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Abstract: Air warming (TC: control; TW: +3 ◦C) and precipitation manipulation (PC: control;
PD: −30%; PI: +30%) were established to examine effects of these treatments on fine root production
(FRP), fine root mortality (FRM), and total root (coarse and fine root) biomass in 33- to 59-month-old
Pinus densiflora Sieb. et Zucc. seedlings for two years. We hypothesized that warming and altered
precipitation would affect the growth, death, and biomass of fine roots by changing soil temperature
and soil water availability. Mean annual FRP and total root biomass were significantly altered by only
precipitation manipulation: they were 29.3% (during the two-year period) and 69.0% (after the entire
two years) higher, respectively, in PD plots than in PC plots, respectively. In contrast, only warming
had a significant effect on mean annual FRM, being 13.2% lower in TW plots than TC plots during
the two-year period. Meanwhile, fine root biomass was affected negatively and simultaneously by
both soil temperature and soil moisture. It seemed that fine root dynamics have changed so that they
maintain their systems in response to the altered soil temperature and moisture. The current study
adds significant knowledge for understanding the fine root dynamics of P. densiflora seedlings under
altered temperature and precipitation regimes.

Keywords: climate change; fine root mortality; fine root production; precipitation manipulation;
root biomass; warming

1. Introduction

It is expected that global mean temperature and precipitation are going to increase by +1.1 to +4.8 ◦C,
and decrease or increase −50 to +50%, respectively, by the turn of this century [1]. Soil temperature
may also increase by about 70–120% as a result of the increase in air temperature [2,3]. The interactions
between changed air or soil temperatures and precipitation levels are expected to have significant
consequences for below-ground dynamics, such as root dynamics, root respiration, and microbial
decomposition, as well as for above-ground ecophysiological processes [4].

Plant roots are a crucial structure connecting above- and below-ground carbon (C) systems,
and perform a critical role in plant productivity and the control of below-ground C dynamics [5].
Specifically, fine roots are the main structures linking nutrient and water absorption, C process, and
microbial communities in below-ground ecosystems [6]. A large amount of net primary production
(7–76%) is assigned to fine root dynamics, such as fine root production and fine root mortality, in forests,
though fine root biomass comprises a small portion of total biomass [7,8].

Pinus densiflora Sieb. et Zucc. forests dominate more than 23% of the South Korean forest area [9]
and are broadly distributed across the East Asia region. Seedlings of P. densiflora are extensively used

Forests 2018, 9, 14; doi:10.3390/f9010014 www.mdpi.com/journal/forests

http://www.mdpi.com/journal/forests
http://www.mdpi.com
https://orcid.org/0000-0002-8180-2915
http://dx.doi.org/10.3390/f9010014
http://www.mdpi.com/journal/forests


Forests 2018, 9, 14 2 of 12

for reforestation due to its cultural and economic importance in Korea [10]. However, seedlings may
have low ability to adapt to environmental stress in plantations and the responses occurring at the
seedling stage may further influence growth at subsequent life stages [11]. Because of this, climate
change experiments on the seedlings of P. densiflora are necessary and important.

Climatic factors directly or indirectly affect fine root dynamics. For the purpose of predicting
the responses in below-ground C cycling, it is necessary to understand fine root responses to climate
change [12]. Because of this, several climate change experiments have been conducted in temperate
and tropical forest ecosystems, in order to examine the effect on fine root dynamics, such as fine root
biomass [13,14], production [15,16], mortality [17], and decomposition [13].

