
1.  Introduction
Planted forests (PFs) are an important component of the forest ecosystem in China, and the total planted 
areas reached 69 million hectares, accounting for 33.4% of the total forested area by 2013 (SFAPRC, 2013). 
This huge area of PFs may be the result of restoration practices launched since 1970 to combat sandstorms, 
soil erosion, and ecological degradation (Lu et al., 2018; D. Y. Yu et al., 2011). As an important complement 
to natural ecosystem, PFs have played a critical role in enhancing ecosystem services (Fang et al., 2001; 
Li et al., 2018, 2019; Y. Pan et al., 2011; Peng et al., 2014; Sun et al., 2006; Tang et al., 2018; Xiao, 2014; 
Zhou et al., 2013), absorbing atmosphere CO2 (Liu et al., 2014), and mitigating climate change (Fashing 
et al., 2012; Sloan & Sayer,, 2015).

Some studies have attempted to explore the structural differences between PFs and natural forests (NFs) 
(Domec et al., 2015; Q. Guo & Hai, 2015; Suo et al., 2009). It had been suggested that NFs tend to have 
higher species richness, more complex community structure, deeper roots, and older stands than PFs (Q. 
Guo & Hai, 2015). In addition, Z. Yu et al.  (2019) found that the NFs consumed less water but seques-
tered more carbon than PFs in China. Q. Guo and Hai (2015) suggested that PFs had much higher carbon 
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Plain Language Summary  China's afforestation practices have aroused wide concerns 
in recent years. Planted forests (PFs) differ from natural forests (NFs) in many aspects, such as age, 
species richness, plant density, and so on. Many studies have explored the sensitivity of forests to climate 
change, while few of them have specifically focused on the PFs. In this study, the sensitivities of PFs 
and NFs to drought have been comprehensively examined and compared over China. We found that PFs 
demonstrated a higher sensitivity to droughts than NFs, which resulted from the structural and functional 
differences between PFs and NFs ecosystems. Knowledge from this study is crucial for the understanding 
of changes of PFs in the context of climate change.

ZHONG ET AL.

© 2021. American Geophysical Union. 
All Rights Reserved.

Higher Sensitivity of Planted Forests' Productivity Than 
Natural Forests to Droughts in China
Ziqian Zhong1, Bin He1 , Yaning Chen2 , Wenping Yuan3 , Ling Huang4, Lanlan Guo5, 
Yafeng Zhang1, and Xiaoming Xie1

1State Key Laboratory of Earth Surface Processes and Resource Ecology, College of Global Change and Earth System 
Science, Beijing Normal University, Beijing, China, 2State Key Laboratory of Desert and Oasis Ecology, Xinjiang 
Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi, China, 3School of Atmospheric Sciences, 
Sun Yat-Sen University, Guangzhou, China, 4Sino-French Institute for Earth System Science, College of Urban 
and Environmental Sciences, Peking University, Beijing, China, 5Academy of Disaster Reduction and Emergency 
Management, School of Geography, Beijing Normal University, Beijing, China

Key Points:
•	 �Planted forests (PFs) were more 

sensitive to droughts than natural 
forests (NFs)

•	 �PFs tended to recover more rapidly 
after drought disturbance than NFs

•	 �The differences in the sensitivity 
to droughts may reflect intrinsic 
differences between PFs and NFs 
ecosystems

Supporting Information:
Supporting Information may be found 
in the online version of this article.

Correspondence to:
B. He and Y. Chen,
Hebin@bnu.edu.cn;
Chenyn@ms.xjb.ac.cn

Citation:
Zhong, Z., He, B., Chen, Y., Yuan, 
W., Huang, L., Guo, L., et al. (2021). 
Higher sensitivity of planted forests' 
productivity than natural forests 
to droughts in China. Journal of 
Geophysical Research: Biogeosciences, 
126, e2021JG006306. https://doi.
org/10.1029/2021JG006306

Received 23 FEB 2021
Accepted 30 JUL 2021

10.1029/2021JG006306
RESEARCH ARTICLE

1 of 13

https://orcid.org/0000-0002-9088-262X
https://orcid.org/0000-0001-6742-1641
https://orcid.org/0000-0002-1469-4395
https://doi.org/10.1029/2021JG006306
https://doi.org/10.1029/2021JG006306
https://doi.org/10.1029/2021JG006306
https://doi.org/10.1029/2021JG006306
https://doi.org/10.1029/2021JG006306
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JG006306&domain=pdf&date_stamp=2021-10-20


Journal of Geophysical Research: Biogeosciences

ZHONG ET AL.

