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In this study, the maximal extent of future net primary production (NPP) uncertainties are explored by
employing the conditional nonlinear optimal perturbation related to parameters (CNOP-P) approach and
the Lund-Potsdam-Jena (LPJ) model based on future climate change assessments, which are provided by
10 general circulation models (GCMs) of the Coupled Model Intercomparison Project 5 (CMIP5) under the
Representative Concentration Pathway (RCP) 4.5 scenario at the North-South Transect of Eastern China

Keywords: (NSTEC). The CNOP-P approach produces a scenario of climate change within the feasible bounds that
Net primary production could cause maximal uncertainty of NPP. We find that the future NPP will increase due to changes in
Prediction

climate and atmospheric CO,; however, there is a difference in the extent of the variation resulting from
the 10 GCMs and the CNOP-P approach. Future NPPs are estimated from 3.89 Gt C (MRI-CGCM3 model)
to 4.51 Gt C (bcc-csm1-1 model) using the LP] model driven by the outputs of 10 GCMs. The estimates
of NPP with two CNOP-P-type climate change scenarios are 4.74 Gt C and 5.31 Gt C and are larger than
estimates of NPP by the outputs of the 10 GCMs. The above results imply that the terrestrial ecosystem
supplies possible conditions for future carbon sinks for all climate change scenarios, especially for the
CNOP-P-type climate change scenarios, although the estimates remain uncertain. Stimulative photosyn-
thesis due to high precipitation and restrained autotrophic respiration due to low temperatures may play
important roles in the carbon sink due to the CNOP-P-type climate change and CO, in all climate change
scenarios. In addition, it is found that the combination of climate change and increasing CO, is the main
driver of the increase of NPP.
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1. Introduction

The net primary production (NPP), which quantifies the amount
of atmospheric carbon fixed by plants and accumulated as biomass,
is considered an important regulating factor in the global carbon
cycle (Fang et al., 2001; Nemani et al., 2003; Gonsamo et al., 2013;
Ni, 2013; Walker et al., 2015). Therefore, the spatial and temporal
characteristics of the global and regional NPP have been paid at-
tention due to concerns about the current and future behavior of
the terrestrial carbon cycle (Woodward and Lomas, 2004; Doughty
et al., 2015). Therefore, accurate estimates or predictions of the
variation of the NPP are studied and discussed.
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Despite observation data and numerical models, uncertainties
in NPP are still not adequately estimated and predicted (Chen
et al., 2000; Wang and Barrett, 2003; Zhou et al., 2013; Zhu
and Zhuang, 2015). For example, Shao et al. (2016) employed a
literature-based data set with 54 NPP estimates from 33 studies
and found that the NPP in China’s terrestrial ecosystems was
3.35+125 Pg C yr~! (mean+SD) during 1901-2005 (most es-
timates were during 1981-2001), which was very close to the
value from the outputs of the Multi-scale synthesis and terres-
trial model intercomparison project (MsTMIP) conducted during
1981-2000 (3.36 +0.63 PgC yr—1). Moreover, some of the sources
of uncertainty (e.g., the spatiotemporal scales and land cover
conditions) were also detected using the approach of classification
and regression tree (CART) analysis. Gao and Liu (2008) employed
five terrestrial ecosystem models to estimate the NPP. They found
that the average NPP of different models was 2.864 Gt C in China;
however, the NPP estimated by the five models ranged from
2.421 to 3.341 Gt C. The study implies that model error is a key
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factor in the calculation of NPP. In addition, the uncertainties of
the feedback between vegetation and the atmosphere are also
a main source of uncertainty in the estimates of NPP from the
atmospheric general circulation model (AGCM) coupled with the
terrestrial ecosystem model. Among all factors leading to uncer-
tainties of the NPP using the terrestrial ecosystem models, the
uncertainty of climate change is one of the key input factors for
calculating the future NPP. Arora and Matthews (2009) calculated
the NPP simulated by the box model equivalents of the Canadian
Terrestrial Ecosystem Model (CTEM) and Top-down Representation
of Interactive Foliage and Flora Including Dynamics (TRIFFID),
forced with emissions from A2, A1B, and B1 IPCC SRES scenarios
for the 2001-2100 period. Gang et al. (2015) utilized the modified
Comprehensive Sequential Classification System (CSCS) model and
25 global climate models under the Representative Concentration
Pathway 2.6 (RCP2.6) scenario to clarify the decadal variations of
the NPP. All of the above studies found uncertainties of estima-
tion of NPP in different climate change scenarios. Moreover, the
response of NPP to climate change (temperature and precipitation)
is nonlinear, further hindering exact calculations of NPP. Due to
nonlinearity and relations between the terrestrial ecosystem and
the atmosphere, current estimates of the NPP remain uncertain.
Thus, the estimation of the range of the NPP under a reasonable
climate change scenario is an interesting problem.

