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Abstract: The occurrence, frequency, and severity of drought are accelerating due to global warming.
Understanding the vulnerability of plantation forests to climate change, particularly to drought
events, is critical to revealing the underlying mechanisms of tree resilience, recovery, and acclimation,
which are important for plantation management. How the stand age affects the climate sensitivity of
tree growth, as well as the direction, magnitude, and duration of the drought legacy, in plantation
forests in northeast China is still unclear. In this study, we used MODIS-derived NDVI time series
with gridded climate data from 2000 to 2020 to fill this knowledge gap. The selected plantation
forests were dominated by four coniferous species: Korean pine (Pinus koraiensis), Scots pine (Pinus
sylvestris), Japanese larch (Larix kaempferi), and Dahurian larch (Larix gmelinii). The results show that
the climate sensitivity of tree growth differed among species and age groups. The growth of Korean
pine and Scots pine was mostly dependent upon precipitation, while the growth of Japanese larch
and Dahurian larch was determined primarily by temperature. Old Japanese larch (21-40 years) and
Dahurian larch trees (31-60 years) were more sensitive to temperature and precipitation than young
conspecifics, whereas old Korean pine (41-60 years) and Scots pine (31-60 years) were less sensitive
to precipitation and temperature than young conspecifics. Furthermore, the legacy of drought lasted
one year for Korean pine, Japanese larch, and Dahurian larch and over three years for Scots pine.
Old trees were more severely affected by drought, particularly Scots pine and Dahurian larch. The
findings of the study can help improve plantation forest management for better adaptation to future
climate change.

Keywords: drought legacy; NDVI; plantation forest; stand age; tree-growth—climate sensitivity

1. Introduction

Global warming is accelerating the occurrence, frequency, and severity of extreme
climate events, including drought [1,2]. Drought generally has a strong effect on forest
ecosystem processes and functioning by altering plant transpiration and increasing the risk
of gas embolism in the xylem system, which may result in hydraulic failure [3,4]. Moreover,
drought can increase the risk of carbon starvation by reducing carbohydrate transport
and can be associated with heatwaves and wildfires to further enhance the risk of tree
mortality [5,6]. Therefore, a prolonged drought event can reduce vegetation greenness,
aboveground biomass, and the carbon sequestration capacity [7-9]. Understanding the
vulnerability of forests to drought is critical to revealing the underlying mechanisms of tree
resilience, recovery, and acclimation.

Recent studies have emphasized that forests generally require an extended period
to recover from drought, which is referred to as the drought legacy [10]. Quantifying
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the drought legacy can uncover the response of forests to climatic change and improve
the accuracy and robustness of process-based vegetation and climate models. Therefore,
an increasing number of studies have been conducted to determine the duration and
magnitude of drought legacies [11-13]. Furthermore, resilience to drought, defined as
the duration of tree recovery to pre-drought levels, was found to generally differ among
conifer species [14]. For example, Scots pine (Pinus sylvestris) and white spruce (Picea glauca)
tended to recover more rapidly from drought than green ash (Fraxinus pennsylvanica) [15].
Korean pine (Pinus koraiensis) has a low drought resistance but a high recovery capacity [16].
In addition to the variable drought response of tree species, tree age may alter the magnitude
and duration of the drought legacy. Yet, this has rarely been explored.

Peltier and Ogle [17] proposed that tree growth sensitivity to climate can be tempo-
rally variable, suggesting the age-specific sensitivity of growth to climate. However, large
uncertainties remain in species- and age-specific tree-growth—climate sensitivity (i.e., the
response of tree growth to variable climate). For example, in southern Italy, younger conif-
erous trees (Abies alba and Pinus leucodermis) had greater tree-growth—climate sensitivity
than older conspecifics [18]. By contrast, on the Chinese Loess Plateau, older Pinus tabulae-
formis tended to be more sensitive to climate than younger trees [19]. And in a temperate
monsoon region, relatively old Pinus tabulaeformis trees had higher temperature but lower
precipitation sensitivity [20]. Plantation forests play an important role in global carbon
sequestration [21], but the role of stand age in determining the climate sensitivity and
post-drought recovery of different tree species requires further research.

