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Abstract: Projected changes in temperature and precipitation in mid-latitude wet regions are expected
to significantly affect forest ecosystems. We studied the physiological and shoot growth responses
of Abies holophylla and Abies koreana seedlings to warming (3 ◦C above ambient temperature) and
increased precipitation (irrigation with 40% of rainfall) treatments under open-field conditions. The
physiological parameters, quantified by the net photosynthetic rate, transpiration rate, stomatal
conductance, and total chlorophyll content, were monitored from July to October 2018. Shoot growth
(i.e., root collar diameter and height) was assessed in August and December 2018. Irrespective of
the treatments, the physiological parameters of both species decreased from July to August under
warming treatment due to heat stress before recovering in September and October. Warming alone
(W) and warming along with increased precipitation (W*P) decreased the physiological activities of
both species in July, August, and September, with more pronounced effects on A. koreana compared
with A. holophylla. Increased precipitation resulted in the increased chlorophyll content of both species
in October. Shoot growth was not generally affected by the treatments, except for a subtle reduction
in height under W*P for A. koreana. A. holophylla had consistently higher values for the physiological
parameters and shoot growth than A. koreana. Our results indicate that the physiological activities of
the Abies species could be seriously reduced under climate change, with a more severe impact on A.
koreana. Among the two species, A. holophylla appears to be a more robust candidate for future forest
planting.

Keywords: climate change; extreme heat; gas exchange; Korean fir; needle fir; photosynthesis

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) has reported that global
temperatures are expected to rise, particularly terrestrially [1]. However, the projected
changes in precipitation will not be uniform across the globe. At the same time, there
is a consensus that the mean precipitation in many mid-latitude wet regions will likely
increase [1]. In Korea, which is located in the mid-latitude wet region, both temperatures
and precipitation are projected to increase under climate change [1,2]. This is expected to
trigger a wide range of effects on natural ecosystems, including forests [1,3]. The predicted
net effects include declined productivity as a result of reduced tree growth, wood quality,
regeneration success, and increased stress-induced tree mortality, as well as increased
frequencies of forest fires, diseases, and pest outbreaks [4–8]. The impact of climate change
on forests has increasingly been emphasized in the literature, because forests contain
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approximately half of the terrestrial biomass carbon stock and play an important role in
the conservation of terrestrial biodiversity [1,9,10]. In this context, sustainable adaptive
management of forests and plantations largely depends on our understanding of the
phenotypic plasticity of tree species (e.g., [11]).

Heat and drought waves triggered by increased temperatures greatly impact plant
carbon (C) and water relationships [12–14]. Naturally, heat stress may induce a water
deficit, which exacerbates the abiotic stress for plants that have to adjust their physiological
activities to water shortages, when the evaporative demand is at its largest [7,14,15]. In
response to heat and drought stress, plants reduce stomatal conductance (gs) to limit
transpirative water loss [14,16]. Apart from reduced stomatal conductance, reduced C
assimilation can also occur due to the downregulation of leaf photochemistry in response
to metabolic limitations at high temperatures [17,18]. A decreased photosynthetic rate is
typically observed when the temperature exceeds the optimum range, while exposure to
very high temperatures can irreversibly damage the photosynthetic system [19–21]. While
chlorophyll synthesis is facilitated at high temperatures [22,23], excessive heat reportedly
reduces the chlorophyll synthesis rate [24]. Growth can also be directly impaired by high
temperatures if a water deficit results in low cell turgor for cell expansion [25].

The physiological and growth responses of trees to co-occurring heat and drought
stresses are not yet fully understood, because plant responses vary greatly depending on
the species and climatic conditions [26–32]. Previous heat stress experiments have shown
that plant physiological and growth responses depend on both the temperature and water
availability, suggesting the study of plant responses across levels of water deficit [14,33].
For instance, heat-induced damage to the photosynthetic apparatus in olive plants was
reportedly more apparent under water deficit conditions [33]. Similarly, the productivity
of Douglas fir and black locust was markedly reduced under combined heat and low
water availability conditions [14]. Irrigation increases the photosynthetic rate by increasing
stomatal conductance and reducing leaf temperature [34–36], thus alleviating heat and
drought stress. However, excessive soil moisture and waterlogging can reduce the leaf
photosynthetic rate, stomatal conductance, and chlorophyll concentration, particularly in
drought-sensitive species (e.g., [37,38]). A water supply through supplemental irrigation
was reported to increase the shoot growth of many tree species, particularly under arid
and semi-arid climatic conditions [39–42]. In light of the variable responses of tree species,
the effects of increased soil water availability on tree physiology and growth performance
during periods of heat stress need to be specifically addressed.