In this study, to reasonably estimate the variation of the NPP
in future climate change scenarios and elucidate nonlinear rela-
tions between the NPP and climate change, the conditional nonlin-
ear optimal perturbation related to parameters (CNOP-P) approach
(Mu et al., 2010) is employed to estimate the maximal uncertain-
ties of the NPP. CNOP-P represents a new climate change scenario,
which is reasonably constrained by climate projections from 10
general circulation models (GCMs) of the Coupled Model Inter-
comparison Project 5 (CMIP5) under the Representative Concentra-
tion Pathway (RCP) 4.5 scenario. The CNOP-P approach has been
widely applied to examine the uncertainties and predictability of
atmosphere, ocean, and land processes, including the predictabil-
ity of El Nifio-Southern Oscillation (ENSO), typhoons, the Kuroshio
large meander (KLM) state, grassland ecosystems (Duan and Zhang,
2010; Qin and Mu, 2011; Sun and Mu, 2011, 2014; Wang et al,,
2012; Zheng et al., 2012), and terrestrial ecosystems. Moreover,
Sun and Mu (2013) employed the CNOP-P approach to evaluate
the variations of the NPP in response to increases of 2°C in tem-
perature and 20% in precipitation, with changes in the variability
and variances of temperature and precipitation. In their studies,
these authors attempted to determine the maximal uncertainty of
the models of the NPP. However, their climate change scenario was
restricted to only an increase in temperature and precipitation by
2°C and 20%, respectively, which may be statistical results from
the GCMs. Future projections from GCMs do not yield consistent
extents of variation in temperature and precipitation. Under the
climate change scenarios provided by GCMs, the maximal uncer-
tainty of the NPP in China remains unknown. Therefore, the max-
imal uncertainty of estimates of the NPP was explored based on
the multiple GCMs.

2. Study region, model, and methods
2.1. Study region

There is notable spatial heterogeneity in the distribution of the
NPP in China. The NPP is low in Northwestern and Southwestern
China and high in Northern and Southern China. The sensitive re-
gions of impact of climate change on the NPP are located in North-
ern and Southern China. Thus, the area of the North-South Transect
of Eastern China (NSTEC) was chosen as the region for our study.
This region extends from Hainan Island to the northern border of

Table 1
Ten GCMs from CMIP5.

Model Name Model ID  Country of origin ~ Resolution (Lat. x Long.)
ACCESS1-0 MO1 Australia 1.875° x 1.25°

CCSM4 MO02 USA 1.25° x 0.9°

CNRM-CM5 MO03 France ~14° x 14°

Fgoals-s2 MO04 China ~2.81° x 1.66°
HadGEM2-AO MO05 Korea 1.875° x 1.25°

HadGEM2-CC MO06 United Kingdom 1.875° x 1.25°

[PSL-CM5A-MR ~ M07 France 2.5° x 1.25°
MIROC5 MO8 Japan ~1.4° x 1.4°
MPI-ESM-LR M09 Germany 1.875° x 1.875°
MRI-CGCM3 M10 Japan 1.125° x 1.125°

China, ranging from longitude 108° to 118° E at latitudes less than
40° N and from longitude 118° to 128° E at latitudes equal to or
greater than 40° N (Li et al., 2004; Sheng et al.,, 2011; Lu et al,
2013; Zhan et al., 2014). Because this region is located in the Mon-
soon Asia region, climate change and its influence on NPP are in-
tense (Mu et al., 2008). Thus, it is necessary to demonstrate the
response of the NPP on climate change in NSTEC.

2.2. LP] model and input data

The LP] dynamical global vegetation model (“LP] version 1”) is
employed in our study. The LP] model can provide a representa-
tion of terrestrial vegetation dynamics and biogeochemical cycling
using process-based coding (Sitch et al., 2003). The model includes
ten plant functional types (PFTs) used to distinguish different pho-
tosynthetic (C3 vs. C4), phenological (deciduous vs. evergreen), and
physiognomic (tree vs. grass) features. It employs the Farquhar-
Collatz photosynthesis scheme to simulate realistic gross primary
production (GPP) and plant respiration. Subtracting plant respira-
tion from GPP gives the net primary production (NPP). The LPJ-
DGVM used in this study has been intensively applied to explore
the impact of climate change on the regional terrestrial ecosystem
(Wu et al,, 2014; Wang, 2014; Zhao and Wu, 2014). In addition,
the LP] model has been developed as an inversion method for the
models LPJ-GUESS (Lund-Potsdam-Jena General Ecosystem Simula-
tor), LPJ]-Why (LP] Wetland Hydrology), and LP]-WHyMe (LP] Wet-
land Hydrology and Methane) (Wania et al., 2009, 2010) to assess
the terrestrial carbon cycle in different regions (Wolf et al., 2012;
Manusch et al., 2014; Allen et al., 2016). Additionally, the LP] model
has also been coupled with climate change to evaluate the inter-
action between the terrestrial carbon cycle and the atmosphere
(Yurova and Volodin, 2011; Willeit et al., 2014).