10.1029/2021JG006306

2 of 13

sequestration rates than NFs in China. Generally, due to the lack of in situ observations, the structural dif-
ferences between NFs and PFs are still poorly understood. The vague mechanism limited our estimation on 
the drought sensitivity difference between NFs and PFs.

Increasing droughts under climate change have acutely impacted forests in various ways (Anderegg 
et al., 2012; Reichstein et al., 2013; van der Molen et al., 2011). Severe droughts can convert forest ecosys-
tems from sinks to sources of carbon by inhibiting photosynthesis and thereby productivity, causing tree 
death because of hydraulic failure or carbon starvation, triggering fires and diseases (Doughty et al., 2015; 
Goulden & Bales,, 2019; Kolb et al., 2016; Yuan et al., 2014), and ultimately changing global carbon, water, 
and energy cycles. While numerous researchers have explored the sensitivity of forests to drought distur-
bances (Bennett et al., 2015; Brodrick et al., 2019; Clark et al., 2016), most focused on NF ecosystems. Al-
though some researchers have already explored the differences in response to drought between PFs and NFs 
in a local scale, inconsistent results were concluded (Domec et al., 2015; Sánchez-Salguero et al., 2013; L. 
Wang et al., 2014; Zhou et al., 2013). For example, PFs are susceptible to water deficits because of their poor 
stomatal control even under high vapor pressure deficits (Elena Fernandez et al., 2009). In contrast, other 
researchers suggested that because they tend to be managed more intensively, for example, by human se-
lection, plowing, and the use of fertilizers, PFs are more resistant to drought than NFs (L. Hui et al., 2016). 
Therefore, it is still unclear whether PFs are more or less sensitive to drought than NFs.

Using vegetation greenness derived from satellite observations as a proxy of plant productivity, this study 
investigated and compared the sensitivities of PFs' and NFs' productivity throughout China to drought 
conditions based on a range of drought indices. Here, the sensitivity of forests' productivity to drought was 
determined by the coefficient of the regression of the drought indices during the growing season on the 
vegetation greenness indices. The different responses of NFs and PFs to drought were indicated by (a) the 
correlations between the vegetation greenness indices and drought indices during the growing season and 
(b) the vegetation greenness anomalies of natural and PFs under drought disturbances.

2.  Materials and Methods
2.1.  Data Sources

The data sets used in this study are shown in Table S1 in Supporting Information S2. The vegetation produc-
tivity was represented by satellite vegetation greenness indices including the Normalized Difference Veg-
etation Index (NDVI) and the Enhanced Vegetation Index (EVI). The global monthly NDVI and EVI were 
obtained at a spatial resolution of 0.05° for the period 2004–2016 from the MOD13C2 product derived from 
the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra platform (Solano et al., 2010).

The map of PFs used in this study was taken from the Seventh National Forest Resource Inventory (2004–
2008) released by China's State Forestry Administration. This inventory was launched in 2004, so the PF 
map essentially reflected the PFs conditions around 2004. This map was digitized and spatially adjusted 
before spatial analysis. The NFs were identified from the MODIS land-cover product (MCD12Q1) at a res-
olution of 1 km, obtained from NASA's Earth Observing System Data and Information System. We selected 
the MODIS land-cover map in 2004 to match with the time of the PF map.

In this study, we used monthly precipitation (P) at a resolution of 0.5° from 1961 onward, provided by the 
National Meteorological Information Center of the Chinese Meteorological Administration. The accuracy 
of the monthly meteorological data had been examined before it was released. The Self-Calibrating Palmer 
Drought Severity Index (scPDSI) (Wells et al., 2004) is a popular drought index that is based on the water 
balance theory. This index can be used to compare drought conditions in different geographical regions 
(Schrier et al., 2013). We obtained a monthly scPDSI data set at a resolution of 0.5° from 1901 onward from 
the Climatic Research Unit (CRU; UK). The scPDSI data set was produced from the CRU TS 3.26 climate 
series.

We obtained data for global 0.25° daily root-zone soil moisture (SM) from 1980 to the present from the 
Global Land Evaporation Amsterdam Model (GLEAM) Version 3.3 (Martens et al., 2017). These data were 
estimated using a multilayer running water balance and were corrected using satellite-derived observa-
tions of surface SM. This product gives reasonably accurate estimates that can be compared with in situ 



Journal of Geophysical Research: Biogeosciences

ZHONG ET AL.