In this study, we assessed the effects of heat, increased water availability, and the
combination of these effects on two major afforestation species in Korea: Abies holophylla
Maxim. and Abies koreana E. H. Wilson. These are among the dominant species in the
dark coniferous forests commonly found in the Northern Hemisphere and are important
for landscaping, afforestation, construction, and furniture production in Korea [43,44].
Both species are reported to have been highly affected by climate change [45–47]. The
survival rate of A. holophylla is reduced by high temperatures, and the survival of A.
koreana is reduced by drought stress [29,46]. The geographical range of both species has
decreased and is projected to decline further [48]. A. koreana has been classified as an
endangered species in the International Union for Conservation of Nature (IUCN) Red List
of Endangered Species [49].

Using an open-field experimental system that allowed the simulation of environ-
mental conditions similar to projected future climate change [50], we investigated the
physiological and growth responses of the Abies species to warming and increased water
availability during the initial plant growth stage. We focused on the early growth stages
because young plants, particularly seedlings, are highly sensitive to changes in biotic and
abiotic factors and are subject to high mortality [51]. Moreover, the quality and growth
performance of seedlings determine the long-term survival of plant communities [52,53].
We hypothesized that (1) the physiological rate and shoot growth of A. holophylla and A.
koreana would decrease under warming treatment due to increased heat and water stress



Water 2022, 14, 356 3 of 16

but would increase under increased precipitation treatment as a result of increased soil
moisture availability; (2) the physiological rate and shoot growth of both species would
be higher under the combined warming and increased precipitation treatment than under
the warming treatment because of the buffering effect of increased water availability; and
(3) the species would differ in their physiological and growth responses, owing to their
different inherent sensitivities to heat and water stress.

2. Materials and Methods
2.1. Study Site

This study was conducted at the Forest Technology and Management Research Center
in Pocheon, South Korea (37◦45′39.1′′ N, 127◦10′15.5′′ E), which lies in the mid-latitude
temperate zone and is in a relatively wet region (Figure S1a,b). The 20-year (1998–2017)
average air temperature was 10.2 ◦C, and the average annual precipitation was 1392.4 mm.
In the year of study (2018), the average air temperature and the annual rainfall at the study
site were 10.4 ◦C and 1535.5 mm, respectively [54]. During the assessment period, from
April to December 2018, the air temperature reached 40.4 ◦C in August, which was the
highest temperature ever recorded in national history [54]. The soil properties of the study
site were sandy loam, with 70% sand, 10% clay, and 20% silt. The soil pH was 6.24. The
total carbon concentration, total nitrogen concentration, and carbon exchange capacity
(CEC) of the soil were 0.24%, 0.016%, and 5.57 cmolc kg−1, respectively.

2.2. Experimental Design

In April 2018, A. holophylla and A. koreana seeds were sown in 1 m × 1 m plots spaced
1 m apart (Figures S1c and S2) in an open-field experimental site. Placed at the Research
Station of Forest Technology and Management Research Center in Korea, the site has been
used for previous experimental climate change research, the soil of which was plowed
up and replaced by nursery soil to reduce the bias of each plot. The seeds were selected
according to the quality standards of forest seeds provided by the National Forest Seed
and Variety Center. Following the guidelines for seed and seedling management of Ko-
rea [55], 420.3 g and 105.3 g of seeds were sown in each A. holophylla and A. koreana plot,
respectively. Prior to sowing, the plots were cleared of sparse vegetation, and the site was
fenced. Pests and weeds were continuously controlled throughout the experiment. Three
factors were tested: (1) the 2 species, (2) warming of 3 ◦C above the ambient tempera-
ture, and (3) precipitation increase by irrigation, amounting to 40% of the rainfall. The
warming and increased precipitation treatments included control and interactions, result-
ing in four levels of treatment manipulations: control (C, with no warming or increased
precipitation), warming (W), increased precipitation (P), and both warming and increased
precipitation (W*P). The field layout comprised a total of 24 plots (i.e., 2 species× 2 levels of
warming × 2 levels of precipitation manipulation × 3 replications; Figure S2a), where the
increased precipitation plots were linearly arranged along drainage channels to prevent
water flow between plots (Figure S2b).