To evaluate the future variation of the NPP and its uncertainty,
the data (precipitation, temperature, cloud cover, and wet day fre-
quency) driving the LP] model under the Representative Concen-
tration Pathway (RCP) 4.5 scenario are shown in Table 1. These
results were employed to drive the LP] model during 2011-2100.
Each of these models is a fully coupled atmosphere-ocean model
operating at geographical grid resolutions between 2° and 6° and
resolving vertical processes between 10 and 20 layers of both the
atmosphere and the ocean. The outputs from the ten models were
spatially interpolated to a 0.5° resolution and bias-corrected (based
on 1961-1990 bias) with CRU TS2.1 climate data set (Mitchell and
Jones, 2005). Additionally, a data set of atmospheric CO, con-
centrations from RCP4.5 during 2011-2100 was also essential
(IPCC, 2013). Soil texture data were based on the Food and Agri-
culture Organization (FAO) soil data set (Zobler, 1986).

2.3. Conditional nonlinear optimal perturbation related to parameter
(CNOP-P) approach

Not only was the future uncertainty of the NPP evaluated, but
the possible maximal uncertainty of the NPP was also explored
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during 2011-2100. To determine the possible maximal uncertainty
of the NPP, the conditional nonlinear optimal perturbation related
to parameter (CNOP-P) approach was applied (Mu et al., 2003).
CNOP-P is a type of model parameter perturbation that could
cause errors and uncertainties in maximal prediction and simula-
tion with a certain constraint and at an optimal time (Duan and
Zhang, 2010; Sun and Mu, 2016). The model parameters include
physical parameters representing physical processes, forcing data,
and so on. In this study, forcing temperature and precipitation data
are considered model parameters to explore the possible maximal
uncertainty of the NPP due to climate change in NSTEC (Sun and
Mu, 2012, 2014). In previous studies, the CNOP-P approach has
been employed (Sun and Mu, 2016). Similarly, CNOP-P is intro-
duced in our studies for the convenience of the readers as follows.

Let the ordinary or partial differential equations be as follows:

U .
W_F(U’P) UeR" te]0,T] (1)
U|t=0:U0

where F is a nonlinear operator, and P are the model parame-
ters, which include physical parameters and forcing parameters in
Eq. (1). In this study, the temperature, precipitation, wet day fre-
quency, and cloud cover in the LP] model are considered the forc-
ing parameters. Let M; be the propagator of the ordinary or partial
differential equations from the initial time O to t. u; is a solution
of the ordinary or partial differential equations at time t and sat-
isfies u(t) = Mz (uq, p).

Let U(T; Uy, P) and U(T; Uy, P) + u(T; Uy, p) be the solutions of
the ordinary or partial differential equations (1) with the forcing
vectors P and P + p. p indicates the errors and perturbations re-
lated to the forcing parameters temperature and precipitation. u(T;
Up, p) describes the variations of the reference state U(T; Uy, P)
caused by the superposition of the forcing parameters, tempera-
ture and precipitation, with the errors and perturbations p related
to the forcing parameters. u(T; Uy, p) satisfies:

U(T; Uy, P) = Mr(Up, P)
U(T; Uy, P) + u(T; Up, p) = My (Up, P+ p)’

For the chosen norm ||||, a perturbation ps is a CNOP-P if and
only if

J(ps) = maxJ(p), (2)
pef2

where

J(p) = [[Mr (Uo, P+ p) — My (Up, P)|| (3)

and P is a reference state of the forcing parameters in Eq. (1), and p
is the perturbation of the forcing parameters. p € Q is a constraint
condition.

