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Abstract

- Key message Precipitation mediates the dynamic of net primary productivity and precipitation use efficiency across the
North-South Transect forests of China, which may result from an increase of productivity in warm temperate deciduous
broad-leaved forests or a decrease of precipitation use efficiency in temperate coniferous broad-leaved mixed forests.

« Context Precipitation use efficiency (PUE), the ratio of net primary productivity (NPP) to annual precipitation, is one of the key
factors that can clarify the response of forest ecosystem carbon and water cycles to ongoing climate change.

- Aims To investigate large-scale patterns of NPP and PUE, and to determine how NPP and PUE would respond to climate and
soil variables across the North-South Transect forests (TNSTF) of China.

« Methods We revealed the spatial pattern dynamics of NPP and PUE in the TNSTF from 2000 to 2010 employing MOD17 NPP
data and further explored the responses of NPP and PUE to environment factors across the TNSTF. Additionally, the temporal
dynamics of NPP and PUE in different forest types and their dependencies on climate variation were investigated.

* Results The results indicated that NPP increased from 2000 to 2010 in most regions across the TNSTF. The spatial distribution
pattern of NPP was mainly correlated with climate factors in the TNSTF rather than soil properties. Spatially, an increased trend
of PUE (2000-2010) was found in the south and decreased PUE was revealed in the north of the TNSTF. In addition, the spatial
distribution of PUE in the TNSTF was associated with both climate and soil factors. For different forests, only the NPP in warm
temperate deciduous broad-leaved forests significantly increased (20002010, R*=0.33, P <0.05) due to the increase in pre-
cipitation (R*=0.82, P<0.0005). Moreover, only the PUE in temperate coniferous broad-leaved mixed forests presented a
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significantly decreasing trend (2000-2010, R* = 0.38, P < 0.05), which was significantly negatively correlated with precipitation

(R*=0.80, P <0.0005).

« Conclusion Our findings demonstrated that climate governed the spatial distribution of NPP; in addition to the climate, soil
properties also played an important role in shaping the spatial distribution of PUE. Our findings highlight that the dynamics of
precipitation rather than those of temperature mediated the variations in NPP and PUE in forests across the TNSTF.

Keywords Precipitation use efficiency - Net primary production - Climate - Forest ecosystem - The north-south transect - China

1 Introduction

Ecosystem structure and function are significantly affected by
global climate change (Kerr and Packer 1998; Williams 2000).
During the past two decades, the annual mean air temperature
(AMT) in China increased at a rate of 0.6 °C decade™’ (Piao
etal. 2011). Associated with the warming, significant changes in
carbon cycle were also observed (Huang et al. 2017). Forest
ecosystems, as principal components of terrestrial ecosystems,
play crucial roles in regulating and shaping the global carbon
balance and sequestering greenhouse gases (Fang et al. 2014;
Houghton 2007; Pan et al. 2009). A persistent change in climate
could generate unprecedented variations in forest growth, espe-
cially for forest productivity (Morin et al. 2018). The net primary
productivity (NPP) of forests is the amount of carbon uptake by
subtracting the autotrophic respiration from the gross primary
productivity of forests (Lieth and Whittaker 1975), which acts as
a pivotal regulator in the global carbon cycle because it reflects
the capacity of forest atmospheric CO, uptake and carbon se-
questration (Cramer et al. 2001; Steffen et al. 1998), and it is
closely related to precipitation use efficiency (PUE). PUE is
defined as the ratio of biomass to rainfall and reflects the ability
of vegetation to convert nutrients into biomass through water
utilization (Kato et al. 2004; Lehouerou 1984; Yin et al. 2011).
In other words, PUE links the carbon cycle with the hydrologic
cycle in forest ecosystems (Ling et al. 2007), and it is an effec-
tive index for evaluating the responses of NPP to precipitation
and temperature (Le et al. 1988; Sala et al. 1988). Thus, NPP
and PUE are critical components for evaluating the function of
forest ecosystems and for analyzing the effects of climate change
on the carbon cycle (Fang et al. 2014).