To close this knowledge gap, this study aimed to better understand how tree species
and stand age modify tree-growth—climate sensitivity, as well as the magnitude and dura-
tion of the drought legacy of plantation forests in northeast China, which is the key region
for national ecological security and home to native secondary and plantation forests [22].
We chose plantation forests for the present study on tree-growth—climate sensitivity and
drought legacy because of the absence of inter-species competition and differences in stand
density [23,24]. The study focused on four common tree species, namely, Korean pine,
Scots pine, Japanese larch, and Dahurian larch, of varying ages because they are the major
plantation species in northeast China. The growing-season Normalized Difference Vege-
tation Index (NDVI) was chosen as a proxy for tree growth. The research objectives were
to quantify whether (a) tree-growth—climate sensitivity and drought legacy effects on tree
growth vary among tree species and (b) stand age modifies tree-growth—climate sensitivity
and the direction and the magnitude of drought legacy effects on tree growth. Our first
hypothesis was that tree growth sensitivity to climate and the magnitude and duration of
the drought legacy differ among tree species. This may be because tree-species-specific
drought tolerance is highly variable [25,26]. The second hypothesis was that the drought
legacy is modified by stand age and that the drought legacy increases with tree age. This is
because, in contrast to young trees, older trees might have a lower photosynthetic capacity
per unit of leaf area and lower water-use efficiency, therefore requiring more time to recover
from drought [27].

2. Materials and Methods
2.1. Study Area

We collected detailed information about plantation forest stands in northeast China
from peer-reviewed papers, theses, and dissertations (see Figure 1) from the ISI Web of
Science, Scopus, and China National Knowledge Infrastructure (CNKI) databases. Specifi-
cally, dominant conifer species, geographical locations (i.e., latitude, longitude, elevation),
stand age, topography, soil type, precipitation, and temperature in each forest stand were
recorded. In total, we identified 82 plantation forest stands with tree ages that were directly
reported or can be calculated (Figure 1, Table 1). Four common conifer species, namely,
Korean pine (Pinus koraiensis), Scots pine (Pinus sylvestris), Japanese larch (Larix kaempferi),
and Dahurian larch (Larix gmelinii), were the dominant species at these sites. The selected
sites were distributed across three provinces (i.e., Heilongjiang, Jilin, and Liaoning) and one



Remote Sens. 2024, 16, 281

30f16

115°0'0"E
1

autonomous region (Inner Mongolia) of China, all of which are home to primary boreal and
temperate forests and are priority areas for returning farmland to forests. The minimum
area of a patchy plantation forest stand was 0.33 km?. For 90% of the plantation stands, the
elevation was relatively comparable, ranging from 200 to 664 m above sea level. Annual
mean precipitation over the past 20 years (2000-2020) was lower in pine stands (634 mm)
than in larch stands (720 mm). The average annual mean temperature was higher in pine
stands (5.31 °C) than in larch stands (4.03 °C). More detailed site-specific information is
shown in the supplementary materials (Table S1). The overview of the methodology for
this study is shown in Figure 2.
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Figure 1. Location of plantation forest stands used in this study. Elevation information was collected
from NASA'’s Shuttle Radar Topography Mission (SRTM) Version 3.0 Global 1 arc-second dataset
(SRTMGL1) with a spatial resolution of about 30 m.
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Table 1. Summary of the 82 plantation forest stands with four common tree species in northeast
China. Stand age was mean =+ standard deviation. Annual mean precipitation and average of total
annual precipitation were calculated by species across all sampling sites.

Stand . Annual Mean Annual Mean
. No. of Elevation s s
Species Sites Age (m) Precipitation Temperature
(Years) (mm) “Q)
Korean pine 11 41+£42 543 714 457
(Pinus koraiensis)
Scots pine 42 35+ 11.7 338 554 6.04
(Pinus sylvestris)
Japanese larch 18 26+ 7.7 500 821 5.70
(Larix kaempferi)
Dahurian larch 11 32490 517 619 2.36

(Larix gmelinii)
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Stand age was determined by considering both the stand age reported and the field
sampling date/time in the selected papers to calculate stand age in 2020, when the present
study was carried out. For example, if one of the selected study cases stated that the forest
stand was 35 years old and that the study was conducted in 2015, then the stand age was
estimated to be 40 years old in the year 2020. For a small proportion of the peer-reviewed
papers that only provided stand age intervals, such as 40-50 years old, the stand age of the
plantation forest was assumed to be the average of the interval (i.e., 45 years old) for the
subsequent analysis. We further constructed a general linear regression model in R [28]
to test the relationship between annual tree growth and the year to ensure that plantation
forests were not severely impacted by disturbances such as harvest or wildfire between
2000 and 2020.