10.1029/2021JG006306

3 of 13

observations and is widely used in regional and global studies (Forzieri et al., 2017; Greve et al., 2014; Schu-
macher et al., 2019). Furthermore, another daily SM product retrieved from satellite observations, the ESA 
CCI SM with a spatial resolution of 0.25°, was also collected. The daily SM values were averaged to obtain 
monthly series.

In addition, we examined a database that comprised of extensive information about forest stands (10 × 10 m) 
(Q. Guo & Hai, 2015; D. Hui et al., 2012), including productivity, biomass, density, tree species, and age to 
determine the differences in the structure of NFs and PFs across China. This database was updated to 2013 
and comprised of 6,153 records of forest stands, of which 1,716 were PFs and 4,437 NFs. Most of these data 
came from the inventories of the Forestry Ministry of China and the data obtained from published reports. 
The aboveground biomass of trees was measured by destructive harvesting and weighing within a given 
area. After that, all roots of sample trees by different diameter classes were excavated and the total below-
ground biomass was calculated. The annual net increments of stem, branch, and root were obtained by the 
proportion of tree biomass and their growth rate. The leaf productivity was derived from leaf biomass by 
dividing the leaf age of different trees. More detail about this database could be found in the studies of Ni 
et al. (2001), D. Hui et al. (2012), and Q. Guo and Hai (2015).

2.2.  Mapping the Distribution of Planted and NFs

The distribution of NFs in China was determined by overlaying the PFs map with a map of forest cover ex-
tracted from the 2004 MODIS land-cover map (Figure 1a). Those forests which were not PFs were recognized 
as NFs. To ensure we were comparing NFs and PFs from the same climate conditions, a 0.3° × 0.3° moving 
window was applied over forest areas. This meant that, for the grid size of the land-cover map (0.05°), each 
window included 36 land-cover grids (Figure 1b). Only windows that had at least 5% (2 land-cover grids 
here) cover of both NFs and PFs were selected for analysis. To minimize the potential effect of elevation on 
climate and vegetation, we considered only those windows in which the elevation difference between PFs 
and NFs was less than 300 m. After refining the data set, 1,006 windows remained that met the standards. 
Meteorological data, SM, and scPDSI were aggregated to 0.3° resolution to match the window resolution, 
and to reflect the local climatic conditions. The vegetation index, NDVI, and EVI in each window were 
grouped into NFs and PFs. These indexes were then averaged to reflect the vegetation status of NFs and PFs.

Figure 1.  Spatial distribution of forests in China, and the examples of a sampling window and the paired forest stands. (a) Spatial distribution of natural 
forest (NF) (blue) and planted forest (PF) (red) in China; (b) an example of a 0.3° × 0.3° sampling window (the blue and red grids indicate PF grid and NF grid, 
respectively), and (c) an example of paired forest stands (the blue and red dots indicate PF stand and NF stand, respectively).
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2.3.  Drought Indices

Three drought indices were used here to monitor droughts, including precipitation anomalies (PA), scPDSI, 
and SM anomalies (SMA). The monthly anomalies of P and SM were determined by the difference between 
monthly series of P or SM and multiyear (2004–2016) average value of current month P or SM, respectively. 
The monthly scPDSI from 2004 to 2016 was directly extracted from the global scPDSI product. Two monthly 
SMA series corresponding multiyear means during 2004–2016 were calculated based on GLEAM SM and 
ESA CCI SM data sets, respectively.

2.4.  Tests of Sensitivity of Forests' Productivity to Drought

The linear regression coefficients of the NF/PF growing season greenness were calculated to indicate the 
differences between the sensitivities of NFs and PFs to drought conditions. In this study, we selected sam-
pled windows in which the correlations between the NDVI and drought indices were significant at the 0.1 
confidence level. Specifically, we examined the linear regression coefficient of growing season NDVI and 
the correlations between the growing season NDVI and three drought indices, namely PA, scPDSI, and 
SMA. We extended the time series of the vegetation index by using the monthly NDVI for the growing sea-
son (May–September) (Hua et al., 2017) for the period 2004–2016. To highlight the interannual variations, 
the seasonal variability and long-term trends in the variables of this study were removed before linear fitting 
analysis by subtracting the multiyear climate mean value, respectively. To allow for the potential effect of 
the delayed response of vegetation greenness on climate anomalies, the monthly NDVI anomalies were 
linear fitted to drought indices with lags of 0–3 months according to the principle of maximum correlation 
coefficient.

