig. 4A).
The only significant difference in the tested pairs of compari-
sons was between ECM X DR and. ECM X WW (Table S4),
where DR resulted in a large increase in the ratio, compared
to WW, in ECM-treated plants (6=1.32, CI 1.23 to 1.45;
Fig. 4A).

Water potential

Regarding branch water potential, only irrigation and
the interaction of fertilization X ECM X irrigation were
significant factors (Fig. 4B). DR largely decreased the
water potential, compared to WW (6= —2.53, CI-2.57
to—2.50). The only statistically significant comparisons
were those of (1) LF X non-ECM X WW versus LF X non-
ECM xDR, (2) LFXECM X WW versus LFX ECM x DR,
(3) LFxnon-ECM x DR versus LF X ECM x DR, (4)
HF X non-ECM X WW versus HF X non-ECM x DR, and (5)
HF XECM x WW versus HF X ECM X DR (Table S1). The
differences between these pairs were large (Table S1).

Root morphology

Roots of HF X non-ECM X WW seedlings had many root
tips that formed ECM, and also some amount of root hairs,
which directly absorb water and nutrients, thus prevent-
ing enhanced ECM symbioses due to self-sufficient water
support (Fig. S13). Roots of HF X non-ECM X DR seed-
ling had many root hairs, but less ECM (Fig. S14). Roots
of HF X ECM X DR seedling had abundant root hairs, few
ECM, and even the root tips with ECM had root hairs, indi-
cating that the ECM had not completely formed (Fig. S15).
Roots of LEXECM x DR seedling had some ECM and very
few root hairs (Fig. S16). Roots of LF X non-ECM x DR
seedling had abundant ECM (the most observed) and almost
no root hairs (Fig. S17).

Gas exchange

For post-irrigation gas exchange, fertilization was a signifi-
cant main factor (Fig. 5, Table S5). Specifically, HF resulted
in a small decrease in Gs;gq (6= —0.40, CI-0.41 to—0.38;
Fig. 5B) and E;y, (6= —0.41, CI-0.58 to—0.20; Fig. 5C),
while its effect on Ay, was insignificant (6= —0.10,
CI-1.71 to 1.78; Fig. 5A), relatively to LF. Irrigation
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Fig. 4 Means +SE of the ratio of shed needles mass to all needles
mass (A) and branch water potential (B) for Japanese larch seed-
lings approximately 5, 4, and 1.5 months after low or high fertiliza-
tion, inoculation with ectomycorrhizae (ECM), and irrigation treat-
ments (final [post-drought] assessment). WW, well-watered (500 mL

was also a significant factor (Fig. 5, Table S5), with DR
largely suppressing Asqy (6= —2.20, CI-2.32 to —2.07),
Gs390 (6= —2.15, CI -2.15 to —2.14), and E;y, (6= —2.20,
CI-2.32 to—2.07), compared to WW. ECM was a nonsig-
nificant factor (Fig. 5, Table S5). Among all the interactions,
only time X irrigation interaction was significant and only for
Gs3g and E;q (Fig. 5, Tables S2, S5).

Foliar elemental contents

HF had a large positive effect on P (§=0.97, C10.84 to 1.12;
Fig. 6A) and K (6=0.93, CI-0.25 to 1.86; Fig. 6B) and a
moderate to large positive effect on Mg (6=0.78, C1 0.53 to
0.99; Fig. 6C), compared to LF. Irrigation was not a signifi-
cant factor for P. DR caused a large increase in K (6§ =0.88,
CI-0.10 to 1.60; Fig. 6B) and a moderate to large decrease
in Mg (6= —0.79, CI—1.04 to—0.56; Fig. 6C) relative to
WW.