Fine root dynamics under warming or precipitation manipulation may depend on soil water
availability and soil nutrient availability [18,19]. Warming indirectly increases soil nitrogen
availability [20] and decreases soil water availability, and this can influence fine root biomass,
production, and mortality [15]. Precipitation manipulation directly changes soil water availability.
Fine root responses to climate change experiments vary with ecosystems and regions [6,12].
In ecosystems where water is not limited, temporarily reduced soil water availability stimulates fine
root dynamics to ameliorate water stress in general [13]. In addition to changes in soil environmental
conditions, physiological responses of plants under warming conditions can affect fine root dynamics in
below-ground processes. Air warming can stimulate or hamper physiological parameters, depending
on the temperature stress of leaves [21], and these effects can further alter below-ground carbon
allocation [22,23]. A previous study in the same experimental system has confirmed a tendency to
decrease in net photosynthetic rates under warming conditions [23]. Therefore, we hypothesized that
warming would enhance or reduce fine root production, morality, and root biomass because warming
can accelerate evaporation of soil water and hinder carbon uptake by altering plant physiology, such as
stomatal conductance and transpiration rate. Given that shifts in precipitation change soil moisture
availability, we secondly hypothesized that elevated precipitation would reduce fine root production
and mortality, and root biomass, and that reduced precipitation would enhance these parameters.

Climate change experiments, such as warming and precipitation manipulation, have mostly
focused on each independent effect, while there were few studies that examined the combination effect
of two treatments on below-ground dynamics [3]. This study aimed to examine the fine root dynamics
to climate changes by exposing P. densiflora seedlings to altered temperatures and precipitation, and a
mixture of the two treatments. We thirdly hypothesized that there would be a combination effect
between altered temperature and precipitation on fine root production and mortality, and root biomass.
Water stress caused by warming with decreased precipitation would stimulate responses among these
parameters more than a single treatment. Because of potential combination effects, changes in soil
temperature and moisture under the warming and precipitation manipulations in this study would
simultaneously affect fine root parameters.

2. Materials and Methods

2.1. Experimental Site

The open-field experimental system was located in the Environmental Ecology Arboretum of
Korea University, Seoul, Korea (37◦35′36′ ′ N, 127◦1′31′ ′ E). Annual precipitation and average annual
temperature were 1450.5 mm and 12.5 ◦C, respectively, during 30 years (1981 to 2010) in Seoul,
Korea [24]. During the study period, the average annual temperature at the study site was 12.9 ◦C
in 2014 and 13.4 ◦C in 2015. The annual precipitation at the study site was 704.0 mm in 2014 and
683.5 mm in 2015.

2.2. Experimental Design

In April 2013, 18 experimental plots (1.5 m × 1.5 m) were established, each of which contained
45 24-month-old P. densiflora seedlings. The density was chosen to be in accordance with the values



Forests 2018, 9, 14 3 of 12

proposed by the Creation and Management of Forest Resources Act of South Korea [25]. Soil pH was
6.52 and the soil was classified as loamy sand [26]. The experiment had six treatments containing
three replicates: two levels of air warming (temperature control (TC), +3 ◦C (TW)) were combined
with three levels of precipitation (precipitation control (PC), 30% decreased (PD), 30% increased (PI)).
We designed these treatment levels, expected in Korea over the next 50 years with reference to RCP 8.5
climate change, to simulate effects of climate change [27].

One FTE-1000 infrared heater (Mor Electric Heating Association, Comstock Park, MI, USA) was
installed in each warmed (TW) plot at a height of 60 cm above the seedling canopy. Air temperature
was set to be 3 ◦C higher in the TW plot, compared to TC plots. If the difference in air temperature
between the TC and TW was less than 3.0 ◦C, the data logger and relay system operated the infrared
heater, and if the difference was greater than 3.0 ◦C, the heater shut off automatically. Dummy
heaters, i.e., without infrared heaters, were used in control plots to guarantee the other environmental
conditions were the same as in TW plots. PD manipulation was achieved by covering 30% of the area
of the plot using transparent panels. PI manipulation accumulated the intercepted precipitation from
the PD plots in a water tank, and it then automatically operated a drip-irrigation system using an
automatic pump. For the PC and PI, transparent panel covers which did not obstruct precipitation were
set to guarantee that the other environmental factors remained the same as for the PD manipulation.
Detailed information of the experimental design is provided in [3].

