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Understanding the factors affecting the growth of plantation forests can reduce
the loss of economic and ecological values caused by plantation forest
subhealth. Plantation forests are widely distributed in hilly areas with
microtopographic features. Microtopography influences climatic factors
associated with plant growth, during not only general time but also extreme
events like droughts. However, little research has been conducted on the
effects of microtopography on the plantation forest growth. In this paper, we
selected Pinus tabulaeformis planted in a hilly site, and studied the effect of
microtopography on the climate—growth relationship and drought response of
a typical plantation in Northeast China using dendroecological methods. We
found: 1) Between hill positions, temperature caused a climatic growth
difference. Compared to the hilltop, the correlation of annual growth on the
hillside with monthly temperature was more negative in July—August and less
positive in January—April. 2) Between aspects, precipitation intensities caused a
climatic growth difference. Compared to the sunny slope, the correlation of
annual growth on the shady slope with monthly total precipitation below 10
mm/day was less positive (May—June) or more negative (March—Apriland July),
while that with monthly total precipitation above 10 mm/day was more positive
in most months.3) Drought response varied significantly based on hill position
and aspect. There was no significant difference in resistance between hill
positions, while recovery and resilience on the hilltop were greater than
those on the hillside.Resistance, recovery, and resilience were all lower on
the sunny slope than those on the shady slope. Overall, microtopography exists
the effects on the growth of plantation forests, both in terms of climate-growth
relationships in general climate and in response to drought when extreme
events. Meanwhile, the climatic factors that caused the difference in growth of
plantation forests between hill positions and aspects differed. The difference in
growth between hill positions was caused by temperature, while that between
aspects was caused by precipitation intensity. Drought response difference
reflected the legacy effect of drought on plantation growth, which could lead
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to subsequent changes in climate-growth relationships. These findings
demonstrate that strengthening the research of forest trees on
microtopography is necessary for accurate carbon sink assessment and
precise forest management.
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Introduction

A plantation is an important component of terrestrial
ecosystems and plays an increasingly important role in
restoring and rejuvenating forest ecosystems, enhancing forest
carbon sinks, and improving the ecological environment. China
has the largest area of plantation forests in the world, and the
area of plantation forests in Northeast China is enormous (Li
et al, 2020). However, many of them are sub-healthy (Zhao
et al, 2021). This could result in a huge loss of economic and
ecological benefits. We need a better understanding of
plantation growth.

Topography, especially mountain position and aspect,
impacts radiation (Murphy et al., 2020; Zhirnova et al., 2020),
temperature (Zhirnova et al., 2020; Wang and Yang, 2021), and
soil moisture distribution and dynamics (Murphy et al.,, 2020;
Zhirnova et al., 2020). These affect the climate-growth
relationship of forests, which in turn affects forest biomass
(Homeier et al., 2010; Gonzalez-Jaramillo et al., 2018).
Unfortunately, most current studies focus on large-scale
topography with elevation differences of hundreds or even
thousands of meters, such as the Changbai Mountains (Wang
et al, 2013; Yu et al, 2013; Yu and Liu, 2020) and the Alps
(Pappas et al., 2020), and there is a lack of research on small-
scale topography. However, it has been demonstrated that these
effects remain even on microtopography with elevation
differences of less than 100 m (Galicia et al., 1999; Ma et al.,
2020; O’Brien and Escudero, 2022). Furthermore, plantations
spread widely in hilly areas with a small elevation difference.
Therefore, research into the effect of microtopography on the
climate-growth relationship of plantations is required.