We divided all trees into relatively young and old groups based upon the tree age
distribution of each species and Chinese National Forest Inventory Standards (i.e., technical
regulations for continuous forest inventory) [29]. It should be noted that plantation forests
in China in general are relatively young (<60 years old). Here, relatively young and old
trees are defined as 10-40 and 41-60 years old for Korean pine, 10-20 and 2140 years
old for Japanese larch, and 10-30 and 31-60 years old for Scots pine and Dahurian larch,
respectively. And the ratios of young to old plantation stands were approximately 1.22,
1.00, 0.24, and 0.82 for these species, respectively.

2.2. MODIS-Derived NDVI Time-Series Data

NDVI can be used to estimate vegetation productivity and accurately detect vegetation
phenology through changes in leaf area [30,31]. The NDVI has been extensively used to
quantify the vegetation response to drought, e.g., [32,33]. We used NDVI time-series data
derived from the daily Moderate Resolution Imaging Spectroradiometer (MODIS) Nadir
Bidirectional Adjusted Reflectance (NBAR) product (MCD43A4) with a spatial resolution of
500 m from February 2000 to December 2020. Near-infrared reflectance (NIR: 841-876 nm)
and red reflectance (Red: 620-670 nm) from the MCD43A4 (V6) product were downloaded
from Google Earth Engine. Then, the daily NDVI was calculated as NDVI = (NIR — Red)/(NIR
+ Red) [34]. The growing-season NDVIs of plantation forest stands across all species varied
from 0.56 to 0.80.

2.3. Climate Data

Monthly maximum and minimum temperatures and precipitation were obtained from
the TerraClimate dataset for 2000-2020 with a spatial resolution of 4 km [35]. TerraClimate
uses climatically aided interpolation to combine high-spatial resolution climatological
normals from the WorldClim dataset with time-varying data from other sources. From this,
we calculated the growing-season (i.e., April-September) and annual total precipitation
input and mean temperature for each site and year. Growing-season precipitation was used
because it has been shown to have a strong influence on the NDVI in northeast China [36],
and our study sites received more than 85% of the annual precipitation input during these
months. The mean growing-season temperature and precipitation were 17 °C and 501 mm,
with standard deviations of 1.9 °C and 135.7 mm over the past 20 years. We identified
periods of drought and extremely wet years when total growing-season precipitation was
less than and greater than 1.5 standard deviations from the average of the 20-year growing-
season precipitation input, respectively. To avoid the impacts of subsequent droughts and
drying-wetting cycles in the following years after one episode of drought, we only used
single drought events that lasted no more than one year and did not recur in the following
3 years.

2.4. Statistical Analysis

To quantify tree-growth—climate sensitivity, a general linear regression model was
used for each species in R. To do so, we first detrended and normalized the growing-
season NDVI time series for each site by using the “detrend” and “range” functions in
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MATLAB (MathWorks, R2019a, U.S.). This is because the growing-season NDVIs in the
plantation forest stands increased with time. Then, the detrended and normalized NDVIs in
“normal” years (i.e., after removing the extremely wet years, drought years, and 1-3 years
post-drought) and associated climate variables (i.e., precipitation, temperature, and their
interaction) were used in the linear models (see Equation (1)). This minimizes the potential
impacts of extreme climate events on NDVI values. Dominance analysis was conducted to
determine the relative contributions of the climatic variables using the “domir” package [37]
in R (V 4.2.2; R Core Team 2021).

Yt= a1 X Pgs +ag X Ty + a3 X Pgs X Ty + @)

where y; represents the mean NDVI during the growing season; Pys and Ty, are the total
precipitation input and mean temperature over the growing season; a1, a2, and a3 are the
regression coefficients; and B is the intercept.

To further compare species-specific climate sensitivity, we extracted the coefficient
(slope) from each general linear regression model output, as shown by Li et al. [38]. To cal-
culate the temperature sensitivity of tree growth, the precipitation variable in the generated
models (Equation (1)) was removed first by providing the mean value of growing-season
precipitation input. This allowed us to determine the model coefficient for the temperature
variable (“slope”) as the temperature sensitivity of tree growth. Similarly, we obtained
the precipitation sensitivity of tree growth using the same procedures described above,
i.e., removing the temperature and using the average growing-season temperature. The
larger the absolute value of the slope, the greater the tree-growth—climate sensitivity.

