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Modeling net primary productivity of the terrestrial
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Abstract: Net primary productivity (NPP) is the most important index that represents the
structure and function of the ecosystem. NPP can be simulated by dynamic global vegetation
models (DGVM), which are designed to represent vegetation dynamics relative to environ-
mental change. This study simulated the NPP of China’s ecosystems based on the DGVM
Integrated Biosphere Simulator (IBIS) with data on climate, soil, and topography. The appli-
cability of IBIS in the NPP simulation of China’s terrestrial ecosystems was verified first.
Comparison with other relevant studies indicates that the range and mean value of simula-
tions are generally within the limits of observations; the overall pattern and total annual NPP
are close to the simulations conducted with other models. The simulations are also close to
the NPP estimations based on remote sensing. Validation proved that IBIS can be utilized in
the large-scale simulation of NPP in China’s natural ecosystem. We then simulated NPP with
climate change data from 1961 to 2005, when warming was particularly striking. The following
are the results of the simulation. (1) Total NPP varied from 3.61 GtC/yr to 4.24 GtC/yr in the
past 45 years and exhibited minimal significant linear increase or decrease. (2) Regional
differences in the increase or decrease in NPP were large but exhibited an insignificant
overall linear trend. NPP declined in most parts of eastern and central China, especially in the
Loess Plateau. (3) Similar to the fluctuation law of annual NPP, seasonal NPP also displayed
an insignificant increase or decrease; the trend line was within the general level. (4) The re-
gional differences in seasonal NPP changes were large. NPP declined in spring, summer,
and autumn in the Loess Plateau but increased in most parts of the Tibetan Plateau.
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1 Introduction

Net primary productivity (NPP) is the accumulated organic matter produced by green plants
in a unit area and unit time; it is the amount of residue gained after photosynthesis, deduct-
ing that consumed by autotrophic respiration (Lieth et al., 1975). NPP is not only a direct
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reflection of the production capacity and quality of the ecosystem but is also a major factor
that determines the carbon source or carbon sink of the ecosystem, thus playing an important
role in the global carbon cycle (Ruimy ef al., 1994; Field et al., 1998; Wang et al., 2002).

NPP in natural vegetation is mainly dominated by climatic conditions apart from the bio-
logical characteristics of the soil and vegetation itself. NPP can be estimated by establishing
a mathematical model to simulate the interactions between the biosphere and atmosphere.
However, some of the models utilized to estimate NPP focus only on a limited range of
ecosystem processes depending on their purpose, including terrestrial biogeochemistry
processes (Parton et al., 1993; Potter et al., 1993), and biogeography processes (Prentice et
al., 1992). Several models that link land surface, terrestrial biogeochemical processes, and
equilibrium vegetation cover were designed to improve understanding of the interactions
between the biosphere and atmosphere (Sellers ef al., 1992; Haxeltine and Prentice, 1996).
Another limitation of these models is that they mainly consider the equilibrium relationship
between the atmosphere and biosphere and do not describe the dynamic interactions that
occur within the terrestrial biosphere. Dynamic global vegetation models (DGVMs) were
designed recently to represent vegetation dynamics relative to environmental change and to
better understand terrestrial biosphere processes and their potential response to climate
change (Foley et al., 1996; Friend et al., 1997, Sitch et al., 2000).

Integrated Biosphere Simulator (IBIS) as a DGVM can dynamically simulate the transient
interactions between vegetation and atmosphere. IBIS is a comprehensive model of the ter-
restrial biosphere (Foley et al., 1996; Kucharik et al., 2000). This model involves the inte-
gration of land surface, biophysical and biogeochemical processes such as plant physiology
and nutrient cycling, and vegetation dynamics. Since its establishment, IBIS has been vali-
dated, modified, and applied in many studies from site scale to global scale (Delire and
Foley, 1999; El Maayar et al., 2001, 2002; Naik et al., 2003; Twine et al., 2004; Liu et al.,
2005; Kucharik et al., 2006; Vano et al., 2006; Zheng and Wang, 2007; Zhu et al., 2010).
IBIS can be utilized in the large-scale simulation of the potential terrestrial natural vegeta-
tion map of China through parameter adjustments (Yuan et al., 2011).

Since the industrial revolution, greenhouses gases (such as CO,, CH4, and N,O) produced
from human activities and released into the atmosphere have significantly altered the
chemical components of the atmosphere, leading to dramatic changes in the global climate
(IPCC, 2007). China’s annual average temperature increased by 0.5°C to 0.8°C over the past
century; annual average temperature was slightly higher than the global average during the
same period, and warming was particularly striking for nearly 50 years (Ding et al., 2006).
Drastic climate change has a huge impact on terrestrial ecosystems, generating possible
changes in the structure, composition, and biomass of the vegetation community (Foley et
al., 1998; Matthew et al., 2000; Parry et al., 2007; Wu et al., 2010). China’s terrestrial eco-
systems with their vulnerable ecological environments are very sensitive to climate change.
Therefore, understanding the relationship between terrestrial ecosystems and climate change
as well as analyzing the dynamic response of terrestrial ecosystems to climate change in
China has attracted significant attention (Tao et al., 2003; Gao et al., 2004; Fu et al., 2005;
Wu et al., 2007).

IBIS was further validated in this study prior to its application in the simulation of
China’s terrestrial NPP. The dynamic changes in China’s terrestrial ecosystems in the past
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45 years (1961 to 2005) were simulated for the analysis of corresponding temporal and spa-
tial variations in NPP.