The interaction fertilizer x ECM was significant only for
K (Fig. 6B). Among the four pairs of comparisons tested
(see “Data analysis” section), only the comparison between
non-ECM X HF and non-ECM X LF was significant. Specifi-
cally, non-ECM plants grown with HF had a large increase
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weekly) plants; DR, drought-treated plants (50 mL weekly); LF,
0.5 g (low-dose fertilization); HF, 2 g (high-dose fertilization) 15-9-
11+2MgO+TE fertilizer. Factors: F, fertilizer; E, ECM; I (in non-
italics) irrigation. Data were analyzed with a generalized linear model
(GLM) at a=0.05. n=sample size for each experimental condition

in K content (6=1.53, CI —0.19 to 2.40; Fig. 6B) relative to
non-ECM plants grown in LF.

Fertilizer X irrigation interaction was significant only for
P (Fig. 6A) and K (Fig. 6B). Within the interaction, the only
non-significant pair of comparison was that of WW X HF
versus WW X LF for P. When grown in LF, foliage of DR-
subjected plants was largely impoverished in P relative to
WW plants (6= —1.53, CI-1.52 to—1.38; Fig. 6A). How-
ever, when grown in HF, foliage of DR-exposed plants was
moderately enriched in P relative to WW plants (6=0.72,
CI 0.53 to 0.87). Under DR stress, HF-treated plants had
largely enhanced P content compared to LF-treated plants
(6=2.07, CI 1.88 to 2.22); a difference that was not observed
in WW (Fig. 6A). Regarding K, the pairs LF X DR versus
LEXWW and WW x HF versus WW X LF were not signifi-
cant, but the pairs HF X DR versus HF X WW and DR x HF
versus DR X LF were significant. Specifically, within HF-
treated plants, DR led to a large increase in K relative to
WW (6=2.04, CI 0.71 to 2.94; Fig. 6B). Within DR, HF
also largely enhanced K content relative to LF (6=1.88, CI
0.55 to 3.38; Fig. 6B).

ECM x irrigation interaction was significant only for
P (Fig. 6A). No significant difference was observed for
the pairs non-ECM X DR versus non-ECM X WW and
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DR X ECM versus DR X non-ECM. However, the compari-  Discussion

sons between ECM X DR and ECM X WW and between
WW X ECM and WW X non-ECM were significant. As
to the former pair, ECM-treated plants had a moderately
lower P content when exposed to DR, compared to WW
(6=-0.76, CI-1.00 to—0.62; Fig. 6A). Regarding the
latter pair, within WW, ECM-treated plants were largely
enriched in P content, compared to non-ECM plants
(6=1.17, CI 1.03 to 1.32; Fig. 6A).

ECM and the interaction fertilizer x ECM X irrigation
were not significant main factors for P, K, and Mg.

The single and combined treatments of container-grown Jap-
anese larch seedlings with different fertilization rates, ECM
inoculum, and irrigation revealed various micro- and macro-
level effects on plants, from leaf-level physiology to indi-
vidual organism. However, due to the limited evidence for
significant effects of multifactorial interactions, the results
are discussed for individual factors. The three factors are
discussed in sequence of experimental manipulation: fertili-
zation, ECM, and irrigation. The few significant interactions
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are mainly discussed in the section on the respective fac-
tor (interaction term) that succeeded the other factors in the
interaction. All the significant effects or differences between
experimental conditions that are discussed hereafter are edu-
cationally significant and most of practical importance.