Next, to quantify the drought legacy effects on each tree species, we used Equation (1)
again but replaced the growing-season mean temperature with the annual mean temper-
ature. This is because a warmer autumn and spring can result in an extended growing
season, which enhances tree growth and the NDVI, e.g., [39,40]. Thus, we included tem-
peratures collected over the entire year as a predictor in the linear models. Then, we used
these generated linear equations to predict the growing-season NDVI in the drought year
and one to three years post-drought. The drought legacy for each species was quantified as
the difference (ANDVI) between the measured and the predicted growing-season NDVIs
(ANDVI = measured growing-season NDVI — predicted growing-season NDVI) [11,32,33].
A negative ANDVI indicates a reduction in post-drought growth, i.e., a legacy effect. One-
way ANOVA was performed to compare differences in ANDVI one year prior to drought, the
year of drought, and one to three years post-drought. Multiple comparisons among the five
years were also conducted using Levene’s Test using the “leveneTest” package [41] in R.

The age-specific tree-growth—climate sensitivity and drought legacy were determined
as described above. General linear regression models (as shown in Equation (1)) were
conducted again using the age subsets defined above. Then, a linear mixed model was used
to quantify whether and how stand age modified the drought legacy. The effects of stand
age (for Korean pine: 10-40 and 41-60 years old; for Japanese larch: 10-20 and 2140 years
old; for Scots pine and Dahurian larch: 10-30 and 31-60 years old), time since drought (the
year of drought, the first year post-drought, the second year post-drought, and the third
year post-drought), and their interactions were treated as fixed effects, and the forest stand
was treated as a random effect. The analysis was performed using the “Imer()” function,
fitted into the “Ime4” package [42], and p values were obtained by using the “ImerTest”
package [43] in R. Significance was set at p < 0.05.
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Figure 2. Flowchart for analyzing climate sensitivity and drought legacy on tree growth used in
this study:.

3. Results
3.1. Tree-Growth—Climate Sensitivity for Each Species and Age Group

Precipitation, temperature, and their interaction together affected the growing-season
NDVI of all species (p < 0.05) (Table 2). According to dominance statistics, precipitation
was the primary controller of Korean pine and Scots pine growth, whereas temperature
was the main factor influencing Japanese larch and Dahurian larch growth (Table 3). Ata
given temperature (i.e., average July—August temperature), Scots pine tended to be more
water-dependent than the other species, estimated by the steeper NDVI-precipitation slope
(see Figure S1). The growth of Japanese larch and Dahurian larch was determined by the
interaction between precipitation and temperature (p < 0.001).

Similarly, precipitation, temperature, and their interaction affected the growing-season
NDVI of both age groups of the four forest stands (p < 0.05) (Table 2). The tree-growth—climate
sensitivity of Korean pine, Scots pine, Japanese larch, and Dahurian larch differed among
age groups (Figure 3). Old Japanese larch and Dahurian larch trees were more sensitive to
temperature and precipitation than young conspecifics, whereas old Korean pine and Scots
pine were less sensitive to precipitation and temperature than young conspecifics.
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Table 2. ANOVA outputs of general linear regression model analyses of responses of MODIS-derived
NDVI time series to precipitation, temperature, and their interaction for each of the species (Korean
pine, Scots pine, Japanese larch, and Dahurian larch) and for their corresponding age groups (young

and old).
Group Species F Value R? p

Korean pine 8.23 0.12 <0.001

By species Scots pine 15.62 0.07 <0.001
Y SP Japanese larch 4.89 0.05 <0.05
Dahurian larch 3.02 0.07 <0.05

Young Korean pine 3.12 0.09 <0.05

Old Korean pine 4.63 0.16 <0.05

Young Scots pine 8.22 0.18 <0.001

By age erou Old Scots pine 10.25 0.06 <0.001
Y age sroup Young Japanese larch 3.24 0.07 <0.05
Old Japanese larch 2.94 0.06 <0.05

Young Dahurian larch 6.84 0.21 <0.001

Old Dahurian larch 6.29 0.17 <0.001

Table 3. Relative importance of three climatic variables in general linear regression model for each tree
species. “General dominance statistics” are the contribution values of each predictor, and “Ranking”
is the order of importance.