Air temperature was measured by SI-111 infrared temperature sensors (Campbell Scientific,
Logan, UT, USA) in each plot (n = 18). Soil temperature and soil moisture were measured in each plot
(n = 18) by temperature sensors (107-L34, Campbell Scientific, Logan, UT, USA) and water content
sensors (CS616, Campbell Scientific, Logan, UT, USA), respectively. The environmental data were
measured with a CR3000 data logger (Campbell Scientific, Logan, UT, USA).

2.3. Fine Root Production and Mortality

On 29 July 2013, a 50 cm transparent acrylic tube was set in the soil of each plot, at a 45◦ angle
to the ground. We covered 20 cm tube remaining above-ground using black tape and aluminum foil,
to block out light. Observations began on 27 January 2014, about six months after the installation of
the acrylic tubes. Minirhizotron images were taken on 27 January, 29 April, 31 July, 9 November 2014,
and 26 January, 26 April, 17 July, 12 October, and 29 December 2015 (33- to 56-month-old seedlings), using
a minirhizotron system (CI-600, CID, Camas, WA, USA). The size of each image was 19.56 × 14.14 cm,
which covered a 15 cm soil depth. Fine root data (length) on the collected images were measured
with WinRHIZO Tron MF software (Regent Instruments, Quebec City, QC, Canada). Fine root length
production (FRP) for each collection period was calculated as the sum of emerging root lengths and
the length growth of preexisting roots. Fine root length mortality (FRM) for each collection period was
calculated as sum of lengths of disappeared roots from minirhizotron images, including dead roots
and existing roots. Annual FRP and FRM (µm mm−2 year−1) in 2014 were the sum of FRP and FRM
between January 2014 and January 2015. Similarly, annual FRP and FRM in 2015 were the sum of FRP
and FRM between January 2015 and December 2015.

2.4. Root Biomass

To estimate root biomass, two or three seedlings, located near the minirhizotron tubes, were
sampled in each plot in March 2016 after finalizing the minirhizotron observation (59-month-old
seedlings). The root samples were washed, and then sorted into coarse roots (higher than 2 mm) and
fine roots (less than 2 mm). After sorting, coarse roots and fine roots were weighed after drying at
65 ◦C for 48 h. Total root biomass (TRB) was calculated by summing coarse and fine root biomass
(CRB and FRB).
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2.5. Statistical Analysis

The treatment effects on air temperature, soil temperature, soil moisture, annual FRP, annual
FRM, TRB, CRB, and FRB were examined by two-way ANOVA. The differences in air temperature,
soil temperature, soil moisture, annual FRP, annual FRM, TRB, CRB, and FRB between the treatments
were performed using an LSD test. Linear regression was performed for determining the correlations
between warming-effect on annual FRM and warming-induced differences in soil temperature,
and between precipitation-effect on annual FRP and precipitation-induced differences in soil moisture
content. Warming-effect on annual FRP was calculated as the percentage difference in values from
TW × PC, TW× PD, and TW× PI plots relative to TC× PC, TC× PD, and TC× PI plots, respectively.
Precipitation-effect on annual FRP was calculated as the percentage difference in values from TC × PD
or TC×PI plots relative to TC × PC plots, and from TW × PD or TW × PI plots relative to TW × PC
plots, respectively. Similarly, warming or precipitation-effect on the annual FRM was calculated.
Warming or precipitation-induced differences in soil temperature and moisture were based on the
difference in measurements between the treatments. Multiple regression analysis was performed
to determine the relationships between soil temperature and soil moisture with annual FRP, annual
FRM, TRB, CRB, and FRB. Path analysis also was used to test the causal model for the effects of soil
temperature and soil moisture on annual FRP, annual FRM, FRB, and CRB. SAS 9.4 (SAS Institute Inc.,
Cary, NC, USA) was used for statistical analyses.