2.5.  The Response of Forests' Productivity to Drought

The correlation coefficients between the NF/PF growing season greenness and drought indices were calcu-
lated to indicate the differences in the response of NFs and PFs to drought conditions. The different respons-
es of PFs and NFs to droughts were also examined using an event-based analysis. For each window, we first 
defined a series of drought events, and then examined the deviation of the corresponding vegetation green-
ness to multiyear means. Here, a drought event was defined as a period that lasted for at least 3 months and 
had PA < 0, scPDSI < −1, or SMA < 0. Only drought events within the growing seasons of 2004–2016 were 
considered (Table S3 in Supporting Information S2). For each drought event, the abnormity of a given vege-
tation greenness of PFs and NFs in the same window was averaged, and the immediate vegetation response 
to the drought event was defined as the ratio of max negative abnormity of NDVI during this drought and 
the average of the growing season NDVI.

In addition, to explore the capacity of PFs and NFs to recover from drought, their recovery rates after 
drought were also tracked, examined, and compared. When analyzing the drought recovery time, only the 
drought events that had caused a negative anomaly of the vegetation greenness were considered. To ensure 
the continuity of recovery events, year-round anomalies in the vegetation proxy were considered rather 
than anomalies for the growing season only. The recovery time was tracked and started when the NDVI 
reached its minimum and ended when the post-drought NDVI returned to its pre-drought level (Schwalm 
et al., 2017). The pre-drought NDVI level value was defined as the pre-drought mean monthly NDVI across 
the same number of months as the relevant drought event.

3.  Results
3.1.  The Differences in Structures Between Natural and PFs

Using data from field investigations, the structures of NFs and PFs, including productivity, biomass, plant-
ing density, species richness, and tree age, were explored as shown in Figure 2. Across 1,539 paired samples 
in China, PFs were younger and planted much more densely than NFs, while the tree total and leaf produc-
tivity, tree total and root biomass were significantly higher in NFs than in PFs.
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3.2.  The Sensitivity of PFs and NFs to Temporal Variations of Drought Indices

The linear regression coefficients of the NF/PF growing season greenness were calculated to indicate the 
sensitivities of NFs and PFs to drought. As shown in Figure S1 in Supporting Information S1, the climato-
logical NDVI in NFs is significantly higher than PFs. Information about how many sampled windows had 
significant correlations between NDVI and the three drought indicators was summarized in Table S2 in 
Supporting Information S2. The NDVI was more strongly correlated with the SMA than with the scPDSI 
or PA. Of all 1,006 sample windows, the NDVI and SMA (from GLEAM) were significantly correlated in 
58.74%, while scPDSI versus NDVI correlation and PA versus NDVI correlation were significantly correlat-
ed in 38.97% and 30.82% windows, respectively. The linear regression coefficients of NDVIPF were generally 
higher than that of NDVINF. For example, the linear regression coefficients of the NDVIPF in the regression 
with SMA (r = 0.37 ± 0.18) were significantly higher than that of the NDVINF with SMA (r = 0.31 ± 0.17; 
t-test, p < 0.01; F = 42.61). Figures 3a–3c show the difference between the linear regression coefficients of 
PFs and NFs in the NDVI-drought indices regression model. Apart from a few windows scattered over the 
south of China, the consistency of NDVIPF and drought indices was higher than that of NDVINF and drought 
indices. We averaged the linear regression coefficients for all the sampled windows and found that the linear 

Figure 2.  Differences in structure between natural forests (NFs) and planted forests (PFs). (a) The total leaf and root 
productivity and (b) the total leaf and root biomass of NFs and PFs; (c) the density and number of tree species in NFs 
and PFs and age of NFs and PFs across 1,539 paired samples in China. The asterisk indicates the significant level (*: 
p < 0.05, **: p < 0.01).
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regression coefficients of the NDVIPF in the three regression models with the three drought indices were all 
significantly higher than those of the NDVINF (Figure 3d). Additionally, the higher sensitivity of PFs than 
NFs to droughts were found across the region with variable climatological NDVI (Figure S2 in Supporting 
Information S1).