2.4. Experimental design

To discuss the response of NPP to climate change exclusively,
the initial conditions for running the LP] model were kept the same
for all experiments. The initial conditions were provided through
repeating years 1901-1930 of the CRU TS2.1 climate data set to run
the LP] model over 1000 years (Sitch et al., 2003). In this study,
12 climate change scenarios were applied to demonstrate the un-
certainties of future NPP for 2011-2100. 10 climate change scenar-
ios were supplied by 10 GCMs (Table 1) under the Representative
Concentration Pathway (RCP) 4.5 scenario for 2011-2100. The other
two climate change scenarios were provided by the CNOP-P ap-
proach. The optimization time is 90 years, and T represents 2100
in the Eq. (3).

The ability to estimate the maximal uncertainty of a simulation
or prediction caused by forcing data (climate change) is a charac-
teristic of the CNOP-P approach. Based on this ability, the CNOP-P
approach was employed to provide two new climate change sce-
narios. The CNOP-P, which is a type of forcing error constrained
by physical conditions p € €2, could trigger the maximal departure
relative to the reference state. Therefore, the new climate change
scenarios provided by the CNOP-P approach are constrained by the
10 climate change scenarios from 10 GCMs. In contrast, the refer-
ence state P should also be determined. The reference state is ob-
tained from the ensemble average of the forcing data (temperature
and precipitation) sets from the 10 GCMs. Diverse constraint con-
ditions were shown to supply the two climate change scenarios.
One constraint condition was calculated by the following equation.

mkin {Pjx — Pjlke1.10 < Dij < max {Pjt — Pij}kz1.10- (4)

i, j, and k are the year from 2011 to 2100, month from 1 to 12,
and ten models. p; is the temperature and precipitation perturba-
tion series for different years and months. Py is the temperature
or precipitation series for different years, months, and models. 15,»j
is the ensemble average of the forcing data (temperature and pre-
cipitation) sets of the 10 GCMs for different years and months. An-
other constraint condition is calculated by the following equation:

2

1 Jo i
|pij| = EZ(PUI(_PU) . (5)
k=1

The CNOP-P computed on the basis of the reference state and
Eq. (4) is considered a CNOP-P-M-type climate perturbation. This
type of climate condition is called the CNOP-P-M-type climate
change scenario. Another scenario, called the CNOP-P-V-type cli-
mate change scenario, was obtained on the basis of the reference
state and Eq. (5).

To obtain the optimal value of Eq. (2), a gradient-free optimiza-
tion algorithm (Differential Evolution, DE, Storn and Price, 1997)
was employed to compute the CNOP-P. The DE algorithm could
calculate non-differentiable and nonlinear cost function with good
convergence properties. In our studies, the cost function about the
terrestrial ecosystem carbon cycle with the LP] model may be non-
differentiable. The conventional optimization algorithm with the
gradient information could be applied to solve the cost function.
Hence, the DE algorithm is employed to solve the CNOP-P.

3. Results and analyses
3.1. Response of the NPP to future climate changes

To explore the spatial distribution of future NPP, 12 climate
change scenarios and transient CO, under the RCP4.5 scenario
were employed to run the LP] model. Fig. 1 shows the spatial char-
acteristics of the NPP for 2011-2100. It was found that the NPP
due to the different climate change scenarios has similar spatial
characteristics. In Southern and Northeastern China, the NPPs are
higher than 1000g C yr~! m=2 for most climate change scenar-
ios. In some cases, such as the CNOP-P-V, CNOP-P-M, and MIROC5
climate change scenarios, the NPPs are higher than 800g C yr~!
m~2 in arid and semi-arid regions of Northeastern China. The to-
tal estimated NPP in the NSTEC ranges from 3.89 Gt C (MRI-CGCM3
model) to 4.51 Gt C (bcc-csm1-1 model) for all climate change sce-
narios originating from the output of 10 GCMs during 2011-2100.
Total NPP for the NSTEC is estimated as 5.31 Gt C for the CNOP-P-
M-type climate change scenario and 4.74 Gt C for the CNOP-P-V-
type climate change scenario during 2011-2100 (Table 2), which
are higher than the value of 2.74 Gt C from 1961 to 1990 for
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Fig. 1. Spatial distributions of averaged net primary production (NPP) from 2011 to 2100 driven by the CNOP-P-V-type and CNOP-P-M-type climate change scenarios and out-
puts from 10 GCMs. (a): CNOP-P-M-type climate change scenario; (b) CNOP-P-V-type climate change scenario; (c)-(1): ACCESS1-0, CCSM4, CNRM-CM5, Fgoals-s2, HadGEM2-
AO, HadGEM2-CC, IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, MRI-CGCM3 (Unit: g C m~2 year~).

the NSTEC using the LP] model (Fig. 2). The largest value of NPP
is obtained under the CNOP-P-M-type climate change scenario,
compared with the other climate change scenarios, including the
CNOP-P-V-type. These different variational features are obvious for
the zonal mean of the NPP in different latitudes, i.e., from 19° to
24° N, from 29° to 35° N, and from 39° to 48°N (Fig. 3).