A slight change in NPP will greatly influence CO, concentra-
tion in the atmosphere, and NPP therefore is essential to quantify
C budgets for grasslands (Wang et al. 2007) and forests (Wang
et al. 2011). Indeed, numerous studies have estimated NPP with
models (Monteith 1972), identified the control mechanisms on
forest NPP with climate and other environmental factors
(Morales et al. 2010), and addressed how forest NPP responds
to climate in China (Fang et al. 2003). Generally, the responses of
forests to climate change have different sensitivities and charac-
teristics in China, with heterogeneous temporal and spatial pat-
terns (Wang et al. 2011; Zhu et al. 2007). In addition, PUE could
be another critical indicator for quantifying the responses of for-
est ecosystems to an altered climate (Yang et al. 2010).
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Previous reports found that PUE decreased with in-
creasing annual precipitation in grasslands on the
Mongolian plateau (Bai et al. 2008), increased under more
severe dry conditions (Maseyk et al. 2011) or under rela-
tively greater reductions in stomatal conductance (Nock
et al. 2011), and 4.23% and 1.29% of the total area of
the West Songliao Plain experienced a significant increase
and decrease in PUE relative to the average (Huang and
Xu 2016), respectively. Numerous factors influence PUE,
including temperature (Li et al. 2013; Xie et al. 2016),
precipitation (Limousin et al. 2015), leaf area index (Xie
et al. 2016), air pollution (Kwak et al. 2016), gross pri-
mary production and evapotranspiration (Brimmer et al.
2012), soil water content, solar radiation, and atmospheric
saturation deficit (Xie et al. 2016). Specifically, PUE in-
creases with increased atmospheric CO, concentrations in
temperate deciduous forests (Jennings et al. 2016; Maseyk
et al. 2011). In addition, higher PUE was observed in N
fertilization plots in grasslands (Bai et al. 2008), and N
fertilization as well as CO, had synergistic effects on PUE
in a temperate deciduous forest (Jennings et al. 2016).
Moreover, PUE presented a declining trend with increas-
ing annual mean precipitation (AMP) in a karst ecosystem
(Li et al. 2015) and in grasslands (Bai et al. 2008). For the
north-south transect forests (TNSTF) of China, studies
found that PUE was significantly positively correlated
with stomatal area fraction at community level across for-
ests (Xian et al. 2017) and had significant negative rela-
tionships with temperature and precipitation (Yu et al.
2008). Nevertheless, considering that soil properties are
key parameters for evaluating the response of PUE to
climate change in forests, there is scant evidence from
large-scale areas, such as the TNSTF of China.

The question of which factors (climate or soil factors)
dominate the distribution of NPP/PUE, whether there are
different dynamic patterns of NPP/PUE responses to cli-
mate change in the TNSTF remain unclear. To confirm the
indicators of the controls on temporal-spatial variations of
forests’ NPP/PUE, explicit information on the impact of
climate or other environmental conditions on NPP/PUE is
critical. Therefore, we selected the 15th belt transect of
the International Geosphere-Biosphere Program (IGBP)—
TNSTF in China to disentangle (1) the relationships be-
tween NPP/PUE and environment factors (AMT, AMP,
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soil organic matter (SOM), soil total nitrogen (STN), soil
total phosphorus (STP), soil total kalium (STK), soil
available nitrogen (SAN), soil available phosphorus
(SAP), and soil available kalium (SAK)) at a regional
scale; and (2) which climate factors dominate the signifi-
cant variations of NPP/PUE in different forests.

2 Materials and methods
2.1 Study area

The study area covers the northern and southern forests in
China within the 15th standard strip of the IGBP, which is a
good platform for studying forests covering a broad area and
rich vegetation types. The study area encompassed 7.4 x

10° km? of forests in northern and southern China, which
includes 35.58% of China’s forest ecosystem and 7.71% of
China’s land area, ranging from 18° 9" 34" N to 50° 31" 40" N
and 107° 49" 11" E to 127° 59" 47" E, and including a total of
26 administrative provinces. The area covers the tropical rain
forests/monsoon forests (TRF), subtropical evergreen broad-
leaved forests (SEBF), warm temperate deciduous broad-
leaved forests (WTDBF), temperate coniferous broad-leaved
mixed forests (TCBMF), and cool deciduous coniferous for-
ests (CDCF) from the South to the North (Fig. 1). The pre-
dominant species, soil type, biomass, and distribution area of

Fig. 1 The study area

each forest type are shown in Table 1 (Fang 1992; Li et al.
2004).