. . General . .
Species Variable Dominance Statistics Standardized Ranking
Precipitation 0.04 0.52 1
Korean pine Temperature 0.03 0.41 2
Precipitation x temperature 0.01 0.08 3
Precipitation 0.02 0.50 1
Scots pine Temperature 0.01 0.20 3
Precipitation x temperature 0.01 0.31 2
Precipitation 0.03 0.29 2
Japanese larch  Temperature 0.05 0.48 1
Precipitation x temperature 0.03 0.24 3
Precipitation 0.16 0.17 3
Dahurian larch ~ Temperature 0.53 0.57 1
Precipitation x temperature 0.24 0.26 2
Korean pine - (a) Precipitation Korean pine - (b) Temperature
Scots pine - Scots pine .
Japanese farch - Japanese larch _
] Mo 1 Wou
Dahurian larch Old Dahurian farch Cld
. Young . Young
0.0000 0.0003 0.0006 0.0009 0.0012 0.00 0.06 0.12 0.18 0.24
Absolute slope Absolute slope

Figure 3. The absolute coefficient value (slope) from general linear regression models for relation-
ships between precipitation and growing-season NDVI at given air temperatures (i.e., averaged
July-August temperature) (a) and between temperature and growing-season NDVI at given precip-
itation (i.e., cumulative precipitation from April to September) (b) of each tree species. Blue and
orange bars represent trees in relatively young and old age groups, respectively.
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3.2. Drought Legacy Effects on NDVI Varied among Species

ANDVI, as a proxy for the drought legacy across all species and age groups, differed
significantly among one year prior to drought, the year of drought, and one to three years
post-drought across all plantation stands (p < 0.01) (Figure 4). On average, ANDVI was
lowest in the first year post-drought and then recovered gradually and returned to the
pre-drought level in about two years.

Prior to drought| Drought | Post drought
1.6
ns
I 1 nS
*kkk
! *kkk I
0.8 *kkk
1

== —

ANDVI
|
|

1-year drought 1-year 2-year 3-year

Figure 4. Average residuals of growing-season NDVI across all species and age groups one year
before the drought and drought legacies in the drought year and one to three years post-drought in
plantation forests in northeast China. The stars (“****”) indicate significant difference at 0.001, and

“ns” indicates no significant difference.

At the species level, ANDVI was negative in the first year post-drought for Korean
pine and Japanese larch stands, and the drought legacies lasted for about one year (Figure 5).
In contrast, ANDVI was negative for Dahurian larch stands immediately in the year of
drought, and the legacies also lasted for one year. The longest drought legacy duration
was for Scots pine stands, with a negative ANDVI until the third year post-drought. The
magnitude of the first-year drought legacy was the largest for Scots pine, followed by
Japanese larch, Korean pine, and then Dahurian larch.

Korean pine Scots pine Japanese larch Dahurian larch

0.4

6o 1 2 3 o0 1 2 3 0 1 2 3 o0 1 2 3
Years post drought

Figure 5. Tree-species-specific drought legacies indicated by negative average residuals of growing-
season NDVI during the year of drought and one to three years post-drought (mean =+ standard
error) in plantation forest stands in northeast China.
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3.3. Stand Age Modified Drought Legacy

The duration and temporal patterns of drought legacy effects on the forest stands were
dependent either on stand age, time since drought, or their interaction (Table 4, Figure 6).
The drought legacy for Korean pine lasted only for one year for both old and young stands,
but the drought impact in the year of drought was stronger for the old stands (Figure 6a).
Age modified the duration of drought legacy effects on Scots pine (p = 0.02), with a longer
duration for old Scots pine stands (aged 31-60 years) (>3 years) than for the younger stands
(aged 10-30 years) (ca. 1 year) (Figure 6b). Both the time since drought, and the interaction
between stand age and time since drought affected Japanese larch, suggesting that the
extent of the drought legacy differed between age groups and varied over time (Figure 6¢).
The drought legacy was shorter for young Japanese larch stands (less than one year) than
for old stands (more than one year). Further, drought legacies for Dahurian larch differed
between stand age groups (p = 0.03), with a longer duration of the drought legacy in old
stands than in young conspecifics, and tree age also modified the temporal pattern of the
drought legacy (Figure 6d). Drought caused a growth reduction in the drought year and
the first year post-drought in the relatively old stands, whereas for young stands, growth
was only reduced in the second year post-drought.