Fertilization

Fertilization of seedlings is vital for their vigor and success
after they are transplanted. In this study, HF caused moder-
ate to large increases in P, K, and Mg, as expected based on
the composition of the fertilizer. This practically-significant
enrichment of major elements by HF showcases that plants
accessed and transported significant amounts of the applied
fertilizer to the needles. These results confirm the validity of
fertilization treatment and can explain the enhanced growth
and productivity by these macronutrients that drive plant
growth and development (Guo et al. 2015, 2016; Malhotra
et al. 2018; Hauer-Jakli and Trankner 2019; Johnson et al.
2022).
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A number of studies show that proper fertilization over
several weeks or multiple years benefits Japanese larch
plantations (Kochenderfer et al. 1995; Yi et al. 2002; Qu
et al. 2003). However, the effect of fertilization on container-
grown seedlings within the context of this recent modern
forestry practice remains underexplored (Agathokleous et al.
2020). Here, the large enhancement of stem diameter and
height, crown width, number of buds per plant, root mass,
foliage mass, stem + branches mass, aboveground biomass,
and total plant biomass by HF, relative to LF, illustrates the
practical significance of this fertilization regime for forestry
practice to produce superior container-grown seedlings. A
previous study revealed that HF enhanced the growth and
productivity of Japanese larch container-grown seedlings
(Agathokleous et al. 2020). However, the aims of that study
differed, and a large part of that study was done in an open
field where the plants were rainfed. In this present study,
seedlings were grown in a glasshouse, according to the
current forestry practices and subjected to strict irrigation
schemes, except for the seedlings of DR treatment. This
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improved cultivation practice within a forestry framework
resulted in seedlings grown with HF being largely superior
to those in the study by Agathokleous et al. (2020) (see Sup-
plementary Materials). Thus, the present protocol offers a
practically significant benefit for production of elite seed-
lings of Japanese larch for forestation.

As a result of HF treatment, the R/S ratio was largely
lower relative to the ratio in LF-treated plants and is attrib-
uted to the greater enhancement of shoot relative to root. The
R/S ratio is an important index of plant health, and its use
is warranted for producing container-grown seedlings for
forestry (Agathokleous et al. 2019; Harayama et al. 2021).
Seedlings with relatively larger shoots are more competitive
for aboveground resources (e.g., sunlight) and better survival
and establishment after transplanting, assuming that the
belowground resources (e.g., water, nutrients) are sufficient.
However, if seedlings are to be planted in environments with
limited belowground resources, a relatively greater root sys-
tem may be beneficial (Harayama et al. 2021). In this study,
when evaluated before drought treatments, HF did not sig-
nificantly change the root length but largely decreased the
root length to root biomass ratio, suggesting that HF-treated
plants had a denser root system characterized by greater
fractal dimensions. This difference of the root system of
HF-treated plants was so large that would be visible to the
naked eye of even the most careless observer by the end of
the experiment (Supplementary Materials, Fig. S18). This
indicates an increased capacity to directly access water and
nutrients, and can explain why roots of HF-treated plants
formed less complete ectomycorrhizal root tips.

There was no significant evidence for HF effect on gas
exchange, response to light, and water potential before irri-
gation treatments begun or on water potential at the end of
the experiment. However, HF caused a small decrease in
Gs3q9 and Ejg that was not of significant practical conse-
quence based on data from the three measurements after the
initiation of the irrigation treatments to the end of the experi-
ment. Decreases in Gs and E after short-term fertilization
were found in other studies using different tree species too,
although the exact underlying physiological mechanisms
remain unclear (Ward et al. 2015). A potential reason may
be structural changes in leaves; for example, fewer and/or
smaller stomata in relation to a greater leaf area index caused
by fertilization, considering that Gs and E represent leaf
area-based indexes (Paoletti and Grulke 2005). However,
other reasons might be at play too, such as shifts in the con-
ductivity and/or structure of the hydraulic system as well
as altered root area, which was largely increased by HF in
this experiment (Ewers et al. 2000; Ward et al. 2015). The
enriched K content in the foliage suggests that the decreased
Gs was not due to K limitation; K is important for plant
growth (Johnson et al. 2022). Across various plant species,
the critical Mg concentration (%) below which dry mass is

negativly affected ranges from 0.1% to 0.2% (Hauer-Jakli
and Triankner 2019). In this experiment, the average was
0.22% for LF and 0.27% for HF, values that are greater than
the overall range across species (Hauer-Jakli and Trankner
2019).