To explore the trend of the NPP in the study region, the inter-
annual variations of NPP projected for the NSTEC for 10 climate
change scenarios from GCMs and 2 climate change scenarios us-
ing the CNOP-P approach were evaluated (Fig. 4). It is shown that
the NPP increases during 2011-2100 for all climate change sce-

narios. However, the extent of increase of NPP is different during
2011-2100 for all climate change scenarios. Furthermore, NPPs are
shown in three different periods (2011-2040, 2041-2070, 2071-
2100, Table 2-4) to explore their variations these periods. In the
first 30 years, the fastest increase of the NPP is driven by the
CNOP-P-M-type climate change scenario, and the average NPP is
4,99 Gt C during 2011-2040. NPP ranges from 3.68 (MRI-CGCM3
model) to 443 Gt C (bcc-csm1-1 model) during 2011-2040. In
the following 60 years, nearly all NPPs show a persistent increase,
showing a weak decrease only for the MIROC5 model. The above
numerical results suggest that the NPP will increase.



62
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Main plant functional types and their total NPP during 2011-2040 under different climate change scenarios. (The number of grid in bracket).

Climate change Number of plant functional type and their NPP (Gt C)

Total (Gt C) Total (Gt C)

scenario

(2011-2040) (2011-2100)

Temperate Temperate Temperate Boreal needle-leaved C3 perennial
needle-leaved broad-leaved broad-leaved evergreen tree grass
evergreen tree evergreen tree summer-green tree
CNOP-P-Min-Max 0.41(190) 0.24(94) 1.47(668) 1.32(754) 1.49(692) 4.99 5.31
CNOP-P-Variance 0.15(97) 0.57(260) 1.29(701) 1.31(766) 1.06(586) 4.42 4.74
bce-csm1-1 0.43(245) 0.39(176) 1.48(704) 1.82(1023) 0.26(234) 443 4.51
CCSM4 0.39(240) 0.43(190) 1.35(692) 1.33(765) 0.59(422) 418 443
CNRM-CM5 0.47(273) 0.47(186) 1.10(581) 1.41(841) 0.53(475) 4.04 427
FGOALS-g2 0.39(245) 0.35(163) 1.23(626) 1.85(1053) 0.36(293) 4.22 433
HadGEM2-AO 0.41(244) 0.40(177) 1.22(669) 0.62(367) 1.34(904) 4.05 431
HadGEM2-CC 0.47(264) 0.40(165) 1.12(600) 0.95(548) 0.93(719) 4.05 434
IPSL-CM5A-MR 0.25(186) 0.54(262) 1.16(648) 1.23(743) 0.58(482) 3.83 4.09
MIROC5 0.32(222) 0.61(259) 1.57(803) 0.71(411) 0.93(665) 419 441
MPI-ESM-LR 0.33(219) 0.60(263) 1.23(625) 1.66(905) 0.32(338) 4.21 4.40
MRI-CGCM3 0.43(258) 0.36(152) 1.07(624) 1.24(768) 0.54(500) 3.68 3.89
Table 3
Main plant functional types and their total NPP during 2041-2070 under different climate change scenarios. (The number of grid in bracket).
Climate change scenario Number of plant functional type and their NPP (Gt C) Total (Gt C)

(2041-2070)

Temperate Temperate Temperate Boreal C3 perennial
needle-leaved broad-leaved broad-leaved needle-leaved grass
evergreen tree evergreen tree summer-green tree evergreen tree
CNOP-P-Min-Max 0.35(190) 0.31(110) 1.81(760) 1.41(780) 1.40(526) 5.42
CNOP-P-Variance 0.15(96) 0.60(260) 1.95(959) 1.15(644) 0.93(426) 4.88
bce-csm1-1 0.34(211) 0.42(180) 1.69(766) 1.77(996) 0.18(139) 4.52
CCSM4 0.39(247) 0.46(190) 1.71(815) 1.18(620) 0.65(400) 4.52
CNRM-CM5 0.52(294) 0.48(184) 1.32(648) 1.31(716) 0.57(401) 435
FGOALS-g2 0.38(241) 0.38(165) 1.42(676) 1.90(1093) 0.18(134) 4.36
HadGEM2-AO 0.35(219) 0.41(179) 1.69(849) 0.20(105) 1.58(913) 436
HadGEM2-CC 0.44(263) 0.42(168) 1.68(804) 0.69(363) 1.03(643) 4.44
IPSL-CM5A-MR 0.27(191) 0.58(262) 1.51(772) 0.84(475) 0.90(582) 417
MIROCS 0.34(213) 0.64(260) 2.46(1172) 0.43(241) 0.57(410) 4.52
MPI-ESM-LR 0.36(222) 0.65(268) 1.46(715) 1.53(797) 0.26(265) 4.40
MRI-CGCM3 0.44(280) 0.37(152) 1.33(702) 1.25(697) 0.48(378) 3.96
Table 4
Main plant functional types and their total NPP during 2071-2100 under different climate change scenarios. (The number of grid in bracket).
Climate change scenario Number of plant functional type and their NPP (Gt C) Total (Gt C)