Table 4. ANOVA outputs of general linear mixed model analyses of response patterns of four tree
species since drought (drought, 1, 2, and 3 years) and stand age group (Korean pine: 10-40 years and
41-60 years; Scots pine: 10-30 years and 31-60 years; Japanese larch: 10-20 years and 21-40 years;
Dahurian larch: 10-30 years and 31-60 years).

Species Explanatory Variables ndf ndf F Value p
Time 3 36 73 <0.05
Korean pine Stand age 1 36 8.82 <0.05
Time X stand age 3 36 1.14 0.34
Time 3 164 8.9 <0.05
Scots pine Stand age 1 164 5.21 <0.05
Time X stand age 3 164 1.12 0.34
Time 3 64 7.63 <0.05
Japanese larch Stand age 1 64 0.03 0.87
Time x stand age 3 64 3.63 <0.05
Time 3 36 9.97 <0.05
Dahurian larch Stand age 1 36 54 <0.05
Time X stand age 3 36 6.88 <0.05

ndf, numerator degrees of freedom; ddf, denominator degrees of freedom.

0.50 (a) Korean pine 0.70 (b) Scots pine
0.35
>
0 0.00
4
<
-0.25{ Stand age -0.35] Stand age
10-408 10-30
41-608 31-608
-0.50{ -0.70|
0 1 2 0 1 2 3
Years post drought Years post drought
0.621 (c) Japanese larch 0.501 (d) Dahurian larch
0.25
>
0 000f---------L A -
P-4
_ Stand age B Stand age
0.31 P 0.25 10-308
21-408 31-608
-0.62f -0.50{
0 1 2 3 0

Years post drought

1 2
Years post drought

Figure 6. Drought legacy effects on growing-season NDVI (mean =+ standard error) of different
tree species in young and old stands of (a) Korean pine; (b) Scots pine; (c) Japanese larch; and
(d) Dahurian larch.
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4. Discussion

This study quantified how tree species and stand age modified tree-growth—climate
sensitivity and the direction, duration, and magnitude of the drought legacy for plantation
forests in northeast China. The results showed that the tree-growth—climate sensitivity and
drought legacy differed among the four conifer species. Dahurian larch and Japanese larch
growth was mainly controlled by temperature, whereas Korean pine and Scots pine growth
was mainly affected by precipitation. Moreover, the drought legacy lasted one year for
Korean pine, Japanese larch, and Dahurian larch and over three years for Scots pine. The
magnitude of the drought legacy for Scots pine was stronger in the first year than that for the
other tree species. Thus, our first hypothesis (“Tree growth-climate sensitivity and drought
legacy on tree growth vary among tree species.”) can be accepted. Furthermore, the stand
age modified tree-growth—climate sensitivity and the duration and magnitude of drought
legacy effects. Old Japanese larch (21-40 years) and Dahurian larch trees (31-60 years) were
more sensitive to climate than young conspecifics, whereas old Korean pine (41-60 years)
and Scots pine (31-60 years) were less sensitive to climate than young conspecifics. The
drought legacy for old Scots pine, Japanese larch, and Dahurian larch lasted significantly
longer than for young conspecifics. Age-related differences in the temporal pattern of
the drought legacy were also evident for Dahurian larch stands, with the drought legacy
in young stands found only in the second year after drought and the magnitude of the
drought legacy being lower than that in older stands. Therefore, our second hypothesis
(“drought legacy is modified by stand age and that drought legacy will increase with tree
age”) can be partially accepted.

4.1. Tree-Growth—Climate Sensitivity and Drought Legacy Varied among Species

The growing-season NDVIs in the forest stands of all four species were significantly
affected by temperature, precipitation, and their interaction (p < 0.05). Scots pine and
Korean pine were more water-dependent than other species, while temperature strongly
determined the growth of Japanese larch and Dahurian larch (Figure S1, Tables 3 and S1).
This shows that tree-growth—climate sensitivity is species-specific but may also be influ-
enced by divergent water-use strategies and by the location of the stand. This is because
larch species differ from other conifers in that they shed their leaves, which may alter their
water-use efficiency compared to other conifers. Scots pine stands were generally in dry
areas with an annual mean precipitation of 554 mm, and the growth of Scots pine declined
with decreasing precipitation input. This is in agreement with Feichtinger et al. [44], who
reported that reduced growing-season precipitation limits tree growth and photosynthetic
activity. Korean pine stands were generally in relatively moist areas with an annual mean
precipitation of 714 mm on average, but apparently, its growth was also determined primar-
ily by precipitation. As shown by Lyu et al. [45], Korean pine species are sensitive to low
water supply. On the other hand, the growth of both larch species was controlled by the
growing-season temperature. A high temperature is more likely to enhance photosynthesis
in generally cold regions (i.e., the winter season is approximately 4-5 months), as in the
study area, and extend the growing period [39,40].