2.2 Data preparation

The NPP data from 2000 to 2010 were downloaded from the
NASA Moderate Resolution Imaging Spectroradiometer
(MODIS) MOD17 NPP products (http://modis.gsfc.nasa.
gov/data/dataprod/mod17.php). The NPP product is the
continuous and satellite-driven dataset for monitoring global
annual vegetation productivity with a 1 km % 1 km resolution.

The data on soil C and soil N density (with a soil depth of
100 cm) are downloaded from the Oak Ridge National
Laboratory Distributed Active Archive Center (ORNL
DAAC) (https://daac.ornl.gov/). The ORNL DAAC is one
of the NASA Earth Observing System Data and Information
System (EOSDIS) data centers managed by the Earth Science
Data and Information System (ESDIS) Project, which is re-
sponsible for providing scientific and other users’ access to
data from NASA’s Earth Science Missions.

The temperature and precipitation data were collected from
the 740 China Meteorological Administration climate stations
from 2000 to 2010 (http://cdc.cma.gov.cn), and the
meteorological data were processed to obtain annual mean
temperature (AMT) and AMP. The spatial interpolation of
AMT and AMP were processed in ArcGIS 10.2 (ESRI, Inc.,
Redlands, CA, USA) using the kriging interpolation method.
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Table 1 The predominant species, soil type, and distribution of different forest types in China’s northern and southern forests
Forest types Acronyms  Predominant species Soil type Distribution area
of forest
types
Cool deciduous CDCF Larix gmelinii, Populus davidiana, Dark brown forest Inner Mongolia and Heilongjiang
coniferous forests and Betula soil
Temperate coniferous TCBF Pinus koraiensis, Abies fabri, Tilia Dark brown forest Heilongjiang, Jilin, and Liaoning
broad-leaved mixed amurensis, and Populus soil
forests davidiana
Warm temperate WTDBF Fagus, Quercus dentate, and Cinnamon soil Inner Mongolia, Liaoning, Shandong, Shanxi,
deciduous Quercus acutissima Shanxi, and Henan
broad-leaved forests
Subtropical evergreen SEBF Fagaceae, Pinus massoniana,and ~ Lateritic red soil, Shanxi, Henan, Anhui, Hubei, Hunan, Jiangxi,

broad-leaved forests Phoebe zhennan

Annonaceae, Combretaceae,
Sterculiaceae, and Moraceae

Tropical rain forests and TRF
monsoon forests

yellow soil and
brown soil

Fujian, Chongqing, Guizhou, Guangxi, and
Guangdong

Latosol Hainan

2.3 Data analyses

The PUE is defined as the ratio of NPP to precipitation
(Lehouerou 1984) to reflect the ability of vegetation to convert
nutrients into biomass through water use (Kato et al. 2004;
Lehouerou 1984; Yin et al. 2011). Thus, the PUE can be
calculated from NPP and AMP (Eq. 1) (Sun and Du 2017).
NPP
PUE = o (1)
To analyze the temporal and spatial dynamics of NPP and
PUE and to reveal the relationships between NPP, PUE, and
environmental factors, we applied the least squares method in
this analysis. The spatial change rates of NPP and PUE and the
spatial correlation relationships between NPP or PUE and
AMT or AMP were calculated by Eq. 2 and Eq. 3 (Sun et al.
2013):

_ myXY-YXYY
XX (TX)

n n n
n Z XiVi~ Z Xi Z Vi
= i=1 i=l i=l (3)

n n 2 n n 2
\/n > X?—<Z xz) —\/n ) y?—(Zy,)
i=1 i=1 i=1 i=1

where (3 and r are the spatial change rate and the spatial cor-
relation coefficient, respectively, # is the number of years in
the study period, X is the year, Yis the NPP or PUE, x; is the
AMT or AMP, and y; is the NPP or PUE.