ECM treatment

Contrary to our expectations, ECM treatment caused a series
of negative effects on seedlings, without offering any ben-
efits, although there was no evidence for significant effects
of ECM treatment on gas exchange or water potential at
any time. At the pre-drought assessment (before irrigation
began), ECM treatment caused a practically significant stress
in seedlings, as indicated by a moderate inhibition of stem
height, crown width, number of buds per plant, plant bio-
masses, and root length. Concurrently, ECM increased the
root length to root biomass ratio. These results suggest that
ECM-treated plants had a sparser root system, likely char-
acterized by smaller fractal dimensions. While there was
no evidence for significant fertilizer x ECM interaction for
the studied growth traits, ECM treatment largely counter-
acted the enhancement of foliage, aboveground, and total
plant biomass of HF-treated seedlings. In agreement, ECM
treatment appeared to counteract the enrichment of foliar
K content by HF, which occurred at a large extent in non-
ECM plants. Although the underlying biological mecha-
nism of this effect remains unclear, HF-treated plants under
stress after microbial inoculation might consume more K
for detoxification and defense (Johnson et al. 2022). These
observations suggest that ECM treatment produced more
practically relevant negative effects in the presence of HF
than in LF. Various negative effects of ECM treatment were
still observed at the end of the experiment, many of which
were practically important. These results indicate that seed-
lings suppressed by ECM earlier in the experiment could
not recover the damage by the end of the growing season.
Controlled, species-specific mycorrhization can offer
various benefits to trees and agronomical crops, such as
enhanced CO, assimilation, improved water relations, and
increased root growth, although not always revealed when
present (Svenson et al. 1991; Maltz et al. 2019; Ulrich et al.
2019; Hu and Chen 2020; Corsini et al. 2022; Pons and Miil-
ler 2022). Moreover, although such controlled mycorrhiza-
tion may alleviate the effects of stressful conditions (Yin
et al. 2017; Maltz et al. 2019), some studies show that ini-
tial enhancement of plant performance by mycorrhization
can turn into negative effect during severe stress such as a
water deficit (Ulrich et al. 2019). Interestingly, counter to
our expectations, there was some evidence that non-ECM
seedlings had even more ectomycorrhizal root tips and
complete ectomycorrhizae than did ECM-treated seedlings,
indicating that the inoculation protocol was unsuccessful.
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These observations suggest that, although ECM treatment
negatively affected symbioses and plants overall, ectomycor-
rhization in the non-inoculated plants had a positive effect
on plants compared to the inoculated plants with fewer root
tips and more incomplete ectomycorrhizae.

The findings of significant negative effects of ECM treat-
ment on seedlings agree with the findings in the previous
experiment in which ECM-treated Japanese larch seedlings
also lacked complete formation of mycorrhizae at the root
tips (Agathokleous et al. 2020). Because seedlings devel-
oped damping off in the previous experiment, and DNA
analyses revealed potentially pathogenic Fusarium sp. in
ECM-treated plants, the previous protocol was likely unsuc-
cessful because of contamination. However, the protocol was
unsuccessful in the present experiment too, even though
the seedlings were considerably vigorous, healthy, and had
no disease symptoms. Why the roots of non-ECM inocu-
lation had many ectomycorrhizae, and the roots of ECM-
inoculated plants had fewer ECM is unknown. However, we
hypothesize that the ECM inoculum directly stressed plants
early after treatment, which in turn indirectly suppressed the
formation of complete ECM due to limited resources avail-
able to ECM. We also speculate that, regardless of the vigor
of ECM-inoculated seedlings, microbes other than ECM in
the inoculum might outcompete ECM. These findings are
important because they suggest that general inoculum from
older, large trees in the field may be unsuitable for establish-
ing juvenile seedlings. They further suggest that the rhizos-
phere microbial communities of generating seedlings might
differ from those of large, old trees, and the microbiome of
the old trees might cause an imbalance in the microbiome
of the seedlings. For example, the microbiome in the rhizo-
sphere of the older trees might keep the non-ECM species
in a nonpathogenic state, whereas rhizosphere microbiome
of the seedlings cannot. These possibilities have important
consequences for the forestry practice and need further test-
ing. Nevertheless, these findings indicate the important role
of ectomycorrhizae in producing healthier and more vigor-
ous plants as reflected by the superior seedlings of non-ECM
treatment with greater growth and biomass and more root
tips and complete ectomycorrhizae compared to the inferior
ECM-treated seedlings.