3. Results

3.1. Air Temperature, Soil Temperature, and Soil Moisture

Warming significantly affected air temperature and soil temperature in 2014 and 2015 (Table 1).
Specifically, warming increased average air temperature by 2.73 ◦C, 2.83 ◦C, and 2.97 ◦C, and by
2.81 ◦C, 2.69 ◦C, and 2.76 ◦C, in the PC, PD, and PI plots in 2014 and 2015, respectively (Table 2).
Besides, warming increased average soil temperature by 2.66 ◦C, 2.09 ◦C, and 2.19 ◦C, and by 1.36 ◦C,
0.54 ◦C, and 0.79 ◦C, in the PC, PD, and PI plots in 2014 and 2015, respectively (Table 2). Warming
and precipitation manipulation affected soil moisture in 2014 and 2015 (Table 1). Warming decreased
average soil moisture by 0.25 to 1.9 vol %. Compared to the PC plots, average soil moisture content
decreased/increased in the PD plots (0.12 to 0.54 vol %) and PI plots (0.54 to 2.10 vol %) respectively,
during the study period (Table 2).

Table 1. F-ratios of two-way ANOVA on the effects of warming (W) and precipitation manipulation (P)
on air temperature (AT), soil temperature (ST), soil moisture (SM), annual fine root length production
(FRP), and annual fine root length mortality (FRM) of Pinus densiflora Sieb. et Zucc. seedlings.

AT ST SM Annual FRP Annual FRM

2014 W 1071.11 *** 200.21 *** 7.76 ** 0.02 5.00 *
P 2.39 1.37 10.71 *** 6.80 ** 0.69

W × P 0.64 1.16 2.85 0.70 0.84

2015 W 91.29 *** 13.77 ** 17.77 ** 0.46 0.34
P 0.07 0.50 5.81 ** 9.93 ** 0.99

W × P 0.05 1.01 0.34 0.02 0.13

* = significant (p < 0.05); ** = significant (p < 0.01); *** = significant (p < 0.001).
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Table 2. Air temperature (AT, ◦C), soil temperature (ST, ◦C), soil moisture (SM, vol %), annual fine root
length production (FRP, mm cm−2 year−1), and annual fine root length mortality (FRM, mm cm−2 year−1)
of Pinus densiflora seedlings under six treatments, expressed as mean value ± standard error.

TC × PC TC × PD TC × PI TW × PC TW × PD TW × PI

2014

AT 13.11 ± 0.06 b 13.26 ± 0.12 b 12.98 ± 0.19 b 15.84 ± 0.12 a 16.09 ± 0.03 a 15.95 ± 0.01 a

ST 14.43 ± 0.26 b 14.61 ± 0.06 b 14.34 ± 0.22 b 17.09 ± 0.31 a 16.70 ± 0.11 a 16.53 ± 0.12 a

SM 6.41 ± 0.33 b 6.08 ± 0.02 b 8.51 ± 0.79 a 5.95 ± 0.31 b 5.83 ± 0.08 b 6.61 ± 0.12 b

Annual FRP 1.56 ± 0.16 ab 1.87 ± 0.17 a 1.23 ± 0.16 b 1.36 ± 0.21 b 1.86 ± 0.04 a 1.39 ± 0.14 ab

Annual FRM 1.48 ± 0.09 a 1.21 ± 0.01 ab 1.20 ± 0.16 ab 1.05 ± 0.15 b 1.05 ± 0.16 b 1.08 ± 0.14 ab

2015

AT 13.19 ± 0.17 b 13.29 ± 0.26 b 13.10 ± 0.10 b 16.00 ± 0.73 a 15.88 ± 0.23 a 15.86 ± 0.20 a

ST 14.22 ± 0.39 b 14.74 ± 0.20 ab 14.32 ± 0.21 b 15.58 ± 0.36 a 15.28 ± 0.34 a 15.11 ± 0.20 ab

SM 6.65 ± 0.44 ab 6.11 ± 0.03 bc 7.19 ± 0.27 a 5.56 ± 0.39 c 5.44 ± 0.10 c 6.18 ± 0.12 bc

Annual FRP 0.99 ± 0.03 ab 1.30 ± 0.24 a 0.74 ± 0.07 b 1.07 ± 0.15 ab 1.39 ± 0.10 a 0.79 ± 0.07 b

Annual FRM 0.91 ± 0.04 a 0.77 ± 0.12 a 0.62 ± 0.30 a 0.74 ± 0.16 a 0.73 ± 0.12 a 0.60 ± 0.02 a

TC = temperature control; TW = temperature warming; PC = precipitation control; PD = precipitation decreased;
PI = precipitation increased; Values followed by a different letter are significantly different (p < 0.05).