3.3.  The Response of NFs and PFs to Drought

The response of NFs and PFs to drought was first indicated by the correlations between the NF/PF growing 
season greenness and drought indices (Figure S3 in Supporting Information S1). The NDVIPF was gener-
ally more strongly correlated with the drought indices than the NDVINF. We further explored the different 
sensitivities of NFs and PFs to drought by comparing the corresponding deviations in greenness during 
drought events. The NDVI of PFs and NFs were used to indicate the response of forests to drought. Overall, 
81.76% of precipitation (Pre) negative events, 90.96% of scPDSI negative anomalies events, and 89.99% of 

Figure 3.  Differences in the linear regression coefficient of the Normalized Difference Vegetation Index (NDVI). (a–c) The spatial distribution of the difference 
in the linear regression coefficients of NDVINF and NDVIPF with precipitation anomalies (PA), Self-Calibrating Palmer Drought Severity Index (scPDSI), and 
soil moisture anomalies (SMA), respectively. The units in (a–c) were 10−5, 10−4, and 10−2, respectively; (d) averaged linear regression coefficient of the NDVINF/
NDVIPF and PA, scPDSI, and SMA, across China, 2004–2016, respectively. For each sample window, the growing season monthly NDVI anomalies of natural 
forests (NFs) or planted forests (PFs) were linear fitted with the monthly PA, scPDSI, or SMA across China, 2004–2016, respectively, and the averaged linear 
regression coefficient was selected to indicate the sensitivity of forests to temporal variations of drought indices. The asterisk indicates the significant level (*: 
p < 0.05, **: p < 0.01). Only sample windows in which the correlation was significant (p < 0.1) are shown.
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SM negative anomalies events caused the reduction of vegetation indicated by the decline of NDVINF or 
NDVIPF during the study periods, respectively. Figures 4a–4c show the spatial pattern of the differences in 
the NDVI anomalies between PFs and NFs under drought conditions indicated by PA, scPDSI, and SMA. 
In general, PFs suffered from a larger reduction in vegetation greenness than NFs during all three types of 
drought events. For example, the 3.74 ± 1.92% reduction in PFs was significantly larger than the 3.13 ± 1.67 
reduction in NFs in the scPDSI negative anomalies (t-test, p < 0.01; F = 71.88). Spatially, the difference was 
greater in northeastern and southeastern China than in the other regions. Universally, the PFs are more 
severely hit by drought events across the region with variable climatological NDVI (Figure S4 in Supporting 
Information S1). Additionally, we explored the response of NFs and PFs to a drought event in southeastern 
China in 2004 (Figure S5 in Supporting Information S1). The NDVIPF declines more quickly than NDVINF 
during severe drought across southeastern China in 2004. Above results indicated that PFs demonstrated a 
stronger correspondence to interannual variations in drought and a sharper decline in productivity under 
drought conditions than NFs.

Figure 4.  Deviations in Normalized Difference Vegetation Index (NDVI) during drought events. (a–c) Differences in the NDVI anomalies (%) between natural 
forests (NFs) and planted forests (PFs) under drought events indicated by (a) precipitation (P), (b) Self-Calibrating Palmer Drought Severity Index (scPDSI), 
and (c) soil moisture (SM) anomalies, respectively. (d) average NDVI anomalies of NFs and PFs under drought conditions across China. Drought events were 
defined as periods that lasted for 3 consecutive months when PA < 0, scPDSI < −1, and SMA < 0. The asterisk indicates the significant level (*: p < 0.05, **: 
p < 0.01).
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3.4.  The Recovery Time of NFs and PFs After Drought Events

The drought recovery time was a critical metric of the capacity of plants to recover from the impacts of a 
drought (Schwalm et al., 2017). Based on drought events indicated by the scPDSI, a total of 5,292 NDVI neg-
ative anomalies under drought events occurred across China during 2004–2016. The recovery times of the 
NDVINF and NDVIPF were shown in Figure S6 in Supporting Information S1. Figure 5 showed the difference 
in the recovery time of vegetation greenness between NFs and PFs. The growing season NDVINF general-
ly took longer to recover than the NDVIPF (3.25 ± 2.44 months vs. 2.95 ± 1.98 months; F = 10.31; t-test, 
p < 0.01). Spatially, this difference was most obvious in northeastern and southeastern China (Figure 5a).