The effect of microtopography on the distribution of climatic
factors is also extant (Mei et al., 2018; Esteban et al., 2021), or
even greater (Wang et al., 2020; O’Brien and Escudero, 2022),
when precipitation decreases or even drought. The resilience
index and its components, resistance and recovery indices, are
commonly used to evaluate the effect of drought on plant
growth. Resilience describes a tree’s ability to achieve growth
rates similar to those before a drought. Defined in this way,
resilience encompasses the ability to reduce the effect of the
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disturbance, i.e., resistance, and the ability to regain pre-
disturbance levels of growth after drought, i.e., recovery (Lloret
et al,, 2011). At present, the drought response of trees is mostly
researched on large-scale topography, such as the Iberian Range
(Marques et al., 2016) and Helan Mountains (Wang et al., 2019;
Zeng et al., 2020), and our understanding of it in hilly areas is not
sufficient. Meanwhile, the effect of topography on the drought
response of trees is not uniform in large-scale topography. For
example, Bosela et al. (2020) found that the significance of
resistance difference in different mountain positions is
inconsistent across several sample plots, although they have
similar elevation differences. Thus, even on a small scale, there
is still uncertainty about whether trees on microtopography in
hilly areas respond differently to drought.

Pinus tabulaeformis is an important plantation tree species
in northern China. At present, its plantation area is 167.76 x
10* ha, accounting for 2.9% of the total plantation area (National
Forestry and Grassland Administration, 2019). In addition, P.
tabulaeformis is a representative tree species in the low mountain
and hilly areas, with a wide distribution on microtopography.
Therefore, we used tree rings of P. tabulaeformis planted in the
northern hill of Shenyang to investigate: 1) the effect of
microtopography on the climate-growth relationship of a P.
tabulaeformis plantation and 2) the effect of microtopography
on growth resilience to a drought of a P. tabulaeformis
plantation and whether it is significant. We expect the findings
of this study will be useful for carbon sink assessment and
forest management.

Materials and methods
Study site and climate data

The study site is in suburban Shenyang (41°54'N, 123°36E),
where the landform type is hilly and the soil is mainly brown soil
and dark brown soil with a high gravel content. We established
four plots with few traces of human activity on the sunny (the
southwest side of the ridgeline) and shady (the northeast side of
the ridgeline) slope of the hilltop (about 150 m a.s.l.) and the
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hillside (about 130 m a.s.l.) (Figure 1). They are abbreviated as
TSu (the sunny slope of the hilltop), TSh (the shady slope of the
hilltop), SSu (the sunny slope of the hillside), and SSh (the shady
slope of the hillside). To obtain as many representative and valid
samples as possible, we set the plot size as large as possible and
ensured that the proportion of P. tabulaeformis in each plot was
above 90%. The plot sizes (length x width) are 50 m x 75 m,
40 m x 60 m, 50 m x 70 m, and 30 m x 30 m, respectively.
Among them, the area of the SSh is smaller than that of the other
three, limited by the terrain scale and human activity. The
average slope gradients of the plots are 20° (TSu), 16° (TSh),
19° (SSu), and 14° (SSh), respectively.

P. tabulaeformis dominated the study area, interspersed with
Larix gmelinii, Ulmus pumila, and Quercus mongolica. The
understory vegetation, consisting of Platycodon grandiflorus,
Polygonatum humile, Rhamnus arguta, Menispermum
dauricum, etc., had such little biomass that it could be viewed
as negligible compared to the arbor. The average height of P.
tabulaeformis was about 10 m, the diameter at breast height was
mainly 15-25 cm, the crown density was about 0.7, and the age
of the stand was about 50 years. On the sunny slope, the stand
density was about 900 trees/ha, while on the shady slope, it was
500 trees/ha.

Climate data, including temperature and precipitation
recordings of 1951-2020, come from the Shenyang
meteorology station (downloaded from the China
Meteorological Data Service Center, http://data.cma.cn), which
is around 20 km away from the study site. The annual mean

10.3389/fpls.2022.1060011

temperature was 8.21°C, and the annual total precipitation was
697.25 mm. The monthly mean, maximum, and minimum
temperature (Tieans Tmax Tmin) fluctuated relatively little and
was at a high level in June-August (Figure 2). Precipitation was
mainly concentrated in April-October, especially in July-
August, when it was the highest throughout the year. The
monthly precipitation above or equal to 10 mm/day
(P>10mm/day) accounted for a relatively high proportion in
April-October, while the monthly precipitation below 10
mm/day (P.jomm/day) accounted for the majority in other
periods (Figure 2).