3.2. Annual FRP and FRM

The annual FRPs of 2014 and 2015 were significantly altered by precipitation manipulation;
however, they were not influenced by the warming treatment (Table 1). Compared to the PC plots,
the annual FRP was 28.4 to 30.1% higher in PD plots and 9.3 to 25.9% lower in PI plots across the two
years (Table 2). The annual FRM in the TW plots was 17.6 to 8.7% lower than that in the TC plots across
the two years (Table 2). PD and PI manipulation decreased annual FRM (8.6 to 9.5% in PD plots and
8.0–25.4% in PI plots) (Table 2); however, annual FRM did not show significant differences due to the
precipitation manipulations (Table 1). Across the two years, there were negative linear relationships
between precipitation-effects on annual FRP and precipitation-induced differences in soil moisture
(p = 0.03 and r2 = 0.57; Figure 1a), and between warming-effect on annual FRM and warming-induced
differences in soil temperature (p = 0.08 and r2 = 0.59; Figure 1b). Meanwhile, multiple regression
analyses for annual FRP and FRM and soil temperature and soil moisture were not significant (p > 0.05).
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Figure 1. (a) Linear regression between precipitation-effect on annual fine root length production
(FRP) of Pinus densiflora seedlings and precipitation-induced differences in soil moisture; (b) between
warming-effect on annual fine root length mortality (FRM) and warming-induced differences in soil
temperature. The treatment abbreviations are the same as in Table 2.

3.3. Root Biomass

Only precipitation manipulation had a significant effect on TRB and CRB (Table 3). PD was 69.0
to 81.3% higher compared to the PC. CRB (g per tree) in TW × PD (88.1 ± 21.5) was significantly
higher than those from other treatments (TC × PC: 38.1, TC × PD: 46.2, TC × PI: 43.3, TW × PC: 36.5,
and TW × PI: 48.6) (Figure 2). FRB was higher in PD than PC and PI, regardless of the warming treatment;
however, there was no significant difference in FRB among the precipitation manipulations (TC × PC: 12.8,
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TC × PD: 14.1, TC× PI: 13.8, TW× PC: 11.3, TW× PD: 16.9, and TW× PI: 12.2). A multiple regression
model of FRB with soil temperature and soil moisture was significant (p = 0.05) (Table 4), but the
regression models of TRB and CRB with soil temperature and soil moisture were not significant
(p > 0.05). There was a linear but negative relationship between FRB and soil temperature and soil
moisture (r2 = 0.31).

Table 3. F-ratios of two-way ANOVA on the effects of warming (W) and precipitation manipulation
(P) on total root biomass (TRB), coarse root biomass (CRB), and fine root biomass (FRB) of
Pinus densiflora seedlings.

TRB CRB FRB

W 2.70 2.98 0.00
P 4.65 * 4.06 * 1.25

W × P 2.65 2.35 0.65

* = significant (p < 0.05).Forests 2016, 9, 14  6 of 11 
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Figure 2. Total root biomass (TRB), coarse root biomass (CRB), and fine root biomass (FRB) of
Pinus densiflora seedlings for each treatment in March 2016. Vertical bar indicates one standard error
(n = 3). Values followed by a different letter are significantly different (p < 0.05). The treatment
abbreviations are the same as in Table 2.

Table 4. Results of multiple regression analysis of fine root biomass of Pinus densiflora seedlings as a
function of soil temperature (ST) and soil moisture (SM).