Irrigation

Plants are sensitive to drought and may be more sensitive
to water deficit stress followed by re-irrigation or a cycled
change in water status, which is expected to be a more fre-
quent phenomenon under climate change (Xu et al. 2009,
2010; Turcsan et al. 2016). In this study, compared to the
WW treatment, DR treatment greatly decreased A;q, Gs3q,
E3q, and water potential and decreased the ratio of shed nee-
dles mass to all needles mass. These results indicate that CO,
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assimilation decreased due to stomatal closure and needle
senescence induced by DR-induced oxidative stress. More-
over, these negative effects of DR treatment were driven
by a large decrease in foliar Mg content, a major nutrient
involved in stress signaling, growth, and development (Guo
et al. 2015, 2016; Hauer-Jakli and Trankner 2019). Reduc-
tion in Mg leads to a lower A, as found in the present study
and others (Guo et al. 2015, 2016; Hauer-Jakli and Triankner
2019). An analysis of published research indicated that the
critical Mg concentration (%) below which negative effects
on net CO, assimilation occur ranges from 0.05% (in Pinus
radiata) to 0.72% (in Helianthus annuus) (Hauer-Jakli and
Trankner 2019). In our experiment, DR treatment decreased
Mg from 0.28% in WW to 0.23%. While the numerical dif-
ference might seem small, statistically it was large and in
line with the inhibition of A,q,.

The large increase in K due to DR further suggests an
important role of K in water deficit stress. K participates in
regulating stomatal opening, photosynthesis, osmotic adjust-
ment, and water balance; detoxificating reactive chemical
species; and protecting against drought and other abiotic
stressors (Hu and Schmidhalter 2005; Johnson et al. 2022).
The activation of over 60 enzymes depends on K (Johnson
et al. 2022). The large increase in K content by DR may indi-
cate a mechanism to reduce reactive chemical species under
water deficit stress and is in line with emerging evidence that
augmented K* nutritional status can decrease reactive oxy-
gen species and promote tolerance to abiotic stress (Pandey
and Mahiwal 2020). Under DR, accumulating K* might be
more critical relative to producing organic solutes at the ini-
tial phase of adjustment, due to higher energetic efficiency of
osmotic adjustment via the uptake of ions such as K* (Hsiao
1973; Hu and Schmidhalter 2005). A swift discharge of K*
from the guard cells to the apoplast is succeeded by stomatal
closure, and K impoverishment may impede keeping stomata
open (Wang et al. 2013). Some experiments indicated that
K deficiency inhibited stomatal closure and A, whereas oth-
ers revealed no significant effect of K on A and Gs in wall-
watered growing media or promotion of stomatal opening
and E by K deficiency under water deficit stress (Wang et al.
2013). These suggest that several factors may influence the
effect of K on A, Gs, and E, such as plant genotype, research
system, and non-manipulated environmental factors (Wang
et al. 2013). In this study, K might increase under water defi-
cit stress to prevent dramatically slowed stomatal response,
increased water vapor loss, and decreased A.

The results of this experiment indicate that the effect of
water deficit stress on foliar elements depends on soil ferti-
lization and that the soil water status can modify the effect
of fertilization on foliar P and K contents in Japanese larch
seedlings. Specifically, DR largely decreased P in the LF
treatment, but only moderately increased P in the HF, rela-
tive to WW, while HF largely enriched P content in the DR
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treatment but not in the WW treatment, relative to LF. These
results agree with the broader literature for various tree spe-
cies and experimental systems. For example, a meta-analysis
revealed an average of 9.2% lower P concentration and 7.0%
higher N/P ratio, across studies, with the magnitude of the
effect declining from short term (<90 d) to longer (>90 d)
(He and Dijkstra 2014). Importantly, a series of stud-
ies showed that drought facilitates conversion of soil P to
forms that are not directly accessible to plants (Sardans and
Pefiuelas 2004) and decreases P bioavailability in different
kinds of forests (Sardans and Pefiuelas 2004, 2007; Zhang
et al. 2020). For example, a 6-year-long study in a Mediter-
ranean Quercus ilex forest revealed increased soil soluble
organic P (and thus total soil soluble P) and smaller release
of inorganic P from P bound to organic matter (Sardans and
Pefiuelas 2007). Another 4-year-long study in a warm tem-
perate forest revealed that P held in Ca phosphate decreased
during drought, and organic and inorganic P bound to Fe/Al
oxides (secondary minerals) increased (Zhang et al. 2020).
These effects could be explained by a lower soil pH under
drought, which can modulate the solubilization of P held in
Ca phosphate (Zhang et al. 2020). Decreased uptake of P
and increased recalcitrance of elements in soil can result in
reduced P (and K) in an ecosystem (Sardans and Pefiuelas
2007).