Soil sampling and measurement

In August 2020, we randomly selected nine points in each
plot and used the excavation method to collect soil samples from
0-10-cm, 10-20-cm, and 40-50-cm depth soil layers. The soil
and stones were separated by a 2-mm sieve, and the weight of
each was recorded separately. Combined with the recorded
volume of the sampling soil pit, we calculated the soil weight
of 100 cm” and filled it into the ring knife of the corresponding
specification. The field capacity (FC) and saturated water
content (SWC) of soil samples in each layer were measured
using the ring knife method. In addition, the volumetric fraction
of stones (VFS) was calculated as follows:

VES = V,/V (1)

Elevation (m)
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FIGURE 1

Site information and the topography of sample plots. The dashed squares indicate the hillside, and the solid squares indicate the hilltop. The red
squares denote the sunny slope, and the blue squares denote the shady slope. The black curve represents the ridge line. The red star represents

the study site.
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FIGURE 2

Monthly temperature and precipitation indices from January to December in the study area during 1951-2020. Tin, Tmean @and Tmax represent
the monthly averaged minimum, mean, and maximum temperature, respectively. P.iomm/day: P>10mm/day: and Piotal represent the monthly total
precipitation below 10 mm/day, above or equal to 10 mm/day, and above O mm/day.

V, = m,/2.65 ()

where V, was the volume of the stones, V was the volume of
the sampling soil pit, m; was the weight of the stones, and 2.65 g/
cm’ was the density of the stones (Liu, 1996).

Tree ring sampling and chronology
development

We selected some trees without insect pests as sample trees
in each plot. Two cores per tree were extracted at chest height
(about 1.3 m) from the orthogonal direction with an increment
borer. Then, the samples were packaged and brought back to the
laboratory. After fixing, drying, and grinding from coarse to fine
until the tree rings were clearly visible, all sample cores were
scanned and turned into pictures with an HP M277dw printer

TABLE 1 Standard chronology (STD) statistics for all plots.

TSu
Time span 1962-2020
Cores/Trees 98/54
Mean sensitivity 0.22
Standard deviation 0.28
Signal-to-noise ratio 29.42
First-order autoregressive coefficient 0.26
Expressed population signal 0.97 (1969)

(The start year of the EPS >0.85)
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(1,200 dpi). We detected tree ring width (an accuracy of
0.01 mm) from the core pictures using the R package
MtreeRing (Shi et al.,, 2019). The tree ring width data in each
plot were checked and quality-controlled by the COFECHA
program (Holmes, 1983). We detrended the tree ring data to
remove the age-related signal using the negative exponential
function and get the tree ring width index (TRWi). The TRWi
series, grouped by plots and microtopography, were respectively
averaged to build standard chronology (STD) using the robust
Tukey bi-weight mean. Mean sensitivity, standard deviation,
signal-to-noise ratio, first-order autoregressive coefficient, and
expressed population signal (EPS) are the STD’s common
statistical parameters (Fritts, 1972). Using 0.85 as the EPS
threshold, the period above it for STD is considered reliable
(Wigley et al., 1984). The STD statistics for all plots and
microtopography are listed in Tables 1 and 2.

TSh SSu SSh
1964-2020 1965-2020 1953-2020
30/16 79147 28/15
0.26 0.21 0.28
0.30 0.32 0.33
14.52 24.99 6.12
0.39 0.54 0.43
0.94 (1971) 0.96 (1970) 0.86 (1980)
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TABLE 2 Standard chronology (STD) statistics for all microtopography.