Warming and increased precipitation management were performed to simulate the
increases in temperature and precipitation projected for Korea under Representative Con-
centration Pathways (RCP) scenario 8.5 for 2060 [56]. Accordingly, the air temperature
in the warming plots was increased by 3 ◦C compared with that in the control plots (i.e.,
ambient air temperature) using infrared heaters (FTE-1000; Mor Electric Heating Associ-
ation, Ypsilanti, MI, USA). Infrared heaters were adopted because they are widely used
to simulate warming in a similar way to normal solar heating of leaves and have few
side effects [50,57,58]. The heaters were connected to data loggers (CR1000; Campbell
Inc., Ypsilanti, MI, USA) and relays (SDM-CD16AC; Campbell Inc.) and were switched
off when the temperature difference between the warming and control plots measured by
the infrared temperature sensors (SI-111; Campbell Inc.) reached 3 ◦C. In the increased
precipitation plots, irrigation was performed in the form of simulated increased rainfall,
where 40% of the rainfall was collected and supplied to the seedlings within 24 h after each
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rainfall event. Rainfall was collected by covering 0.4 m2 (40% of the plot size) of separate
rainfall harvesting plots, which were located next to the increased precipitation plots. The
collected water was stored in water tanks (Figure S2b) and supplied at 9:00 a.m. every
morning using pumps, timers, and button drippers. The application of both treatments
was performed from the time the seeds were sown in April 2018. The warming treatment
was continued until the end of the experiment in December 2018, while increased precipita-
tion treatment was terminated in November because the environmental temperature had
decreased to below the freezing point of water. Calculated from the daily precipitation of
the research site, the total additional precipitation from April to November was estimated
to be 559.4 mm.

2.3. Data Collection
2.3.1. Environmental Data

Throughout the experiment, data on the air temperature (◦C), soil temperature (◦C),
and soil volumetric water content (SWC, m3 m−3) were collected for each plot. The air
temperature was measured using an infrared temperature sensor (SI-111; Campbell Inc.).
The soil temperature and SWC were measured at a depth of 5 cm using soil temperature
and moisture sensors (CS655; Campbell Inc.).

2.3.2. Physiological and Shoot Growth Data

Physiological and shoot growth data were measured from July to December 2018 (i.e.,
from the middle to the end of the growing season). Since the average days of germination
were 42 and 62 days for A. holophylla and A. koreana, respectively, the data collection started
at 3 months after sowing, when the shoots became sufficiently large for the measurements.
Measurement of the tree physiological parameters was carried out every month from July
to October 2018. These measurements were not feasible in A. koreana after October 2018
because of the high mortality rate (>90%) of the seedlings. Three seedlings randomly se-
lected from the middle of each plot were measured using a portable photosynthesis system
(LI-6800, LI-COR Inc., USA) to determine the net photosynthetic rate (A, µmol m−2 s−1),
transpiration rate (E, mol m−2 s−1), stomatal conductance (gs, mol m−2 s−1), intracel-
lular CO2 concentration (Ci, µmol mol−1), and ambient CO2 concentration (Ca, µmol
mol−1). The measurements were performed at ambient temperature, 400 ppm CO2, and
1100–1200 µmol m−2 s−1 artificial, photosynthetically active radiation from 8:30 a.m. to
11:30 a.m. Each physiological property was expressed per unit needle leaf area by dividing
its value by the area of the needle, measured using a scanner (Perfection V700, Epson,
Japan). After the measurement of gas exchange, each needle was cut into 2-mm pieces, and
0.2 (±0.01) g of fragmented needles were incubated in 5 mL of dimethyl sulfoxide (DMSO)
for 6 hours at 65 ◦C to extract chlorophyll [59]. The total chlorophyll content of each needle
was then calculated by measuring the absorbance of the solution at 665 nm and 648 nm
using a spectrophotometer (U-1100, Hitachi, Japan).