The R software package “corrgram” (R Core Development
Team, R Foundation for Statistical Computing, Vienna,
Austria) was applied to analyze the relationships between en-
vironment factors and the distributions of NPP and PUE. The
redundancy analysis (RDA) in R was applied to determine the

(2)
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influence of environment factors on the variations in NPP and
PUE. Linear regression analysis was used in the SigmaPlot
10.0 software (Systat Software, Inc., Chicago, IL, USA) to
generate the correlations between NPP or PUE and environ-
mental factors.

3 Results

3.1 Spatial distribution and dynamics of climate, NPP,
and PUE in China’s northern and southern forests

The annual average of NPP during the period of 2000-2010
ranged from 0 t0 2999.69 g C m™? year '. The results indicat-
ed that the largest values of NPP were mainly distributed in
areas of the provinces of Hainan, Guangdong, and Fujian that
are mainly covered by TRF and SEBF (Fig. 2a). Additionally,
the lowest values of NPP were found in the provinces of Inner
Mongolia and Heilongjiang, where the forests were mainly
comprised of CDCF, and the values of NPP were less than
587.00 g C m ? year ' (Fig. 2a). Spatially, the average value
of PUE (2000-2010) presented a pattern of large values in the
north, in the provinces of Henan and Shanxi, and low values
in other regions (Fig. 2b). In detail, PUEs with values exceed-
ing 1.12 g C m > mm ' were primarily found in the provinces
of Inner Mongolia, Heilongjiang, Henan, Shanxi, and Hainan,
while PUEs below 0.57 ¢ C m > mm ' were mainly observed
in the provinces of Hubei, Hunan, and Jiangxi.

Moreover, during 2000-2010, the NPP showed an in-
creased trend in most regions across the TNSTF (Fig. 2c).
However, some regions in the middle of the study area where
SEBF is distributed presented a decreasing tendency during
2000-2010. For the dynamics of PUE, increased PUEs
(2000-2010) were primarily distributed in the centre-south
of the study area, including the TRF, SEBF, and WTDBF
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Fig. 2 Spatial patterns and
dynamics of net primary
productivity (NPP) and
precipitation use efficiency (PUE)
across China’s northern and
southern forests from 2000 to
2010. Graphs a and b represent
spatial distributions of average
NPP and PUE, respectively, while
graphs ¢ and d represent varia-
tions in the temporal change of
NPP and PUE, respectively

NPP(g C m-2 yr-1y

30‘8 467 638 871

PUE(g C m~2mm-1) Change rate of NPP Change rate of PUE

0.40 0.52 0.65 0.81 —8.‘50 -320 0 531 '0'0,]4 0 -0.007 0.005

110°E

(Fig. 2d). At the same time, decreased PUEs (2000-2010)
were mainly present in the TCBMF and CDCF, which are
primarily distributed in Jilin, Liaoning, and the north of
Inner Mongolia.

Spatially, the results demonstrated that both AMP and
AMT (average value during 2000-2010) had higher values
in the south and low values in the north (Fig. 3a, b).
Meanwhile, the AMP showed an increased trend in the
North from 2000 to 2010, where the CDCF, TCBMF, and
WTDBEF are distributed, and the AMP presented a decreased
trend in the South from 2000 to 2010, where the SEBF and
TRF (Fig. 3¢) are distributed. In addition, during 2000-2010,
a decreasing trend in AMT in the CDCF and TRF and a part of
the WTDBF was observed, while an increasing trend in AMT
in TCBMF and SEBF was revealed (Fig. 3d).