Hilltop
Time span 1962-2020
Cores/Trees 128/70
Mean sensitivity 0.21
Standard deviation 0.28
Signal-to-noise ratio 33.55
First-order autoregressive coefficient 0.28
Expressed population signal 0.97 (1968)

(The start year of the EPS >0.85)

Determination of drought events and
computation of resilience indices

In order to investigate the long-term radial growth response
to drought, we analyzed the resilience and its components,
resistance and recovery (Lloret et al, 2011). The drought
intensity was detected using the Standardized Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010)
during the key growing season (May-]July). Referring to relevant
research (DeSoto et al., 2020; Li et al., 2020), we considered the
effects of the 4 years before and after the drought event. To find
drought events associated with reduced growth, there were three
criteria used (DeSoto et al., 2020): 1) the values of SPEI below the
10% percentile of SPEI distribution within the reliable period of

10.3389/fpls.2022.1060011

Hillside Sunny slope Shady slope
1953-2020 1962-2020 1953-2020
107/62 177/101 58/31
023 0.20 025
031 029 030
25.37 39.94 15.67
0.46 034 0.36
0.96 (1970) 0.98 (1969) 0.94 (1971)

the chronologies; 2) significantly low growth (over 5% reduction
relative to the average growth of the previous 4 years) in the
same year or the year after (considering the lag effect of climate-
growth); and 3) in a 4-year time window, if there are multiple
drought events that satisfy the previous two criteria, only the last
one is taken as a drought event (to avoid growth recovery in
previous drought events impacted by subsequent drought
events). As shown in Figure 3, a drought event in all plots
occurred in 2000. We computed the resilience indices to drought
events as follows (Lloret et al., 2011; DeSoto et al., 2020):

3)

resistance = Dr/PreDr

recovery = PostDr/Dr (4)

— SPEI
TRWi ( TSu — TSh — SSu — SSh) L2
3.
x
[0}
2 Lo
S 24
o (9]
s )
= m
£
S
[0}
<
[
k-2

1970 1980 1990

2000 2020

Year

FIGURE 3

Standard chronologies (STDs) of the tree ring width index (TRWi) among all plots and Standardized Precipitation Evapotranspiration Index (SPEI)
distribution show the drought event. The bar chart denotes the year of the drought event on all plots (2000)
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resilience = PostDr/PreDr = resistance x recovery  (5)

where Dr was defined as TRWi of the drought year, PreDr
and PostDr represented separately mean TRWi of the preceding
and post 4-year periods.

Statistical analysis

We chose the period from the previous November to the
current October as a growing year of P. tabulaeformis (Cai
et al., 2020). Since the roles of climate factors vary by month,
we conducted a correlation analysis between the TRWi and the
monthly temperature and precipitation indices for each month
of the growing year. In order to eliminate the influence of
variable autocorrelation, the first-order difference was used for
the correlation analysis (Li et al., 2021). Each bar or color dot in
the following correlation figures means the Pearson product-
moment correlation coefficient between the first-order
difference of STDs and that of monthly climatic factors. We
chose the correlation between the first-order difference of STDs
in all plots and that of the T ,c.n in March (Figure 4A) as a
typical one to present in the form of a scatter plot
(Supplementary Figure SI).

10.3389/fpls.2022.1060011

In addition to correlating the radial growth with climate
variables (general effects), we also investigated the resilience
indices (extreme effects) of the radial growth to drought events.
The pairwise Wilcoxon rank sum test was used to detect whether
the growth resilience to drought differed significantly among
plots with different microtopographies.

To illustrate the effect of microtopography on radial growth,
we combined and paired the plots by hill positions and aspects
and performed the above analyses again. The Kruskal-Wallis
rank sum test was used to detect whether the growth resilience to
drought differed significantly between paired microtopography.

We used the R package SPEI (Santiago and Vicente-Serrano,
2017) to calculate the SPEI, and dpIR (Bunn, 2008; Bunn, 2010)
to detrend the raw tree ring width data and develop the
chronologies. The rest of the operations and analyses were
done in the R environment (R Core Team, 2021).