The plant growth parameters were measured twice: in August and December 2018. In
August, 30 seedlings were selected from the middle of each plot, tagged, and measured for
their height and root collar diameter (RCD). The tagged seedlings were measured again in
December, excluding defoliated and dead seedlings.

2.4. Statistical Analyses

A linear model was used to analyze differences in the physiological and growth
variables with respect to species, warming, increased precipitation, and their interactions.
ANOVA was performed on the linear model to assess the overall significance of the main
and interaction effects. Because the initial results showed a significant effect of time for all
the physiological and growth variables (Table 1), a separate model was used for each of the
months of assessment (Table S1). The statistical analyses consisted of two steps. First, the
main effects of the species, warming, and increased precipitation on the physiological and
growth variables were tested. Second, the differences between the species were analyzed
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with respect to the four levels of treatment (i.e., C, W, P, and W*P). Prior to the analyses,
each variable was checked for normal distribution using the Shapiro–Wilk test. When
the assumption of normality was not met, the variable was either square root- or log-
transformed. The Tukey multiple comparison test was performed for mean comparisons
when a significant treatment effect was identified. Unless stated otherwise, the mean values
were calculated from the original data. Moreover, due to large variations in the initial
physiological and growth data and the lack of observations for some of the treatments (e.g.,
W*P treatment for A. koreana), the 95% confidence interval (CI) of the mean was also plotted
to support the results of the Tukey multiple comparison test. Non-overlapping 95% CIs
indicated significant differences between treatments at <5%. All statistical analyses were
performed using R statistical software version 4.0.0 (R Core Team, 2020).

Table 1. Results (p-values) of the initial ANOVA testing for the main and interaction effects of all
experimental factors on the physiological (A, E, gs, Chl, and Ci/Ca) and growth (height and RCD)
parameters of Abies holophylla and Abies koreana seedlings.

Parameters Physiology Growth

A E gs Chl Ci/Ca Height RCD

Sp 0.080 0.071 <0.001 0.024 0.053 <0.001 <0.001
W <0.001 <0.001 <0.001 0.013 0.007 0.647 0.157
P 0.205 0.228 0.294 0.106 0.023 0.254 0.89

Time <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sp*W 0.649 0.016 0.111 0.843 0.378 0.026 0.062
Sp*P 0.331 0.77 0.841 0.543 0.025 0.529 0.824
W*P 0.423 0.7 0.84 0.027 0.393 0.501 0.353

Time*Sp 0.134 0.003 0.215 <0.001 <0.001 0.502 0.388
Time*W 0.003 <0.001 <0.001 0.422 <0.001 0.473 0.654
Time*P 0.721 0.728 0.845 0.327 0.621 0.432 0.596
Sp*W*P 0.363 0.1 0.205 0.494 0.426 0.356 0.386

Time*Sp*W 0.818 0.677 0.733 0.773 0.148 0.803 0.36
Time*Sp*P 0.544 0.626 0.706 0.988 0.819 0.054 0.569
Time*W*P 0.438 0.729 0.457 0.636 0.704 0.574 0.833

Time*Sp*W*P 0.743 0.954 0.912 0.855 0.290 0.711 0.676

Sp: species; W: warming; P: increased precipitation; Time: month of assessment; A: net photosynthetic rate; E:
transpiration rate; gs: stomatal conductance; Chl: total chlorophyll content; Ci: intercellular CO2 concentration;
Ca: ambient CO2 concentration; RCD: root collar diameter. Significant p-values are highlighted in bold.