In about 70% of the stands, tree growth generally decreased in the first year after
drought, suggesting a strong legacy effect (with negative ANDVI). In the second and third
years post-drought, the drought effect was diminished (Figure 4). Overall, the growth of
the forest stands returned to pre-drought levels within two years. A relatively short legacy
duration for tree species is in agreement with previous studies [46,47]. The apparent carry-
over effect of drought is due to alterations in the active xylem area, root function, access to
deep soil moisture, canopy size, and the amounts or availability of stored non-structural
carbohydrates (NSCs) [10].

At the species level, the drought legacies of Korean pine, Japanese larch, and Dahurian
larch were about one year, whereas it was approximately three years for Scots pine (Figure 5).
Scots pine had a longer duration and a greater magnitude of the drought legacy in the
first year after drought than the other three coniferous species (Figure 5). This is largely



Remote Sens. 2024, 16, 281

11 of 16

consistent with the pattern reported by Bose et al. [48] for Scots pine trees growing in
Europe (from southern Spain to northern Germany). There are several possible reasons
for the differences in the drought legacy among tree species. Firstly, this is likely due to
the differences in the NSC concentration and photosynthetic rate [49]. Generally, species
with greater NSC concentrations are less affected by drought. If the dry climate persists
and a negative whole-plant carbon balance is reached, the stored NSC pool will be used
to maintain metabolic processes [50]. Hence, the ability of trees to recover from drought
stress would be determined by the depletion rate of NSCs [51]. Scots pine, in particular,
has an isohydric behavior that controls stomata to avoid excessive transpiration during
drought, thus avoiding hydraulic failure but limiting carbon assimilation [52]. The reduced
photosynthetic activity would result in a greater reduction in the stored NSC pool, which
may lead to a more severe impact of drought and a stronger legacy effect. Secondly,
variability in the total leaf area may modulate the drought legacy [53]. A recent study
showed that even under severe drought conditions, newly developed needles of Scots pine
may represent a large part of the total foliage [54]. The formation of new needles could
exacerbate the depletion of stored NSCs and thereby influence the recovery of trees [55,56].
Moreover, Scots pine, with a greater change in canopy size (i.e., dropping more needles)
during drought, had a more negative response to drought than trees with a smaller change
in canopy size [54]. Lastly, Scots pine is more vulnerable to drought-induced xylem
embolism than other coniferous species [57]. This suggests that Scots pine will require
a longer time to recover from drought compared to other tree species. We showed that
the magnitude of the drought legacy was greater for Japanese larch than for Korean pine,
although the duration of the drought legacy was comparable (Figure 5). This is likely
because the size, location, or mobility of transient NSC stores during drought are lower in
Korean pine than in Japanese larch. We also showed that ANDVI values in Korean pine
and Scots pine stands were higher in the second year than in the third year post-drought.
This can be partially due to a compensation effect that ensures that these trees can quickly
recover from drought [58].

Apart from the differences in functional traits among tree species described above,
the variation is also likely due to differences in mean annual precipitation, as it has been
reported that the extent of the drought legacy effect was enhanced with increasing water
stress [59]. Sites with Scots pine are generally drier (annual mean precipitation of 554 mm)
than sites with Dahurian larch, Korean pine, and Japanese larch (annual mean precipitation
of 619, 714, and 821 mm). Thus, drought stress is likely to be greater for Scots pine than for
the other three species.