3.2 Responses of NPP and PUE to precipitation
and temperature variations across China’s northern
and southern forests

An obvious positive correlation between NPP and precipita-
tion was shown in most of the regions across the TNSTF,
except in the North and in a part of the South (Fig. 4a).
Conversely, a negative relationship between PUE and precip-
itation was revealed in most areas of the TNSTF (Fig. 4b).
Additionally, there were positive correlations between NPP/
PUE and AMT in most locations throughout the study area
(Fig. 4c, d). Specifically, the significance analysis showed that
AMP played an important role in shaping the dynamics of
PUE (Fig. 5b), and AMP also influenced the variation in
NPP in the north of the TNSTF (Fig. 5a). However, the cor-
relations between variations in NPP/PUE and AMT were not
significant in most regions of the TNSTF (Fig. 5c, d).

120°E 110°E 120°E 110°E 120°E 110°E 120°E

3.3 Relative importance of the climate factors and soil
factors for the dynamics of NPP and PUE

To further explore the responses of NPP and PUE to the en-
vironment factors, we extracted the average values of NPP,
PUE, AMP, and AMT during the period of 20002010 as well
as the soil properties at 7291 points (uniformly distributed in
the TNSTF with the “fishnet” tool in ArcGis). The results
indicated that there was a significant positive correlation be-
tween NPP and AMP (R2 =0.58, P<0.05, Fig. 6a), and there
was a similar relationship between AMT and NPP (R* = 0.48,
P <0.05, Fig. 6a). Nevertheless, non-significant negative re-
lationships between NPP and soil properties were found
(Fig. 6a). Moreover, significant negative relationships were
revealed between PUE and AMP (R2= 0.46, P<0.05,
Fig. 6b) and PUE and AMT (R*=0.53, P<0.05, Fig. 6b),
while a significant positive correlation was demonstrated be-
tween PUE and soil properties (Fig. 6b). In general, the cli-
mate factors together with the soil factors explained 34.48%
(Fig. 7a) and 30.47% (Fig. 7b) of the variations in NPP and
PUE, respectively. Notably, compared with soil factors, the
climate factors had a relatively larger influence on NPP,
whereas the PUE was mediated by both the climate and soil
factors (Fig. 7).

3.4 Dominant climate factors for the significant
variations in NPP and PUE in different forests

According to the above research, the results demonstrated
that, compared with soil factors, the distributions of NPP
and PUE in the TNSTF were most correlated with climate
factors (Fig. 6a, b). Hence, we explored the dynamics of
NPP/PUE and the response of NPP/PUE to the variations in
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Fig. 3 Spatial patterns and
dynamics of annual mean
precipitation (AMP) and annual
mean temperature (AMT) across
China’s northern and southern
forests from 2000 to 2010.
Graphs a and b represent spatial
distributions of AMP and AMT,
respectively, while graphs ¢ and d
represent variations in the tempo-
ral change of AMP and AMT,
respectively
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climate in different forests. The findings indicated that NPP
showed a significantly increasing trend in WTDBF (R? = 0.33,
P <0.05, Table 2) and there was a significant decrease in PUE
in TCBMF (R*=0.38, P<0.05, Table 2). Non-significant
NPP/PUE dynamics were found in other forests (Table 2).
Moreover, the relationships between the climate and the sig-
nificant change in NPP/PUE indicated that the increase in

L 1 1
120°E 110°E 120°E 110°E 120°E

NPP in WTDBF was significantly positively correlated with
AMP (R2 =0.82, P<0.0005, Fig. 8b), and the decrease in
PUE in was significantly negatively associated with AMP
(R*=0.80, P <0.0005, Fig. 8d). However, non-significant re-
lationships were found between the variations in NPP and
AMT in WTDBF (Fig. 8a), PUE, and AMT in TCBMF
(Fig. 8c).