Results
Soil water storage capacity

In terms of soil water storage capacity, the shady slope was
better than the sunny slope in all soil layers at the same hill

A Tmean
0.50 7= %
* * « % * *
©
© 0.004 ‘:qj
: e
(@]
O -0.25 .:|
o1 pl2 41 2 3 4 5 6 7 8 9 10
B Protal
0.4 * -
C
S 021
$ ., m]
(0]
5 007 g -
O
0.2

pi1 pl2 1 2 3

FIGURE 4

4 5 6 7 8 9 10
Month

Correlations of standard chronologies (STDs) in all plots with (A) monthly mean temperature (Tynean) and (B) total precipitation (Piota). Bars
marked with stars indicate that they reached the 0.05 significance level. "p11" and “p12" represent November and December of the previous
year. Bars marked with * indicate that they reached the 0.05 significance level
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position. Among the plots, except SSh, the deeper the soil layer,
the greater the VFS, and the VFS in all layers of TSu were
obviously the highest. The SWC and FC of SSh are slightly
higher than those of SSu, and because of the VFS differences, the
storage capacity of SSh will be further superior to that of SSu.
Although the SWC of TSu was slightly higher than that of TSh,
the water storage capacity of TSh would be better than that of
TSu considering the significantly higher VFS in TSu (Table 3).

Climate—growth relationships and
resilience to drought among plots

The Tpean for multiple months was significantly correlated
with TRWi in plots, but the direction shifted over time (Figure 4).
It was found that the Ty,e, in each month of May-August
basically had a negative effect on the radial growth among all
plots while having a positive effect in the other months. The T pean
in June had a significant negative effect on radial growth in all
plots, while the Tyean in the previous November, March, and
October had a significant positive effect on the radial growth in a
few plots. Moreover, the Tpean has no significant effect on radial
growth in other periods among all plots.

The correlations between STDs and the Py, in plots were
not as significant as those between STDs and the Tyeapn, but
again the direction varied across time (Figure 4). STD
correlations with the P, were positive in all plots during the
previous November-December and April-July months while
negative in the other months. The P, only had a significant
effect on the radial growth in a few plots in May and July.

Among the plots, the resistance had no significant difference,
the recovery had certain significant differences, and the resilience
had the most significant differences (Figure 5). The recovery on
TSh was significantly higher than that on the other three plots,
and there was no significant difference among the other three
plots (Figure 5B). The resilience on the TSh was significantly
higher and was significantly lower on the SSu than on the other
plots, except SSh (Figure 5C). The difference in resistance,
recovery, and resilience between aspects on the hilltop is larger
than that on the hillside, and the difference in resistance,
recovery, and resilience between hill positions on the shady
slope is larger than that on the sunny slope (Figure 5).

TABLE 3 Soil water storage capacity in all plots.

Depth (cm) TSu TSh
FC SWC VES EC SWC
0-10 28.60%  53.40%  4589%  30.86%  51.58%
1-10 29.81%  50.23%  5539%  29.07%  49.07%
20-50 28.70%  46.64%  60.35%  23.97%  42.49%

10.3389/fpls.2022.1060011

Contrasts between hill positions in
climate—growth relationships and
resilience to drought

The correlations of STDs with temperature variables showed
obvious differences in January-April and July-August between
hill positions (Figures 6A-C). The temperature variables were
more positive for the growth on the hilltop than that on the
hillside during the non-growing and early growing season
(January-April, low evaporation) and more negative during
the mid-growing season (July-August, high evaporation).
These differences were generally observed for all temperature
variables. However, the correlation of STDs with different
temperature variables still had some differences, especially with
the Tpnin. The correlations of STDs with the T ca, and Ty in
June have reached a significant level both on the hilltop and the
hillside, but there was no significant correlation with the T y,.
Meanwhile, the correlation of STDs with the T,,;, in October
was significant and greater than that in September, whereas the
correlation with the Tp,ean and Ty, nearly or actually reached
significance in September and greater than that in October.