3. Results
3.1. Environmental Conditions

The daily average air and soil temperatures increased steadily from April to a peak in
August before decreasing over the rest of the year in all plots (Figure 1). The lowest values
of the daily averaged SWC were recorded in April and August, whereas the peak values
corresponded with rainfall and irrigation events. Higher air and soil temperatures were
recorded under W and W*P treatments compared with C (Figure 1a,b,d,e), with the air
temperature in the W*P plots averaging +2.8–3.3 ◦C above the ambient conditions (Table S2).
Conversely, the SWC was higher under P with an average amount of 9.0–25.8% compared
with C (Table S2 and Figure 1c,f). Furthermore, species differences were observed. For
instance, the soil temperature under the two warming treatments (i.e., W and W*P) was
higher in the A. koreana plots than in the A. holophylla plots (Figure 1e). For A. koreana, the
SWC was consistently the lowest under W, while the range of the SWC in the P and W*P
plots was similar to that in the C plots (Figure 1f). In contrast, the range of the SWC values
in W and W*P was similar to that in C for A. holophylla and was consistently the highest
under P (Figure 1c). These overall patterns were also evident in the monthly means for the
environmental parameters presented in Figure S3.
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Figure 1. (a,d) Air temperature, (b,e) soil temperature, and (c,f) soil volumetric water content
(SWC) under the four treatments over the entire experimental period. Shown are the daily averaged
values for Abies holophylla and Abies koreana. Air and soil temperatures were measured from April
to December. SWC was measured from April to November. The treatments included control (C),
warming (W), increased precipitation (P) and both warming and increased precipitation (W*P).
Averaged monthly data are presented in Figure S3.

3.2. Physiological Responses to Warming and Increased Precipitation Treatments

The two species differed significantly in all physiological responses during the assess-
ment periods (Tables 1,2 and S1). Overall, A. holophylla consistently had higher values for
A, E, gs, Chl, and Ci/Ca than A. koreana. Significant differences between the two species
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occurred in August, September, and October, with more pronounced effects in August. In
particular, A. koreana showed a negative A in August (−0.131 µmol/m−2 s−1), suggesting
that the rate of respiration exceeded the photosynthetic rate for this species in August
(Table 2).

Table 2. Effect of tree species, warming (W), and increased precipitation (P) on the physiological (A,
E, gs, Chl, and Ci/Ca) and growth (height and RCD) parameters of Abies holophylla and Abies koreana
seedlings.

Physiology

A (µmol m−2 s−1) E (mol m−2 s−1) gs (mol m−2 s−1)

Jul Aug Sep Oct Jul Aug Sep Oct Jul Aug Sep Oct

Sp Ah 6.61 a 0.95 a 5.17 a 5.55 a 0.13 a 0.05 a 0.14 a 0.07 a 0.07 a 0.02 a 0.07 a 0.08 a

Ak 6.24 a −0.13 b 5.02 a 6.13 a 0.14 a 0.02 b 0.11 a 0.06 a 0.06 a 0.01 b 0.06 a 0.06 b

W
No W 7.09 a 0.97 a 6.11 a 5.99 a 0.14 a 0.04 a 0.15 a 0.07 a 0.07 a 0.02 a 0.08 a 0.08 a

W 5.75 b −0.16 b 3.61 b 5.38 a 0.12 b 0.03 b 0.09 b 0.06 a 0.06 a 0.01 a 0.05 b 0.07 a

P
No P 6.10 a 0.35 a 5.08 a 5.66 a 0.13 a 0.03 a 0.13 a 0.07 a 0.06 a 0.01 a 0.07 a 0.07 a

P 6.74 a 0.57 a 5.13 a 5.88 a 0.13 a 0.04 a 0.13 a 0.07 a 0.07 a 0.02 a 0.07 a 0.07 a

Physiology Growth

Chl (mg g−1) Ci/Ca Height (cm) RCD (mm)

Jul Aug Sep Oct Jul Aug Sep Oct Aug Dec Aug Dec

Sp Ah 0.18 a 0.14 a 0.15 a 0.15 a 0.59 a 0.80 a 0.68 a 0.69 a 2.87 a 3.55 a 0.97 a 1.44 a

Ak 0.20 a 0.10 b 0.12 b 0.13 a 0.56 a 0.98 a 0.59 b 0.59 b 1.36 b 1.96 b 0.47 b 0.99 b

W
No W 0.20 a 0.14 a 0.15 a 0.14 a 0.57 a 0.75 b 0.65 a 0.65 a 2.07 a 2.75 a 0.73 a 1.23 a