Fig. 4 Responses of net primary
productivity (NPP) and precipita- ﬁl J
tion use efficiency (PUE) to vari- v i
ations in annual mean precipita-
tion (AMP) and annual mean
temperature (AMT) across
China’s northern and southern
forests. Graphs a and b represent
responses of NPP and PUE to
AMP, respectively. Graphs ¢ and
d response of NPP and PUE to
AMT, respectively
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Fig. 5 Analysis of the
significance in the response of net
primary productivity (NPP) and
precipitation use efficiency (PUE)
to variations in annual mean pre-
cipitation (AMP) and annual
mean temperature (AMT) across
China’s northern and southern
forests. Graphs a and b represent
the responses of NPP and PUE to
AMP, respectively. Graphs ¢ and
d represent the responses of NPP
and PUE to AMT, respectively
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30°N

o

d

&

4 Discussion

4.1 Spatial changes and control mechanisms of NPP
in the north-south transect forests over China

Previous studies have found that the spatial distribution of NPP
tended to increase from north to south in the TNSTF of China
(Li et al. 2004; Wang 2010), and our results were consistent
with these prior findings (Fig. 2a). The change rate of NPP
manifested that NPP increased in most areas throughout the
TNSTF from 2000 to 2010 (Fig. 2¢), and the spatial dynamics
of NPP were significantly correlated with AMP followed by
AMT (Fig. 6a). Recent studies also have suggested that the
main driver for NPP variation is precipitation; temperature also
plays a supporting role (Cao et al. 2003; Cleveland et al. 2011).

z| h
s &/ ér. -
Significance between Significance between Significance between Significance between
_AMP and NPP AMP and PUE AMT and NPP . AMT and PUE
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The increased spatial precipitation in the TNSTF (Fig. 3c,
Table 2) improves the soil water supply, enhances the photo-
synthetic rate, and eventually increases the NPP spatially
(Fig. 2c). Additionally, increased spatial temperature in the
TNSTF (Fig. 3c) can extend the growth cycle of vegetation
and improve NPP through metabolically enhancing photosyn-
thesis (Ouyang et al. 2014). However, in SEBF, the climate
appears to have a trend of warming-drying (Ren et al. 2011),
the decreased precipitation could weaken plant photosynthesis
(Fig. 3¢), and the increased temperature (Fig. 3¢) could enhance
plant respiration (Sitch et al. 2008), correspondingly resulting in
a decrease in NPP (Fig. 2c). Meanwhile, non-significant rela-
tionships between soil factors and NPP (Fig. 6a) suggest that
the growth of the forests was more impacted by climate than
soil nutrient availability.
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net primary productivity (NPP)
and environment factors (a), pre-
cipitation use efficiency (PUE) 4
and environment factors (b).
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annual mean precipitation
(AMP), annual mean temperature
(AMT), soil organic matter
(SOM), soil total nitrogen (STN),
soil total phosphorus (STP), soil
total kalium (STK), soil available
nitrogen (SAN), soil available
phosphorus (SAP), and soil
available kalium (SAK)
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a climate factor soil factor

unexplain 65.52

Fig. 7 Variance in net primary productivity (NPP) (a) and precipitation
use efficiency (PUE) (b) across the China’s northern and southern forests
can be explained by climate (annual mean precipitation (AMP) and
annual mean temperature (AMT)) as well as soil factors (soil organic

As for the dynamics of NPP over the TNSTF, a significant
increase in NPP was found only in WTDBF, which was main-
ly affected by the increase (Table 2) in AMP (R*=0.82,
P <0.0005, Fig. 8b). Actually, because of changes in the cli-
mate, the increase in NPP had already been found in the North
temperate zone (Wang 2010). With AMP less than 500 mm in
WTDBF (Table 2), the soil nutrition content would be in-
creased by leaching due to the increase in precipitation be-
cause the inorganic elements in soil are mainly derived from
the mineralization of soil rock (Acquaye 1963; Guo and Yost
1998). Later, for plants, the mineralization, accumulation, and
absorption of soil elements could also be increased
(Papanikolaou et al. 2010) when AMT and AMP increase in
WTDBF (Table 2). Consequently, the accumulation of

Table 2 The variation of NPP and PUE in different forests (cool
deciduous coniferous forests (CDCF), temperate coniferous broad-
leaved mixed forests (TCBMF), warm temperate deciduous broad-
leaved forests (WTDBF), subtropical evergreen broad-leaved forests
(SEBF), and tropical rain forests, monsoon forests (TRF)) across the
North-South Transect forests in China (2000-2010). y is the indicator of
NPP and PUE; x is the years 2000-2010; y, is the intercept; and a is the
slope; R? is the linear correlation coefficient