Between hill positions, the correlations of STDs with
different intensities of precipitation were not as highly similar
as they were with different temperature indicators (Figures 6D-
F). Meanwhile, the temporal dynamics of the correlation
difference in STDs with precipitation revealed little. Only in
the previous November-February, the correlation of STDs with
the P-1omm/day ON the hillside was consistently more positive
than that on the hilltop (Figure 6E).

There was no significant difference in resistance between the
hilltop and on the hillside (Figure 7A), but the recovery on the
hilltop was significantly higher than that on the hillside (P = 0.002,
Figure 7B), and the resilience on the hilltop was significantly
higher than that on the hillside (P < 0.001, Figure 7C).

Contrasts between aspects in climate—
growth relationships and resilience
to drought

The correlations of STDs and temperature variables between
aspects showed a small difference in most months (Figures 8A-C),

SSu SSh
VES FC SWC VES FC SWC VES
6.43% 24.73% 42.29% 9.92% 27.04% 45.99% 9.16%
11.02% 21.26% 36.59% 19.45% 28.82% 44.48% 8.48%
17.58% 22.30% 39.76% 21.29% 29.88% 45.16% 7.91%

FC, field capacity; SWC, saturation water content; VES, volumetric fraction of the stones. The units of FC, SWC, and VFS are %vol.
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FIGURE 5

Differences in (A) resistance, (B) recovery, and (C) resilience among plots. We compare significance by pairwise Wilcoxon rank sum test (P <
0.05). "ns” means no significant difference.
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Correlations of standard chronologies (STDs) with monthly temperature (A—C) and precipitation (D—F) variables in the hilltop and the hillside

during 1971-2020. The dotted black lines represent the significance level at 0.05. "p11” and "p12” represent November and December of the
previous year.
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contrary to the larger differences between hill positions
(Figures 6A-C). However, the particularity of Ty, still existed
between aspects. Specifically, the correlation was not significant in
June and not significant in September along with less than that in
October (Figure 8C).

The differences in the correlation of STDs with precipitation
variables between aspects had clear temporal dynamics, contrary
to the indistinct temporal dynamics between hill positions.
Specifically, the correlations of STDs with precipitation variables
all showed stable and persistent differences in March-July
between hill positions, which were not shown between aspects.
However, the correlation characteristics with different
precipitation intensities were still clearly different (Figures 8D-
F). In the previous November-March, when the precipitation was
mainly <10 mm/day (Figure 2), the correlation of STD with
P 1omm/day in the sunny slope was less positive (previous
November-December) or more negative (February) than or
close to that in the shady slope. For the correlation with
P-1omm/day in this period, the difference was small between
aspects, with no obvious temporal dynamics. In April-October,
the precipitation was mainly >10 mm/day (Figure 2). However,
the differences in the precipitation-growth relationship between
aspects in April-July differed from that in August-October. In
April-July, the correlation of growth with P_;omm/day in the shady
slope was less positive (May-June) or more negative (April and
July) than that in the sunny slope, and the correlation of growth
with P> 1omm/ day in the shady slope was more positive than that in
the sunny slope. In August-October, the correlations of growth
with precipitation between different aspects were similar, except
that the correlation with P_jgmmyday in October was significantly
higher in the sunny slope than that in the shady slope. The
correlation of growth with the Py, in each month was similar to
the correlation with the precipitation dominating in the
corresponding month, the same as that in hill positions
(Figures 8D-F).

Resistance, recovery, and resilience on the shady slope all
were significantly higher than those on the sunny slope (P =

10.3389/fpls.2022.1060011

0.017, Figure 9A; P = 0.048, Figure 9B; P <0.001, Figure 9C), and
the difference in resilience was more pronounced.