4.  Discussion and Conclusion
4.1.  The Robustness of Results From This Study

In this study, using in situ observations, we comprehensively explored the structural differences between 
PFs and NFs. We found that PFs tend to have higher density, lower productivity and biomass, and are 
younger than NFs. These conclusions were also consistent with Z. Yu et al. (2019)'s finding that NFs se-
questered more carbon than PFs in China. However, Q. Guo and Hai (2015) used the same database for net 
primary productivity and found that the productivity of PFs was much higher than that of NFs in China. 
This difference may be explained by the different analysis methods used. Furthermore, PFs were generally 
younger than NFs. Considering the effect of the different tree ages on our research, we repeated the analysis 
in Section 3.1 and Figure 2 with additional limitation that the age of NFs for analysis is less than 80 (Q. Guo 
& Hai, 2015). Similar results were concluded and shown in Figure S7 in Supporting Information S1. Addi-
tionally, the significant positive correlation between vegetation index (NDVI or EVI) and total productivity 
of forests indicated that these two vegetation indices are good indicators to primary productivity of NFs and 
PFs (Figure S8 in Supporting Information S1).

More importantly, we found that the vegetation greenness of PFs was more sensitive to drought than that of 
NFs in China, indicated by larger linear regression coefficient, stronger correlations with drought indices, 
and larger negative anomalies under drought stress. It suggested that PFs may be more susceptible or less 
resistant to drought than NFs. The PFs have stronger correlation with drought indices than NFs, which was 
also the case when the vegetation status was indicated by EVI (Figure S9 in Supporting Information S1). 
Considering that the scPDSI and GLEAM SM were both calculated from a water balance model using rain-
fall as an input, scPDSI and GLEAM SM are expected to be highly correlated. The remote-sensing-based 
ESA CCI SM was further used for analysis. As shown in Figure S10 in Supporting Information  S1, the 

Figure 5.  The drought recovery time of natural forests (NFs) and planted forests (PFs). Drought events here are defined as scPDSI < −1 lasting more than 
3 months. (a) The spatial patterns of the difference between the drought recovery times of NFs and PFs (Drought recovery time of NFs−Drought recovery time 
of PFs). (b) The average time taken for NFs and PFs to recover from droughts. A total of 5,292 recoveries were observed during the study period. The difference 
between the drought recovery time of NFs and PFs was significant (3.25 ± 2.44 months vs. 2.95 ± 1.98 months; F = 10.31; t-test, p < 0.01).
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finding that PFs was more sensitive to drought than NFs still holds in most areas of southern China. In 
addition, the window size used might have influenced our results. We reexamined the sensitivity of PFs and 
NFs to droughts using a new 0.5° window and concluded similar results (Figures S11–S13 in Supporting 
Information S1).

4.2.  Reasons for the Different Sensitivity of NFs and PFs to Drought

By summarizing knowledge from previous studies (Figure 6), we attributed the observed different sensitiv-
ities of NFs and PFs to drought conditions mainly to the different water regulation capacity and the ecosys-
tem resistance to external disturbances between NFs and PFs.

It had been reported that NFs were more sensitive to vapor pressure difference (VPD) because NFs had a 
stronger stomatal control of leaf water potential and transpiration (Elena Fernandez et al., 2009). Hence, 
PFs would lose more water and be more severely hit under water stress as a result of their higher transpi-
ration rate and lower sensitivity to VPD. In addition, compared to NFs, PFs need more water to maintain 
high growth rates (Licata et al., 2008; Zhou et al., 2013). A previous study in China also suggested that 
PFs consumed more water and were more sensitive to climate change than NFs (Z. Yu et al., 2019). Fur-
thermore, we found that the plant density of PFs was significantly higher than that of NFs (Figure 2c), 
which increased the competition for water and the additive effects of drought on growth in very dense PFs 
(Martín-Benito et al., 2010). Additionally, PFs' roots are more vulnerable to cavitation than that of NFs. As 
a result, PFs could extract a lower proportion of water as soil dried (Domec et al., 2015). Some researches in 
a local scale also found the soil desiccation and dried soil layer in the root zone of PFs (Chen et al., 2005; Z. 
Guo & Shao, 2003), which could restrain the water uptake of PFs and further increase the negative impact 
of drought on PFs.