Foresttypes  y=ax+yy R Mean
NPP CDCF y=—1.19x+591.82 0.006 585.26
TCBMF y=—043x+810.55 0.001 808.18
WTDBF y=6.49x+399.70 0.326% 43541
SEBF y=—336x+102020  0.022 1001.76
TRF y=3.2% +1513.30 0.012 1531.42
PUE CDCF y=—0.019x + 1.49 0.035 1.39
TCBMF y=—0.028x+1.37 0.384* 1.22
WTDBF y=—0.005x+0.92 0.069 0.89
SEBF y=—0.001x+0.75 0.001 0.74
TRF y=0.002x +0.85 0.001 0.86
AMP  WTDBF y=10.26x+441.04 0.231 497.45
AMT  WTDBF y=0.001x+7.28 0.000 727
AMP  TCBMF y=20.00x+580.32 0.381" 690.29
AMT  TCBMF y=0.008x +4.47 0.002 451

* Represents significance at the level of 0.05.
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matter (SOM), soil total nitrogen (STN), soil total phosphorus (STP), soil
total kalium (STK), soil available nitrogen (SAN), soil available phos-
phorus (SAP), and soil available kalium (SAK)) using redundancy
analysis

biomass is promoted (Chiu et al. 2006; Ross et al. 1996).
However, some studies have shown that AMP did not account
for the variation in NPP in tropical forests (Cleveland et al.
2011) because rainfall could lead to loss of soil nutrient in the
tropical zone, and other studies found that increased tempera-
ture and decreased precipitation explained the increasing trend
of forest NPP in North-eastern China (Mao et al. 2014). The
reason for the different responses of NPP to climate could be
that the responses of forests to climate change have different
sensitivities and characteristics (Gao and Zhang 1997; Zhu
et al. 2007), with heterogeneous temporal and spatial patterns
(Figs. 5a, c, Table 2).

4.2 Spatial changes and control mechanisms of PUE
in the north-south transect forests over China

Generally, an increasing trend in PUE (2000-2010) was ob-
served in the south of the TNSTF (Fig. 2d), and the PUE was
higher in the northeastern part of Inner Mongolia with decid-
uous coniferous forests (Fig. 2b). Similar results were also
found in the TNSTF, with average PUEs of 9.43 mg CO,
¢ ' H,O at Changbaishan, 9.27 mg CO, g ' H,O at
Qianyanzhou, and 6.90 mg CO, g ' H,O at Dinghushan (Yu
et al. 2008). The PUEs (2000-2010) showed an obvious de-
creased trend in the north and an increased trend in the centre
of'the TNSTF (Fig. 2d). Across the TNSTF, significantly neg-
ative relationships between PUE and climate (AMP and
AMT) (Fig. 6b) and positive relationships between PUE and
soil factors (Fig. 6b) were observed. Similar to our results, the
spatial distribution of PUE was negative correlated with pre-
cipitation and temperature in grasslands (Mu et al. 2014; Ye
et al. 2002) and forests (Yu et al. 2008). Moreover, in our
study, the distribution of PUE was mainly correlated with
AMT over the TNSTF (R*=—0.52, P <0.05, Fig. 6b); simi-
larly, the contribution of temperature was 8.61 times greater
than precipitation to the distribution of PUE in Northeast Inner
Mongolia (Mu et al. 2014). Although soil nutrition had posi-
tive effects on PUE (Fig. 6b), the PUEs could be more related
to climate and soil physical properties (soil density, soil tex-
ture) (Mu et al. 2014). Namely, compared with climate, lower
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relationships between soil nutrition and PUE were detected in
our study (Fig. 6b).