(2071-2100)

Temperate Temperate Temperate Boreal C3 perennial

needle-leaved broad-leaved broad-leaved needle-leaved grass

evergreen tree evergreen tree summer-green tree evergreen tree
CNOP-P-Min-Max 0.35(192) 0.38(131) 1.87(790) 1.40(758) 1.37(488) 5.52
CNOP-P-Variance 0.16(98) 0.64(274) 2.06(1007) 1.13(624) 0.76(348) 493
bce-csm1-1 0.35(209) 0.43(179) 1.88(869) 1.62(895) 1.83(141) 4.59
CCSM4 0.40(250) 0.47(190) 1.91(914) 1.08(559) 0.61(355) 4.60
CNRM-CM5 0.50(288) 0.48(183) 1.55(759) 1.08(575) 0.64(419) 443
FGOALS-g2 0.36(237) 0.40(170) 1.51(726) 1.92(1081) 0.11(77) 4.42
HadGEM2-AO 0.35(217) 0.42(181) 2.17(1035) 0.20(99) 1.21(696) 4,52
HadGEM2-CC 0.43(262) 0.42(166) 1.84(905) 0.53(268) 1.10(604) 4.55
[PSL-CM5A-MR 0.26(178) 0.58(267) 1.72(883) 0.78(419) 0.81(481) 4.26
MIROCS 0.32(197) 0.65(266) 2.48(1216) 0.40(224) 0.47(366) 4.51
MPI-ESM-LR 0.37(222) 0.66(267) 1.66(775) 1.44(733) 0.22(208) 4.59
MRI-CGCM3 0.41(261) 0.38(154) 1.51(788) 1.19(641) 0.42(352) 4.03

3.2. Variations in NPP for the primary PFTs

The distribution of vegetation changes due to climate change
during the study period. At the same time, the NPPs related to
the different plant functional types (PFTs) also undergo variations.
To explore the variations of the PFTs and the NPP, vegetation
amounts denoted as the number of grids, and their correspond-
ing NPPs for three periods (2011-2040, 2041-2070, 2071-2100)
are shown in Tables 2-4. It is found that temperate needle-leaved
evergreen trees, temperate broad-leaved evergreen trees, temper-

ate broad-leaved summergreen trees, boreal needle-leaved ever-
green trees, and C3 perennial grass are the main PFTs during the
study period in the NSTEC. Among the five PFTs, temperate broad-
leaved summergreen trees, boreal needle-leaved evergreen trees,
and C3 perennial grass occupy most of the study region. For exam-
ple, temperate broad-leaved summergreen trees for different cli-
mate change scenarios occupy grids 581 (CNRM-CM5 model) to
803 (MIROC5 model), and the corresponding NPPs are from 1.07
Gt C (MRI-CGCM3 model) to 1.57 Gt C (MIROC5 model) during
2011-2040. Boreal needle-leaved evergreen trees occupy grids 367



G. Sun, M. Mu/Ecological Complexity 34 (2018) 58-68

55N -
50N 4 1100
. 1000
900
40N -
800
35N
700
30N 600
25N 500
400
20N 7
15N 1
95E 100E 105€ 110E 115 120E 125 130E 135E 140F

Fig. 2. Spatial distributions of averaged net primary production (NPP) from 1961 to
1990.
1300 T

63

(HadGEM2-AO model) to 1053 (FGOALS-g2 model) for different cli-
mate change scenarios, and the corresponding NPPs are from 0.62
Gt C (HadGEM2-A0 model) to 1.85 Gt C (FGOALS-g2 model) during
2011-2040. However, C3 perennial grass shows different character-
istics. For most climate change scenarios, C3 perennial grass occu-
pies larger grids, from 422 (CCSM4 model) to 904 (HadGEM2-AO
model), and the corresponding NPPs are from 0.53 Gt C (CNRM-
CM5 model) to 149 Gt C (CNOP-P-M-type climate change sce-
narios) during 2011-2040. The estimated grid numbers and NPPs
of the bcc-csm1-1, FGOALS-g2, and MPI-ESM-LR models are small
during 2011-2040. Similar results are obtained for the periods
2041-2070 and 2071-2100. From the distribution and correspond-
ing NPP, it is found that the increasing grid number and NPP of C3
perennial grass may be the main characteristic of the CNOP-P-M-
type climate change scenario.