4.2. Stand Age Modified Tree-Growth—Climate Sensitivity and Drought Legacy

Our results showed that the tree-growth—climate sensitivity varied not only with
the tree species but also with stand age (Figure 3). The sensitivity of Japanese larch and
Dahurian larch growth to climate was greater in old than in young stands, while older
Korean pine and Scots pine had lower climate sensitivity than young stands. A few studies
found that tree sensitivity increases with age [19,60], but this is not a universal effect. For
example, Au et al. [61] found in Mediterranean, temperate and alpine/boreal regions
that the upper canopies of young trees had greater climate sensitivity than those of older
trees, with a greater reduction in productivity during and after drought. We showed
that the response of trees to climate differs between old and young trees, which supports
the hypothesis of Peltier and Ogle [17] that the climatic sensitivity of tree growth is not
stationarity. As mentioned above, this may be due to differences in the production and
distribution of NSCs, as well as in the total leaf area.

Our study also confirmed that stand age can modify the magnitude and duration of
drought legacies for some tree species (Figure 6). Specifically, old Scots pine and Dahurian
larch had longer drought legacies than young stands (Figure 6b—d), whereas this was not the
case for Korean pine (Figure 6a). Thus, young Scots pine, Japanese larch, and Dahurian larch
might not be as vulnerable to extreme climate events as we initially speculated, but older
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trees are likely to be severely damaged by drought and require an extended period of time
to recover. This is likely because a larger tree has higher amounts of non-photosynthetic
biomass, which requires a greater investment for defense and maintenance [62]. This
suggests that compared to young Scots pine and Dahurian larch, older trees may have
lower photosynthetic efficiency and thus not be able to maintain normal physiological
activity when exposed to severe drought. Moreover, there is a positive relationship between
stand age and canopy size [63]. Older trees tend to have greater water demand due to
their larger canopy sizes and higher transpiration rates, thereby leading to a higher risk
of hydraulic failure during drought. Additionally, older trees have significantly lower
water-use efficiency than young trees [64]. Hence, recovery from drought in older trees
can take a long time, given the high maintenance and growth demands of repairing their
hydraulic systems and acquiring the nutrients needed for growth [48,65]. We also found
that the immediate impact in the year of drought was stronger for the old stands. This
again proves that drought resilience differed between age groups, which may be due to
the greater nutrient losses in older trees during the drought year [66]. The drought legacy
effect of Korean pine was relatively transient (ca. one year). This was likely because the
extent of the depletion of stored NSCs was small. But it is still unclear and requires further
studies to quantify whether the stored NSC content differs between old and young Scots
pine, Korean pine, and Japanese larch trees under varying dry conditions.

We also found that the temporal pattern of the drought legacy differed between young
and old Dahurian larch stands (Figure 6d). Compared to older trees, young Dahurian larch
showed a positive ANDVI in the drought year and the first year post-drought, suggesting a
delay in the drought legacy effect on younger trees. This is interesting and has not been
reported in other studies. Possible explanations might be related to pre-drought climatic
conditions, the timing of drought, the difference in relocating NSCs to plant organs, and the
strategy used by young trees to continuously develop new needles after and even during
drought [62,67,68]. On the other hand, drought reduced old Dahurian larch growth in
the year of drought, and then the legacy effect gradually diminished. This may be due
to leaf abscission to reduce transpiration rates in response to drought. Drought-induced
damage would then be repaired over time, thereby making the drought legacy less apparent.
Therefore, the replacement of older trees with young ones in Dahurian larch and Scots
pine plantations might help increase tree resistance to drought. This is particularly vital for
plantation forest management with increased episodes of drought in a warming future.

5. Conclusions

This study showed that tree-growth—climate sensitivity and drought legacy effects on
plantation forests in northeast China differed among tree species and age groups. Scots
pine and Korean pine were more water-dependent than other tree species, and the old trees
of the two species were less climate-sensitive than the young conspecifics. On the other
hand, Dahurian larch and Japanese larch growth was primarily determined by temperature,
but old trees were more climate-sensitive than young conspecifics. Moreover, the drought
legacy lasted one year for Korean pine, Japanese larch, and Dahurian larch and over three
years for Scots pine. Scots pine was more vulnerable to prolonged drought than the other
species, with a greater magnitude and exceptionally long duration of the drought legacy.
Stand age was a key factor in regulating the drought legacy effect on tree growth. Relatively
old trees were more severely affected by drought, particularly Scots pine and Dahurian
larch. This is because the duration of the drought legacy was longer in relatively old trees
than in young conspecifics. These findings combined highlight the role of stand age in
determining the climate sensitivity and post-drought recovery of different tree species in
plantation forests. Information on the differential drought resilience and recovery of tree
species at varying ages is particularly useful to better inform plantation forest management
and practices in a warm and dry future.
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