The highest PUE was found in CDCF, with a value of
139 g C m > mm ' (Fig. 2b, Table 2). Compared with ever-
green plants, higher stomatal conductance in deciduous plants
(CDCF) was beneficial to the absorption of CO? for photo-
synthesis (Mu et al. 2014), and thus, higher PUE was found in
deciduous plants (CDCF). Experimental results also demon-
strated that the PUE of deciduous plants was significantly
higher than that of evergreen plants in the two tropical
rainforest types in Xishuangbanna (Qu et al. 2001). In addi-
tion, the AMP for the highest PUE was 442 mm (data not
shown) in CDCF, which was relatively lager than that (~
400 mm) in grassland with the highest PUE in Inner
Mongolia (Mu et al. 2014). Meanwhile, a relatively higher
PUE was detected in TCBMF (Fig. 2b, Table 2). The AMT
(4.51 °C) in TCBMF was much lower than the average grow-
ing season temperature (8.20 °C) (Wang et al. 2004) for forests
in China, resulting in lower transpiration and high tolerance to
water stress for plants. Thus, the plants with high PUEs in
TCBMF were highly tolerant to water stress because of the
low temperature (Table 2). With the limited absorption of
water resources (497 mm) in TCBMEF, the plant photosynthet-
ic and conservative water use strategies in dry regions are
primarily to maintain growth and combat water stress
(Jobbagy and Sala 1993; Paruelo et al. 1999), leading to a
greater PUE in TCBMF. Previous studies pointed out that
the distribution of PUE across the TNTSF was mainly con-
trolled by temperature and precipitation (Yu et al. 2008);

however, both climate factors and soil factors significantly
influenced the distribution of PUE in our study (Fig. 6b).
Notably, our analysis showed that the temporal dynamics
in PUE were mainly mediated by AMP at regional scale
(Fig. 5¢). Moreover, although most regions of PUE were sig-
nificantly correlated with AMP in space (Fig. 5c), only the
PUE in TCBMF showed a significantly decreasing trend from
2000 to 2010 (Table 2). The decrease of PUE in TCBMF was
mainly affected by the increase in AMP (Figs. 3¢ and 8d,
Table 2). Because anaerobic environments and nutrition loss
(Ye etal. 2002) could be caused by the increase in AMP (more
than 690 mm) in TCBMF, and these both inhibit forest plants
photosynthesis when AMP is less than 850 mm in China (Yu
et al. 2008) as a result of a lower PUE. Additionally, on the
Tibetan Plateau, a negative relationship between AMP and
PUE was also demonstrated in forests for AMP variations
from 470 to 535 mm and 650-845 mm (Ye et al. 2002) be-
cause PUE was closely associated with water conditions
(Ehleringer and Cooper 1988; Fischer and Turner 1978).
Similarly, our results indicated that PUE was significantly
negatively correlated with AMP when AMP varied between
587 and 876 mm in TCBMF (R2 =0.80, P<0.0005, Fig. 8d).
However, different temporal dynamic patterns of PUE re-
sponses to climate change were demonstrated in different eco-
systems or regions. Specifically, a negative relationship, non-
relationship, and positive relationship between temperature
and PUE were revealed in grassland ecosystems across Inner
Mongolia when AMP ranged from 0-220 mm, 220-310 mm,
and > 310 mm, respectively (Mu et al. 2014). Other results
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indicated that there were negative, positive, and negative re-
sponses of PUE to precipitation in those regions when AMP
was less than 100 mm and ranged from 100 to 600 mm
(Yongfei et al. 2008) and 650-1500 mm (Huxman et al.
2004), respectively.

5 Conclusions

Our results indicated that the spatial distribution of NPP in the
TNSTF showed an increasing trend from north to south during
2000-2010, whereas increasing and decreasing trends in PUE
were observed in the southern and northern parts of the
TNSTEF, respectively. Across the TNSTF, the link between
environmental factors (climate and soil factors) and NPP dem-
onstrated that the spatial distribution of NPP was mainly con-
trolled by climate factors. However, the findings indicated that
both climate and soil factors played important roles in shaping
the spatial distribution of PUE. Moreover, the increases in
temperature and precipitation accounted for the increase in
forests’ NPPs, especially for the significantly changed NPP
in WTDBF. However, the significantly negative relationships
between AMP and PUE proved that water conditions were
closely associated with forests’ PUEs in the TNSTF. Thus,
the decrease in PUE was due to the increase in precipitation
in TCBF.
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