Model Partial r2 Model r2 p Value

Fine root biomass
−2.18 ST − 2.79 SM + 64.53 0.19 (ST), 0.12 (SM) 0.31 0.05

3.4. Path Analysis

Path analysis confirmed that annual FRP and annual FRM were strongly related to changes in
soil temperature and soil moisture (Figure 3). Soil temperature had a negative effect on the annual
FRM, but little effect on the annual FRP (Figure 3). Soil moisture had a negative effect on annual FRP,
but little effect on the annual FRM (Figure 3). Annual FRP had positive effects on CRB and FRB, while
annual FRM had negative effects on CRB and FRB (Figure 3). Meanwhile, FRB was directly affected by
soil temperature and soil moisture simultaneously. CRB was less affected by soil temperature and soil
moisture than FRB.
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Figure 3. Causal models developed using path analysis for soil temperature (ST) and soil moisture (SM)
effects on annual fine root production (FRP), annual fine root mortality (FRM), fine root biomass (FRB),
and coarse root biomass (CRB) of Pinus densiflora seedlings. Numbers on arrows represent standardized
path coefficients (the width of arrows is proportional to the absolute value of each coefficient).

4. Discussion

During the study period, warming had no effect on annual FRP, TRB, CRB, and FRB in 2014
and 2015. Only annual FRM in 2014 was affected by warming. Annual FRM was decreased by
increasing the warming effect. Reduced precipitation showed a strong positive effect on annual FRP,
TRB, and CRB. FRB was affected by soil temperature and soil moisture simultaneously, although the
effect of warming and precipitation was not significant.

4.1. Effect of Warming

Contrary to our hypothesis 1, warming-induced reductions in soil water content did not affect FRP
(including annual FRP) or root biomass (TRB, CRB, and FRB). These results were analogous to previous
findings at the same study site, which found that warming had no effect on TRB and FRP of P. densiflora
seedlings [23,28]. The absence of the warming effects on FRP, FRM, and root biomass might result
from physiological adaptations of leaves to heat and drought stresses. Warming has effects on stomatal
conductance, water use efficiency (WUE), and transpiration rate, as well as soil moisture [29,30]. When
heat above an appropriate temperature is applied to leaves, the stomatal conductance is lowered,
and therefore the transpiration rate is reduced; these changes increase WUE [31,32]. The increase
of WUE in the condition of lack of water supply inhibits plant growth, such as root production [33].
Actually, in this study, stomatal conductance and transpiration rates in 2014 (Table A1; Figure A1) and
2015 [34] were significantly lower in the TW plots. Therefore, seedlings might offset the effects of a
decrease in soil moisture availability by reducing stomatal conductance and transpiration rate, instead
of promoting root growth.

Only the annual FRM of 2014 was affected by warming (Table 3); warming-effect on annual FRM
decreased with an increase in the warming effect (Figure 1b). In general, warmer soil temperatures
stimulate the rapid death of roots in warming treatment of 1.3 to 1.7 ◦C [35] and 5.0 ◦C [36]. However,
in some cases, no change in FRM with 2.8 ◦C warmer treatment [37] or decreases in FRM with relatively
weak warmer (0.3 to 1.4 ◦C) system [12,38] was observed. The contradictory results of previous studies
might be explained by the water availability in each ecosystem [39]. The inhibitory effect resulted in
root mortality to maintain the root system, because soil water content is a key factor in dry conditions
as found in our site [12], and seedlings might be different from mature trees in this matter.
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4.2. Effect of Precipitation Manipulation

Our findings support our second hypothesis that altered precipitation negatively affects fine root
dynamics. Responses of FRP and root biomass to precipitation changes have been reported in forest
ecosystems, however, there are no apparent trends. For example, in previous studies, a drought effect
(reduced precipitation) on root growth was positive [13,18,40], or negative [16,19], or insignificant [15].
Specifically, the response of FRP and root biomass to drought appear to vary depending on the soil
water condition [18,19]. FRP in forest ecosystems with limited precipitation is more sensitive to soil
water content [41]. In our study site, annual precipitation during the study period was half the 30-year
average amount of precipitation, due to severe drought. Decreased soil water content increases C
allocation to the root system to some extent, because a larger root system is required to satisfy tree
water demand in low water conditions [13,40]. In other words, fine roots tend to extend vertically or
horizontally to soil in dry conditions [42]. The results in Figure 1a and Table 4, which show negative
correlations between precipitation-effect on annual FRP and soil moisture, and between FRB and soil
moisture, support the above discussion.