W 0.18 a 0.11 a 0.13 a 0.15 a 0.58 a 1.04 a 0.64 a 0.68 a 2.31 a 3.03 a 0.76 a 1.26 a

P
No P 0.19 a 0.12 a 0.14 a 0.13 b 0.58 a 0.93 a 0.66 a 0.67 a 2.25 a 2.83 a 0.73 a 1.24 a

P 0.19 a 0.13 a 0.14 a 0.16 a 0.56 a 0.81 a 0.63 a 0.65 a 2.12 a 2.92 a 0.76 a 1.26 a

Mean values are presented. Sp: species; W: warming; P: increased precipitation; Ah: Abies holophylla; Ak: Abies
koreana; A: net photosynthetic rate; E: transpiration rate; gs: stomatal conductance; Chl: total chlorophyll content;
Ci: intercellular CO2 concentration; Ca: ambient CO2 concentration; RCD: root collar diameter. For each attribute
and month of assessment, the means with the same superscript within the same column are not significantly
different at p < 0.05 between the species, warming, and increased precipitation treatments.

Across the species, warming treatment significantly reduced A, E, and gs, mostly in
July, August, and September (Table 2). However, Ci/Ca increased under W in August.
Unlike W, P had a minor influence on the physiological parameters, with only a significant
positive effect (i.e., increase) on Chl in October. Across the assessment periods, the overall
patterns of the physiological responses to treatments were similar for both species, as
evidenced by the lack of third- and fourth-level interactions (Table 1 and Figure 2). Except
for Chl and Ci/Ca, A, E, and gs decreased from July to August before recovering in
September. The range of values observed for A and gs in September was maintained in
October, whereas E decreased further in October (Table 2 and Figure 2).

However, the species differed in their responses to the treatments within each assess-
ment period (Table 1 and Table S1). For A. holophylla, W and W*P significantly reduced A
in July and August and A, E, gs, and Chl in September. Ci/Ca was significantly higher
under W and W*P in August (Figure 2e). In October, there was no significant effect from
W on the physiological parameters, but P significantly increased A and Chl compared
with C (Figure 2a,d). For A. koreana, large variations were observed in the physiological
responses to the treatments. Nonetheless, W significantly reduced E in July, W*P reduced
Chl in August, and both W and W*P reduced A, E, and gs in September (Figure 2f–i).
Consequently, in October, the mortality rate of the A. koreana seedlings under W and W*P
treatments was 91.7%.
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3.3. Growth Responses to Warming and Increased Precipitation Treatments

A. holophylla had consistently higher values for height and RCD than A. koreana on
either measurement date (Tables 1 and 2). Both the height and RCD increased from August
to December, with a more pronounced increase in the RCD (Figure 3). There were no
significant main effects from the treatment on the height or RCD (Tables 1 and 2). However,
a subtle difference was observed between species with regard to their height response to
treatments in August (Tables 1 and S1). For instance, W*P significantly reduced the height
of A. koreana only in August (Figure 3c).
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4. Discussion
4.1. Effects of Warming and Increased Precipiation on Plant Physiological Parameters

Temperature increases have been reported to negatively impact the physiological
parameters of many plant species [60–65]. Accordingly, we observed a decrease in phys-
iological activities in both species under W during most of the observation period. This
finding supports our first hypothesis that the physiological rate decreases under W due
to heat and water stress. Among the examined physiological parameters, those related
to the gas exchange system, such as A, E, and gs, were highly affected. The observed
decrease in A could be attributed to stomatal closure under high temperatures as a result of
water stress, since both Abies species are isohydric species [16,66,67]. However, while A
significantly decreased from July to September, significant reductions in E and gs occurred
mainly in September, particularly in A. holophylla. This result suggests that the decrease in
the photosynthetic activity of the species was not only mediated by stomatal limitations
but also may have occurred due to other mechanisms. Possible factors include increased
photorespiration [68] and the downregulation of leaf photochemistry (e.g., reduced activa-
tion of RuBP carboxylase-oxygenase (Rubisco)) in response to metabolic (e.g., biochemical
and mesophyll) limitations under excessive heat stress, as previously observed in heat
experiments on oak and pine trees [14,18]. The higher Ci/Ca under W compared with C
for A. holophylla in August further supports the evidence that the CO2 limitation caused
by stomatal closure did not significantly affect A (Figure S4). The lack of stomatal closure
to the increased temperature in July and August may be explained by the availability of
sufficient water under the W treatment (as shown by the lack of significant differences
in SWC between C (July average of 17.99% and August average of 13.04%) and W (July
average of 17.88% and August average of 12.69%) for A. holophylla) or the evaporative
cooling process [14,18,69]. However, the fact that stomatal limitations and the reduction
in Chl under W became more apparent in September despite the similar levels of SWC
under C and W for the species likely reflects the overwhelming heat stress that the plants
experienced in the previous month. In contrast, stomatal limitations induced by water
stress appear to have contributed to the decrease in the photosynthetic activity of A. koreana
seedlings, as evidenced by the significant reductions in E in July and September as well as
in the SWC under the W treatment.