Discussion

Character distinctions of climate—growth
relationships between paired
microtopography

During the mid-growing season (July-August, high
evaporation), the hillside showed a more positive correlation
between growth and temperature than the hilltop. This is
contrary to the findings of other studies, where the
correlation of growth with the temperature at low elevation
was more negative than at high elevation during the mid-
growing season (Wang et al., 2015; Huo et al., 2017; Fernandez-
de-Una et al,, 2018). The main reason can be that the elevation
difference of large mountains is large, and the temperature
difference between different mountain positions is mainly
related to the cooling caused by the elevation rise. However,
in this study, the elevation difference between hill positions is
less than 50 m, and the reason for the temperature difference is
different from the former. In the hilly areas, the scale of the hill
is smaller and more susceptible to the influence of the
surrounding hills. Lower elevations are more likely to receive
less radiation due to the shading of the surrounding hills. Thus,
the temperature on the hillside is lower than that on the hilltop,
which is the opposite of the phenomenon observed in large
mountains. At the same time, growth on the hilltop was more
sensitive to temperature because of less shade from the
surrounding hills. Specifically, radiation variation was large
on the hilltop due to less shade from the surrounding hills. The
subsequent large temperature variation accentuated the effect
of temperature. As a result, the growth on the hilltop benefited
more from the positive effect of temperature during the non-
growing and early growing season (January-April, low
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FIGURE 9

Differences in (A) resistance, (B) recovery, and (C) resilience between the sunny and shady slopes. Asterisks indicate significant differences
between the sunny and shady slopes (Kruskal—Wallis rank sum test: *P < 0.05; ***P < 0.001).
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evaporation), and the correlation with temperature was more
positive than that on the hillside.

The correlations of STDs with temperature variables
between aspects were not obviously different in most months.
We speculated that this was due to the small spatial scale of the
hill and gentle gradient (average gradient is all around 17°),
which limited the redistribution effect of aspect on radiation.
The redistribution effect of topography on radiation is related to
its spatial scale (Zhou and Chen, 2018). The spatial scale of the
hills is much smaller than that of large-scale terrains such as
mountains and plateaus, and the height difference of our study
site is less than 50 m, so the aspect has a limited effect on the
distribution of radiation.

During the main growing season (March-July), the
correlation of STDs with different intensities of precipitation
differed clearly between aspects, and the precipitation intensity
that can benefit growth more (or suffer less) was different
between aspects (Figure 8). During the same period, the
positive effect of P_jomm/day O the growth on the shady slope
was weaker (less negatively during March-April and July), while
the positive effect of P~;omm/day ON it was stronger. This was not
only due to the difference in evaporation caused by the
redistribution of radiation through the aspect but also due to
the difference in the utilization of precipitation at different
intensities caused by a slightly steeper sunny slope than a
shady slope. The greater the slope gradient, the lower the
utilization of heavy precipitation (Singh et al., 2013; Mei et al,
2018). As well, the water storage capacity of the shady slope was
greater than that of the sunny slope (Table 3), allowing the shady
slope to better utilize the high-intensity precipitation. This
further made the correlation of growth with P ;gmm/day in the
shady slope greater than that in the sunny slope. Whereas, when
the precipitation intensity was low, the redistribution effect of
the slope on precipitation and the water storage capacity
advantage of the shady slope was reduced, then the shady
slope with a lower water demand showed growth that was less
positively (or more negatively) correlated with P_jomm/day-

Character distinctions of growth
resilience to drought between paired
microtopography

Resistance on the shady slope was significantly higher
(Figure 9A). This could be attributed to the difference in
moisture situation between aspects. The wetter the area, the
higher the resistance (Choat et al., 2018; Gao et al., 2021; Hong
et al, 2021). When precipitation is less, the soil moisture
difference between aspects will become larger (Wang et al,
2020). There is less precipitation during drought, and less
water loss helps avoid worse water conditions. The aspect
significantly regulates solar radiation, affecting land surface
temperature and potential evapotranspiration (Mei et al., 2018;
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Zhirnova et al., 2020). Benefiting from this, the shady slope had
more moisture during drought, making the resistance on
it higher.