From the perspective of ecosystems, it has been reported that higher levels of biodiversity could increase the 
resistance of ecosystems to climate events (Forest et al., 2015; Ives & Carpenter,, 2007). With high biodiver-
sity, species responses to environmental fluctuations would be asynchronous (Loreau et al., 2013), which 
would generate differences in the speed at which species responded to perturbations. Because of different 

Figure 6.  Conceptual model for the reasons for different sensitivities of natural forests (NFs) and planted forests (PFs) to drought.
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factors that may be either internal or external to a community, different species have different intrinsic 
rates of natural increase that allow them to respond at various speeds to perturbations. These differences in 
their response speeds also tend to generate asynchronous population dynamics and so promote ecosystem 
resistance (Fowler, 2009; Rooney et al., 2006). While there are no direct biodiversity data to support this 
view, some researches in a local scale suggested that the biodiversity in NFs was higher than that in PFs (Suo 
et al., 2009; J. Wang et al., 2010). Additionally, the biodiversity can be indirectly reflected by the species rich-
ness. There were fewer tree species in the PFs (one or two generally) than in the NFs (Figure 2c), implying 
that PFs would be less stable to drought events than NFs.

Previous studies have reported a significant positive linear relationship between productivity and species 
richness (Cardinale et al., 2007; Gillman & Wright,, 2006; Liang et al., 2016; X. Pan et al., 2012), which 
means that the more productive NFs (Figure 2a) are likely to house more species and so should be more re-
sistant to drought. The influence of plant productivity to the sensitivity to drought was examined using the 
NDVI and EVI as proxies. Figure S14 in Supporting Information S1 shows that, as the difference in NDVI or 
EVI between NFs and PFs increased, the corresponding differences in the NDVI or EVI-scPDSI correlations 
and NDVI or EVI anomalies under drought conditions between NFs and PFs also increased. These results 
suggest that the difference in response to drought between NFs and PFs increased as the difference between 
their productivities increased.

4.3.  Other Reasons for the Different Sensitivity of NFs and PFs to Drought

Besides the intrinsic ecosystem differences between NFs and PFs, external conditions may also affect the 
sensitivity of NFs or PFs to drought. As shown in Figures S15 and S16 in Supporting Information S1, as the 
AI index increased (which indicates wetting conditions), the differences in the NDVI or EVI-scPDSI corre-
lations and NDVI or EVI anomalies under drought conditions between NFs and PFs gradually decreased. 
This means that the difference between the response of NFs and PFs to drought is greater in dry conditions 
than in humid conditions, because PFs would need more water than NFs to maintain high growth rates 
(Licata et al., 2008; Zhou et al., 2013).

Other factors, especially human management practices, may also contribute to the different sensitivities of 
NFs and PFs to droughts. In some regions, such as southwestern China, it is thought that PFs have gener-
ally been managed more intensively through human selection, plowing, the citing of planting areas, and 
applying herbicides and fertilizers than NFs (L. Hui et al., 2016), with the result that as also observed in this 
study, PFs are less sensitive to drought in those areas (Figures 3a–3c).

Interestingly, although PFs are more sensitive to drought than NFs, we observed that PFs took less time 
to recover from drought disturbances than NFs. We speculate that this difference may be attributed to the 
different layers of soil water used by NFs and PFs. Because PFs are younger and have shallower root systems 
than NFs, plants in PFs can promptly recover once the SM in shallow layers recovers. On the other hand, 
NFs would only recover when deeper soil water recharged. In addition, as shown by Schwalm et al. (2017), 
higher productivity plants tend to need more time to recover from drought than lower productivity plants. 
Additionally, the human managements such as irrigation and the use of fertilizers received by PFs (L. Hui 
et al., 2016) would also help them recover faster than NFs after being affected by drought. These reasons 
may explain why the drought recovery time of NFs was longer than that of PFs.

4.4.  Implications for Future Plantation

Reforestation efforts in China are still ongoing and the area of PFs in China is still growing. At the same 
time, the frequency and severity of drought can be expected to increase in China in the context of climate 
change (Dai, 2013). The fact that, as shown by this study, PFs are more sensitive to droughts than NFs, 
which means that PFs should be more properly managed to reduce drought damage, especially under ex-
treme drought conditions. It is also important to reduce the sensitivity of PFs to external influences by, 
for example, changing the planting density and regulating the species richness. We also observed that the 
differences between the sensitivities of NFs and PFs decreased as the climate aridity increased, implying 
that much more management should be concentrated on PFs than NFs in relatively dry regions, such as 
northwestern China when droughts occur. In this study, we simply analyzed the potential reasons for the 
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different sensitivities of plants in NFs and PFs to drought. In the future, more in-depth studies based on 
long-term field observations are still needed.
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