4.3. Interaction between Warming and Precipitation Manipulation

The results of this study speculated that the interaction of warming with reduced precipitation
leads to increased TRB and CRB (Figure 2). It might be that warming treatment suppresses fine
root death, and reduced precipitation stimulates fine root growth, in the TW × PD. FRB increased
with decreasing soil temperature and soil moisture (Figure 3; Table 4), but there were no significant
differences across treatments. It seems that FRB differed depending on effects of warming and
precipitation manipulations on soil nitrogen availability [43] and soil microbial biomass [13], as well as
soil temperature and soil moisture. In previous studies, conducted in various ecosystems, interactions
between warming and reduced precipitation significantly decreased soil water availability, resulting in
the stimulation of a water stress response [3,44]. These changes in soil water availability might cause
an increased growth of the root collar diameter [3], and a decreased FRB [13]. However, there were
few studies that examined the interaction effect between warming and reduced precipitation [4].

4.4. Implications for Changes in Fine Root Dynamics

Contrary to a previous study [45], which reported that P. densiflora forests are vulnerable to climate
change, P. densiflora seedlings might adapt to increased temperature and reduced precipitation by
stimulating rootage and initial growth. The observed changes in fine root dynamics and root biomass
could lead to further shifts in P. densiflora forests because the responses occurring at the seedling stage
connect to the subsequent growth [3,11]. Based on the relationship between soil water content and
fine root dynamics, drought and soil drying by warming can stimulate below-ground net primary
production and biomass of P. densiflora seedlings, with an increase in autotrophic respiration originating
from plant roots. This autotrophic respiration is directly influenced by changes in below-ground
productivity [12,46]. Warming-induced changes in soil temperature can suppress fine root mortality,
and subsequently can reduce the return of C and nutrients to soil [35]. These results represent only
the initial changes to equilibrate between altered conditions and uptake organs at the beginning of
the experiment. The treatment effects (warming and precipitation manipulation) can fade in the long
term because the fine roots may gradually adapt to the altered conditions [47]. Meanwhile, natural
drought stress might be unexpectedly stronger than precipitation manipulation effects because the
study occurred during a period of abnormal drought compared to the average precipitation during the
last 30 years (1980–2010). In order to investigate the intact treatment effect (warming or precipitation
manipulation) on fine root dynamics or physiology responses, further studies should be conducted
under normal precipitation conditions.
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5. Conclusions

This study examined initial changes in the fine root dynamics of P. densiflora seedlings under
warming and precipitation manipulation over a two-year period. We found significant shifts in fine
root productivity and total root biomass following precipitation manipulation; conversely, there was a
significant effect on fine root death following the warming treatment. There were negative relationships
between FRP and soil moisture, and FRM and soil temperature, respectively. However, TRB and FRB
remained unchanged by warming. Seedlings might offset the decrease in soil moisture availability
by reducing physiological factors such as stomatal conductance and transpiration rate. These results
will be of great value for predicting the important aspect of the below-ground dynamics of P. densiflora
seedlings in response to altered temperature and precipitation regimes in Korea.
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Appendix A

Table A1. F-ratios of two-way ANOVA on the effects of warming (W) and precipitation manipulation
(P) on stomatal conductance and transpiration rates of Pinus densiflora seedlings.

Stomatal Conductance 1 Transpiration Rates 1

2014 W 3.90 * 5.43 **
P 0.21 0.17

W × P 0.37 0.30
1 Stomatal conductance and transpiration rates were measured in May, July, September, and November in 2014,
using CIRAS-2 (PP-Systems, Hitchin, UK). * = significant (p < 0.1); ** = significant (p < 0.05).
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