Recovery was significantly lower on the hillside and sunny
slope (Figures 7B, 9B). This could be related to the difference in
radiation between hill positions and moisture situation between
aspects. Recovery was highly connected with the photosynthetic
capacity of plants (Galiano et al., 2011; Peltier and Ogle, 2020).
Relatively little radiation made it difficult for the hillside (easier
to be shaded by the surrounding hills) to produce enough non-
structural carbohydrates to supplement the consumption during
drought and support the radial growth after drought, resulting in
lower recovery (Figure 7B). Moreover, water was an
indispensable component of the photosynthesis process.
Precipitation returned to normal levels in non-drought years,
and the shady slope had advantages in photosynthesis due to
better water storage, so the recovery was higher (Figure 9B).

Resilience was closely related to resistance and recovery.
Although there was no significant difference in resistance
between hill positions, significantly higher recovery resulted in
significantly higher resilience on the hilltop (Figure 7). Because
of significantly higher resistance and recovery, the resilience on
the shady slope was significantly higher than that on the sunny
slope (Figure 9).

Interestingly, the difference in resilience or its components
(resistance and recovery) due to a 30-m elevation difference in
this paper was similar to that due to a 120-800-m elevation
difference in other studies (Wang et al., 2019; Bosela et al., 2020;
Dell'Oro et al., 2020; Du et al,, 2022). This means that there may
be significant drought response differences even in the small-
scale terrain, and the amount of difference in resilience-related
indicators (recovery, resistance, or resilience) cannot be
estimated only by the elevation difference. Other factors may
also affect the response of tree growth to drought, thereby
causing differences in resilience-related indicators of forests,
such as the severity of drought in drought events (Wang et al,
2019; Du et al,, 2022), altitude range of forests (Bose et al., 2020;
Bosela et al., 2020), tree species (Li et al., 2020), and tree age
(Wang et al., 2019).

Potential response of growth on
microtopography to climate change

With advancing climate change, the climatic factors causing
the growth difference between hill positions and aspects will also
change, such as temperature (climate warming) and
precipitation intensity (an increase in heavy precipitation
events) (Thc et al., 2015). Since there was no hill position that
consistently benefited more (or suffered less) from increased
temperature and heavy precipitation events throughout the
growing season (Figure 6), the effect of climate change on
growth differences between hill positions cannot be assessed
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through the climate-growth relationship. However, radial
growth on the shady slope would benefit more (or suffer less)
from these factor variations induced by climate change
(Figure 8), leading to differences in growth and, even more so,
drought responses increasing across aspects.

We observed significantly greater recovery and resilience of
growth on the hilltop (Figure 7) and the shady slope (Figure 9).
Recovery and resilience reflect a comprehensive and intrinsic
ability of trees to regain predrought growth status after drought
(Lloret et al., 2011). These findings indicated that the legacy
effect of drought on different microtopographies occurred and
differed, which may cause changes in the subsequent climate-
growth relationship (Peltier and Ogle, 2020), and even increased
the risk of death (Trugman et al, 2018; DeSoto et al., 2020).
Considering that drought events occurred more frequently
under climate change (Thc et al, 2015), from the perspective
of drought response, the radial growth on the hilltop and the
shady slope will be less adversely affected by climate change.

Conclusions

In this study, we explored the climate-radial growth
relationship and growth resilience to a drought of P.
tabulaeformis plantations on microtopography, including
different hill positions and aspects. It was found that there
were still differences in the climate-radial growth relationship
and significant drought response contrasts between hill positions
and aspects on the hilly areas at small scales. Moreover, the main
climatic factors that caused the difference in growth differed
between different paired microtopographies. Temperature
caused the difference in growth between hill positions, while it
was precipitation intensity between aspects. Therefore, we
believe that enhanced research on forest growth on
microtopography will contribute to more accurate carbon sink
assessment and better forest management. Additionally, the
difference in drought indicated the legacy effect of drought on
plantation growth, which could lead to consequent changes in
climate-growth relationships.
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