The results indicated that DR increased K content in HF
but not in LF, and HF enhanced K content in DR but not in
WW. These findings indicate that the response of foliar K
to drought prevailed only under sufficient fertilization and
that the effect of HF on foliar K was promoted by drought
stress. Drought affects K in soil, for example, increasing
its total content by 10% and decreasing the soil soluble
form by approximately 20% in a Mediterranean Q. ilex
forest (Sardans and Pefiuelas 2007). Some studies suggest
that increased soil K can increase maximum Gs and, thus,
increase water demand and enhance water stress (Battie-
Laclau et al. 2014). Although increased foliar K content can
improve tolerance to drought, comprehensive assessments
are needed to consider growth improvement while keeping
Gs and water requirements at relatively low levels to prevent
water deficiency and stress during drought (Battie-Laclau
et al. 2014; Santos et al. 2021).

Exposure to DR led to a moderate decrease in foliar P
content compared to the WW treatment in ECM-treated
plants, further suggesting soil ECM inoculation worsened
the effect of drought on P status, compared to non-ECM
soils. Besides, the largely enriched foliar P in ECM-treated
plants (compared to non-ECM plants) under WW may
indicate that ECM colonization in inoculated plants pro-
moted access to P and its uptake by plants and/or that dis-
tinct microbial communities that developed after the inoc-
ulation increased the concentrations of bioavailable forms
of P in the soil. Therefore, soil water status modulated the

effect of ECM treatment on foliar P, an element that is
highly driven by ECM. Based on the results of the elemen-
tal analysis, nutrient imbalance might not be caused by
ECM inoculation (in WW plants), which is also supported
by the lack of significant difference in A;q, between ECM
and non-ECM. Thus, the reduction in growth, a negative
effect of ECM, might result from a consumption of pho-
tosynthates by ECM. Conversely, ECM treatment might
enhance P uptake in WW plants, a positive effect of ECM.
Regulation of such conflicting advantages and disadvan-
tages of ECM treatment are important in the practical
translation of scientific findings, especially when container
seedlings are planted in P-deficient field conditions. Fur-
ther studies are required to comprehensively evaluate such
potential conflicting effects of ECM treatment.

The results of the multiple comparisons within the
fertilization x ECM X irrigation interaction also provided
evidence indicating that ECM, compared to non-ECM,
led to decreased water potential under drought in the LF
treatment, suggesting a negative effect when ECM and DR
treatments were combined with the LF treatment. From
a different point of view, these results may also indicate
that ectomycorrhizae decreased the negative effect of DR
and LF because non-ECM plants had more root tips and
complete ectomycorrhizae. Further support for this sug-
gestion is provided by the multiple comparisons within
the significant ECM X irrigation interaction for the ratio
of shed needles mass to all needles mass: DR largely
increased the ratio relative to WW in ECM-treated plants.
Specifically, the intensification of senescence by DR was
exacerbated by ECM treatment or alleviated by ectomy-
corrhizae in non-ECM plants with more root tips and
complete ectomycorrhizae. The practical significance of
these effects indicates the effectiveness of DR treatment
to induce water deficit stress. The absence of evidence
for significant effects of DR on growth and productivity
of seedlings might be due to the seedlings reaching their
maximum growth in the cultivation conditions, especially
because DR was applied at the beginning of October.