If heat-induced water stress decreased the photosynthetic activity of the species,
we would expect an additional water supply to buffer the negative effects of W on the
physiological rates of the species (i.e., our second hypothesis) via evaporative cooling and
increased soil water availability for root uptake. However, we found that W*P did not
alleviate the negative effect of heat stress on the physiological parameters of the plants
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when compared with the W treatment. Although the physiological performance decrement
of A. koreana was reported at SWC <5%, the species recovered after re-watering [70]. The
lack of an increased precipitation effect on the physiological parameters of the species in
July, August, and September suggests that despite the increased soil moisture availability,
the water supplied to the seedlings did not increase stomatal conductance and thus the
photosynthetic rate or mitigate the heat stress. Considering that the minimum average
daily SWC was 7.57% even in the warming plots, A. holophylla and A. koreana may not have
experienced significant water stress to reduce their physiological rates in this study. The
positive effect of increased water availability as manifested by increased Chl production
was only observed by the end of the growing season in October, when the air and soil
temperatures were lower and heat stress was reduced.

Irrespective of the treatments, both species recovered their photosynthetic activity fol-
lowing the extreme heat stress endured during August. This result is in agreement with the
findings of other studies that reported the recovery of photosynthesis in minutes to weeks
after heat stress (e.g., [18,71]). However, the heat-induced damage to the photosynthetic
apparatus was irreversible under W treatment, resulting in the death of several A. koreana
seedlings in September and October. In a greenhouse experiment involving Abies alba Mill.,
irrecoverable injuries to the photosynthetic system were also recorded at approximately
47 ◦C [72]. These findings also support the hypothesis that photosynthesis recovery fol-
lowing heat stress is species-dependent [18]. Moreover, the lack of significant differences
between the W and C treatments in October likely reflects a post-stress compensation of
photosynthetic activity in the seedlings subjected to the W treatment under more bearable
conditions in October [14,20,73,74].

4.2. Effects of Warming and Increased Precipiation on Shoot Growth of the Species

Previous studies on the growth responses of the genus Abies to variations in tem-
perature and precipitation have reported variable results. These include an increase in
RCD for A. holophylla seedlings and the inconsistent response of A. koreana seedlings un-
der warming [29], an increase in radial growth for adult A. koreana under higher daily
temperatures and a day-to-day radial increment increase under a greater amount of daily
precipitation [75], an increase and decrease in annual ring width for adult A. alba under
warming in temperate and drought-prone regions, respectively [76], and an increase and
decrease in annual ring width for adult A. koreana under increased precipitation or high
fall temperatures and high winter temperatures, respectively [46]. In the present study,
the overall growth rates of both species in August were lower than the results found in
a previous study performed at the same site [29], which might have been the result of
excessive summer temperatures in 2018 [54]. However, in this study, among all treatments,
only the W*P effect on shoot growth was significant, manifested through the reduced height
growth of A. koreana. This response is expected given the reduced A under W*P in August
and because carbon assimilation is closely linked to plant growth [77]. The general lack of
shoot growth responses to the treatments was unexpected, given that warming significantly
decreased A between July and September. However, the root responses to the treatments
were not examined. Overall, our findings suggest that physiological responses to warming
and water availability are more immediate, whereas aboveground growth responses are
less obvious to discern as they occur gradually [78].