4. Discussion

4.1. Variations of gross primary production and autotrophic
respiration for different climate changes

Terrestrial NPP is defined as the difference between pho-
tosynthesis (gross primary productivity, GPP) and autotrophic
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Fig. 5. Spatial distributions of averaged gross primary production (GPP) from 2011 to 2100 driven by the CNOP-P-V-type and CNOP-P-M-type climate change scenarios
and outputs from 10 GCMs. (a): CNOP-P-M-type climate change scenario; (b) CNOP-P-V-type climate change scenario; (c)-(l): ACCESS1-0, CCSM4, CNRM-CM5, Fgoals-s2,
HadGEM2-A0, HadGEM2-CC, IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, MRI-CGCM3 (Unit: g C m~2 year~!).

respiration (Ra). To discuss the possible reason for the different
variations of the NPP for different climate change scenarios, the
GPP and the Ra were explored for all climate change scenarios,
with the spatial distributions shown in Figs. 5 and 6. Among all
climate change scenarios, it is found that increasing precipitation
promotes plant photosynthesis, especially in arid and semi-arid
regions in China, such as in the CNOP-P-M-type and CNOP-P-V-
type climate change scenarios, and ACCESS1-0, CCSM4, Fgoals-s2,
MIROC5, and MPI-ESM-LR models. The increasing extent of the
NPP for the CNOP-P-M-type climate change scenario is greatest
among those variations for other climate change scenarios. In arid
and semi-arid regions, the precipitation is scanty. Increasing pre-

cipitation favors plant photosynthesis and augments GPP. However,
the low temperature restrains autotrophic respiration in the region.
The above results demonstrate that stimulative photosynthesis and
restrained autotrophic respiration lead to the increase of NPP. Be-
sides arid and semi-arid regions in China, the NPP also increases in
the Southern China, such as in the CNOP-P-M-type climate change
scenario, and CNRM-CM5, HadGEM2-CC, MIROC5, and MPI-ESM-LR
models. In the Southern China, precipitation is abundant and leads
to augment of the GPP, and temperature also leads to augment of
the Ra. However, the increasing extent of the Ra is less than that
of the GPP. Finally, the NPP increases due to the minute increase
of Ra relative to the increase of GPP.
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Fig. 6. Spatial distributions of averaged autotrophic respiration from 2011 to 2100 driven by the CNOP-P-V-type and CNOP-P-M-type climate change scenarios and outputs
from 10 GCMs. (a): CNOP-P-M-type climate change scenario; (b) CNOP-P-V-type climate change scenario; (c)-(1): ACCESS1-0, CCSM4, CNRM-CM5, Fgoals-s2, HadGEM2-AO,
HadGEM2-CC, IPSL-CM5A-MR, MIROC5, MPI-ESM-LR, MRI-CGCM3 (Unit: g C m~2 year—').

4.2. Estimates of NPP in different studies

It is important and interesting to compare different studies es-
timating NPP in China. There are several studies discussing the
magnitude and uncertainty of the NPP in China. For example,
Shao et al. (2016) summarized 54 estimates of the NPP from 37
studies, according to the literature-based data set. They found that
the NPP in China’s terrestrial ecosystems was 3.35+1.25 Pg C yr_1
(mean 4 SD) during 1901-2005. In our study, the average estimate
of NPP was 2.74 Gt C from 1961 to 1990 for only the NSTEC region
using the LP] model. The estimates of the NPP from their studies
are greater than those from our calculations because the study re-
gions are different.

However, the projected estimates of the NPP have also been
explored in China. Tao and Zhang (2010) used the LP] model to
show the increase in NPP over the period of 2011-2100, with eight
future climate scenarios consisting of combinations of two GCMs
and four IPCC SRES emission scenarios (A1FI, A2, B1, B2). At the
end of the 21st century, NPP is estimated to be approximately
4.5 to 6 Gt C. In addition, Ji et al. (2008) also predicted future
NPP using an atmosphere-vegetation interaction model (AVIM2).
They found that the simulated total NPP in China would increase
gradually for changing CO, B2. It will reach 3.99 Gt C in 2100,
showing an increase of 35.7%. The above results indicate that the
fertilization effects of increased CO, levels and the physiological
and phenological effects of temperature-increase are the main
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Fig. 7. Various climate change scenarios during 2011-2100. (a): Precipitation; (b): Temperature.

reasons. Additionally, the increase in precipitation in arid and
semi-arid regions of China also contributes to the increase in NPP.
Their findings are consistent with our research.