The findings of this study, based on modern practice
of transplanting container-grown seedlings, indicate that
plantations derived from container-grown seedlings might
be severely affected by irregular cycles between dry and
moist conditions under climate change. Although long-
term field studies are needed to better understand the
implications over a longer period, this study reveals some
important mechanisms underlying the responses to DR,
which can guide programs seeking to enhance seedling
performance during droughts. In particular, fertilization
practices when drought is imminent need to be reconsid-
ered. However, we also identified fertilization regimes that
can be incorporated into management practices to improve
production.
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Conclusions

Two grams of slow-release fertilizer per plant (HF) greatly
increased growth and biomass of seedlings, favoring above-
ground expansion over belowground growth. However, HF
also largely increased root biomass and led to a denser root
system, but resulted in smaller Gs;q, and Ejq,. Based on
these outcomes, HF enhanced plant growth and productivity.

ECM inoculation produced a series of negative effects of
moderate magnitude on seedling growth and biomass, irre-
spective of other factors, while also largely counteracting the
positive effect of HF on seedling biomass and foliar K con-
tent. The ECM inoculation did not enhance seedling health
and vigor, suggesting that a general ““all-microbe inoculum”
may not be ideal for this purpose; thus, inoculation with
individually selected species of symbiotic organisms may
be a better strategy. This study also indicates the impor-
tance of ectomycorrhization in producing superior seedlings
because the inoculated seedlings had fewer root tips and
more incomplete ectomycorrhizae and were thus inferior to
the non-inoculated seedlings.

Water deficit stress (DR) greatly promoted stomatal
closure, decreased CO, assimilation, and induced needle
senescence. It also greatly affected K and Mg homeostasis.
Foliar K content increased and Mg content decreased, sug-
gesting that modifying fertilization regimes to favor Mg dur-
ing drought may facilitate adaptive responses and enhance
the drought tolerance of Japanese larch container seedlings.

DR also moderately increased foliar P content in the
presence of HF but largely decreased it in LF, suggesting
a pronounced DR-induced stress in nutrient-limited condi-
tions. Moreover, an increase in foliar K by DR occurred only
under sufficient fertilization, and the effect of HF on foliar
K was promoted by water deficit stress. Hence, foliar K and
P response to water deficit stress was driven by soil fertility.

DR further resulted in a moderate decrease in foliar P
in ECM-treated plants, suggesting that DR worsened the
negative effect of soil ECM inoculation on the P status. In
addition, the intensification of senescence by DR was exac-
erbated by the ECM treatment. Conversely, ECM treatment
produced a large increase in foliar P under WW, indicating
that ECM-treated plants might access more P under WW.
The ECM treatment lowered the plant water potential under
DR in the LF treatment, pointing to a negative effect when
ECM and DR treatments are both present when plants are
grown in LF.

These results lead to the conclusion that the success of
the ECM inoculation depends on the soil water conditions,
so future studies that include several degrees of soil wetness
and different ECM inoculations are needed. Moreover, the
effect of water deficit stress on container-grown Japanese
larch seedlings is modulated by soil fertility. These findings
reveal that innovative forestry programs are needed to test
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the effects of different degrees of soil wetness and frequen-
cies and intensities of drying-rewetting cycles as a func-
tion of different fertilization regimes to enhance the health,
vigor, and success of forestation seedlings in future climate
changes.

This study lasted only one growing season and with a
relatively short time between treatments. Hence, longer
studies are needed, especially to examine whether a longer
gap between experimental treatments will produce differ-
ent results and if suitable fertilization and ECM inocula-
tion regimes in one growing season can better modulate
drought stress in succeeding growing seasons. Studies are
also needed to investigate how the timing and duration of
drought influences the effect of fertilization and ectomycor-
rhization on plants during a drought. Nevertheless, this study
provides new integrated information that can enlighten for-
estry practice, offering a perspective to improve the quality
of Japanese larch seedlings for forestation.
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