4.3. Plant Adaptation to Climate Change

The success of the early growth stages is crucial because it affects the dynamics and
persistence of plant communities [79]. Therefore, understanding the potential ability of
seedlings to respond and adapt to projected environmental stresses (e.g., [41,42]) under
climate change is necessary for the success of future afforestation efforts. Based on their
response to warming treatment, A. koreana seedlings appeared more vulnerable to heat
stress and water deficits than A. holophylla, as evidenced by their negative photosynthetic
rate under extreme heat waves in August, reduced height growth, and high mortality. The
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performance of the A. holophylla seedlings was more robust under microclimate manipu-
lation. Conversely, Han et al. [29] reported a generally higher A for A. koreana than for A.
holophylla but made these observations under lower air temperature conditions (1.8 ◦C and
1.3 ◦C lower in July and August, respectively, than in our C plots). The differing responses
of the two species to the treatments and warming in particular can be attributed to their
different inherent sensitivity to heat, in line with our third hypothesis [80–82].

Moreover, increased water availability under W*P treatment did not compensate for
heat stress in either species. Because summer temperatures in Korea are rapidly increasing,
and the associated heat waves are expected to last longer in the future [56], the long-term
survival of both A. holophylla and A. koreana may be compromised, requiring adaptation in
silvicultural management in tree nurseries or the selection of alternative species in planta-
tion forestry under future climatic conditions. Although the acclimation of photosynthesis
was observed in the species in the post-stress period, further studies are needed to test
whether or not such an acclimation would still occur under the extended period of heat
waves. As the first open-field study on A. holophylla and A. koreana to combine warming
and increased precipitation, the findings of this study would be useful for planning and
managing both current and future afforestation efforts.

5. Conclusions

The physiology and growth responses of A. holophylla and A. koreana seedlings to
open-field warming and increased precipitation treatments were investigated. Increasing
the ambient air temperature by 3 ◦C had substantial negative impacts on the photosynthetic
activity of both species, particularly A. koreana, with the stress severity exacerbated by
summer heat waves. The warming effect on the shoot growth of seedlings was negligible
during the first growing season. The supply of supplemental water amounting to 40% of
the rainfall did not mitigate the heat or water stress induced by elevated temperatures.
Post-stress recovery of photosynthesis activities was observed in A. holophylla under a cooler
ambient temperature at the end of the growing season, whereas A. koreana exhibited >90%
mortality. Thus, A. holophylla is a more robust option for future planting, but adaptations to
climate change might require alternative species and adjustment in the management of the
species nurseries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w14030356/s1. Figure S1: (a) Satellite image of Korea, (b) Digital Elevation Model (DEM) of
the study site, (c) aerial photo of the open-field experimental site, and (d) photos of the seedlings.
Additional details on the experimental layout are provided in Figure S2. Figure S2: (a) Layout of the
experimental plots and (b) design of the experimental warming and increased precipitation system.
Table S1: Results (p-values) of the initial ANOVA testing for the main and interaction effects of the
experimental factors on the physiological (A, E, gs, Chl, Ci/Ca, and A/Ci) and growth parameters
(height and RCD) of Abies holophylla and Abies koreana seedlings per month of assessment. Table S2:
Effects of treatments on environmental factors. Figure S3: Monthly average (a,d) air temperature,
(b,e) soil temperature, and (c,f) soil volumetric water content for Abies holophylla and Abies koreana
seedlings under the four treatments from July to September 2018. Error bars represent standard error
of the mean. The treatments included control (C), warming (W), increased precipitation (P), and
both warming and increased precipitation (W*P). Trends in the variation of daily environmental data
over the entire experimental period are presented in Figure 1. Figure S4: Effects of treatments on the
relationships between net photosynthetic rate (A, µmol m−2 s−1) and intracellular CO2 concentration
(Ci, µmol mol−1) for (a–d) Abies holophylla and (e–h) Abies koreana from July to October. The treatments
included control (C), warming (W), increased precipitation (P), and both warming and increased
precipitation (W*P).
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