4.3. Interactions between NPP and climate change

Variations of the NPP as an important component of the global
carbon cycle are strongly related to the climate change, primar-
ily through temperature changes and water availability (Michaletz
et al.,, 2014; Poulter et al., 2014). In our studies, it is found that
the NPP increases for all climate change scenarios. Among all cli-
mate change scenarios, the extent of increase of NPP is the largest
for the CNOP-P-M-type climate change scenario. High precipitation
and low temperature characteristics are found under the CNOP-
P-M-type climate change scenario. High precipitation may favor

the GPP. The low temperature restrains plant respiration. Finally,
the maximum extent of the NPP occurs under the CNOP-P-M-
type climate change scenario. Although the high precipitation in
the MIROC5 model (Fig. 7a) enhances the photosynthesis, the high
temperature also promotes plant respiration (Fig. 7b). However,
the low temperature restrains plant respiration in the FGOALS-g2
model (Fig. 7b). However, the precipitation is low and controls the
photosynthesis. Thus, the variations of the NPP for the above two
climate change scenarios are lower than that for the CNOP-P-M-
type climate change scenario.

4.4. Relations between NPP, climate change, and CO,

Variations of the NPP are dependent not only on climate change
(Lucht et al., 2002; Nemani et al., 2003; Zhao and Running, 2010;
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Tao and Zhang, 2010) but also on atmospheric CO, (DeLucia et al.,
2005; Graven et al., 2013; Walker et al,, 2015). To investigate the
different responses of the NPP to CNOP-P-M-type climate change
and CO,, two groups of experiments were implemented. One ex-
periment was conducted for the transient CO, concentration un-
der the CNOP-P-M-type climate change scenario. The other ex-
periment was carried out with the CO, concentration maintained
at a constant level under the CNOP-P-M-type climate change sce-
nario. It was found that the NPP with a transient CO, concentra-
tion is larger by 1.2 Gt C than that with a constant CO, concentra-
tion (Fig. 8) from 2011 to 2100. The numerical results suggest that
CNOP-P-M-type climate change could augment NPP in the study
region. However, CO, could promote the persistent increase. When
the CO, concentration is restricted at a constant level, CNOP-P-M-
type climate change leads to the steady interannual variation of
the NPP. The increasing trend of the NPP is observed when CNOP-
P-M-type climate change is combined with the transient CO, con-
centration, especially in the first 30 years. This implies that only
CNOP-P-M-type climate change results in the interannual variation
of the NPP. However, the combination of CO, concentration and
the CNOP-P-M-type climate change could lead to variations in the
trend. This also indicates that CO, concentration plays a key role
in the variation of the NPP and the carbon source or carbon sink.
Ji et al. (2008) also conducted similar numerical experiments. They
implied that the NPP for constant CO, was smaller than that for
changing CO, under B2 scenarios. This work and their work em-
phasize the fertilization effects of increasing CO, for plant growth.

5. Conclusion

The spatial and temporal variations of the future NPP are dis-
cussed using 10 climate change scenarios from GCMs and two
CNOP-P-type climate change scenarios with the LP] model and
medium-low Representative Concentration Pathways (RCPs) in the
NSTEC region. Compared to the NPP during 1961-1990, future NPP
is estimated to increase during 2011-2100, according to 12 climate
change scenarios. Among all climate change scenarios, CNOP-P-M-
type climate change could cause the largest extent of increase in
NPP (5.31 Gt C). Additionally, CNOP-P-M-type climate change was
constrained by climate change conditions from 10 GCMs. This indi-
cates that CNOP-P-M-type climate change scenario is reasonable,
and supplies a possible upper bound of the estimated NPP. The
numerical results suggest that plants in the NSTEC region might
play the role of a carbon sink. The variation in plant functional
types (PFTs) and the associated NPP shows similar characteristics
under the 12 climate change scenarios provided by 10 GCMs and

the CNOP-P approach. The numbers of grids of temperate broad-
leaved summer-green trees, boreal needle-leaved evergreen trees,
and C3 perennial grasses increase, and the associated NPP for each
PFT also increases for most climate change scenarios.
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