2 Data and model
2.1 Input data

IBIS was utilized with climate, soil, and topography data input at 0.5° x 0.5° spatial resolu-
tion. Climate data were interpolated with ANUSPLIN based on observations obtained from
756 meteorological stations from 1961 to 2005 (Figure 1). Climate data included monthly
mean air temperature, precipitation, relative humidity, cloudiness, diurnal temperature range,
wind speed, and number of wet days. Soil data were obtained from the Center for Sustain-
ability and the Global Environment. Data on topography were a resample of DEM with an
original resolution of 30"
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Figure 1 Geographic distribution of the 756 meteorological stations and DEM with a resolution of 0.5° x 0.5°

We calculated the coefficients of determination (R”) between the observed and simulated
monthly values to evaluate the performance of interpolations. The simulated monthly mean
air temperature, precipitation, relative humidity, cloudiness, diurnal temperature range,
number of wet days, and wind speed fit the observations reasonably with average R* greater
than 0.9 (R2 of wind speed was 0.8).

2.2 Model description

IBIS organizes land surface processes, underground carbon and nitrogen cycling, vegetation
phenology, and vegetation dynamics within a hierarchical framework. The land surface
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module, which involves two layers of vegetation and six layers of soil, represents surface
energy cycling and material balance. The underground carbon and nitrogen cycling module
links the growth of microbial biomass and litter pools derived from leaf turnover, woody
detritus, and fine root turnover. The vegetation phenology module describes the deciduous
behavior of plant functional types (PFTs) in relation to climatic conditions through an em-
pirical formula. The vegetation dynamic module simulates the time-dependent interactions
between vegetation and climate change. IBIS employs a set of climate constraints such as
growing degree—day (GDD) requirement, cold tolerance limits, and minimum chilling re-
quirements to determine the range of existence of PFTs. The different PFTs (e.g., temperate
broadleaf deciduous trees, deciduous shrubs, and cool grasses) in each grid cell compete for
light and water according to their abilities (characterized in Table 1) (Foley et al., 1996;
Kucharik et al., 2000; Yuan et al., 2011).

3 Results
3.1 Model validation

We simulated the terrestrial NPP of China from 1961 to 2005 at average climatic conditions.
The results were then compared with observations in other studies, simulations conducted
with other vegetation models, and estimations based on remote sensing to verify the simula-
tion.

3.1.1 Comparison with observations in other studies

Comparison of the simulated terrestrial NPP with observations in other studies (Table 2)
indicates that the range and mean value of the simulated NPP are generally within the limits
of the observations (Lieth et al., 1975; Liu et al., 1993; Wang et al., 2001; Liu et al., 1994).

3.1.2 Comparison with simulations conducted with other models

Simulations of China’s terrestrial NPP have been performed extensively in recent years. We
compared the annual terrestrial NPP simulated by IBIS with that in other relevant studies
(Table 3). Results show that the IBIS simulation is close to the results obtained by Xiao et al.
(1998), Sun et al. (2001), Cao et al. (2003), Huang (2005) and Zhao (2009).

3.1.3 Comparison with estimations based on remote sensing

The simulated NPP presented in this paper is NPP of the natural ecosystem based on natural
environment data, including climate, topography, and soil data. We selected the NPP of 30
national nature reserves (Figure 2) to conduct the simulation because these reserves are less
directly affected by human activities. We utilized estimated NPP based on remote sensing
data to verify the simulation results. The estimations, calculated by the GLO—PEM model,
came from the Resources and Environment Science Data Center of Chinese Academy of
Sciences.

Figure 3 presents the R* of simulations and estimations from 1981 to 2000 for the 30 se-
lected points. The IBIS simulation results are generally close to the estimations based on
remote sensing.

In summary, the IBIS simulations are generally within the limits of the observations,
similar to other simulations of total annual terrestrial NPP and overall pattern, and generally
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Table 2 Comparison of simulated and measured NPP (gC/mz/yr)
Simulated NPP during 1961-2005
Vegetation type Range Mean
Tropical evergreen forest 1024.1-1604.2  1243.0
Subtropical evergreen broadleaf forest ~ 132.1-1250.8 1072.1

Type of ecological system  Observations

Evergreen broadleaf forest ~ 600-3500

. Temperate evergreen conifer forest 601.1-725.3 678.7

Evergreen conifer forest 160-1500

Boreal evergreen forest 78.8-578.3 408.3
Deciduous broadleaf forest 250-2500 Deciduous broadleaf forest 271.7-804.8 501.5
Deciduous conifer forest 150-1621 Boreal deciduous conifer forest 105.2-533.7 359.9
Mixed forest 250-2500 Mixed forest 323.1-761.9 582.7

Dense scrubland 203.9-214.2 214.0
Scrubland 4-1200

Open scrubland 61.5-89.5 75.4
Open forest 200-2000 Open forest 226.9-355.3 278.2
Grassland 100-727 Grassland 88.5-358.2 203.6
Tundra 90-400 Tundra 10.2-437.5 165.0

Desert 0-64.1 9.8
Desert 0-250

Polar desert 0-10.3 3.0

Table 3 Comparison with simulation results of other models

Period Model Spatial resolution NPP (Pg C yr'") References
TEM 0.5° 3.65 Xiao et al., 1998
1992 Miami 1km 3.72 Sun et al., 1999
1981-2000 CEVSA 0.1° 3.27 Cao et al., 2003
1981-2000 AVIM2 0.1° 3.44 Huang, 2005
1961-1990 LPJ 0.5° 3.86 Zhao, 2010
19612005 IBIS 0.5° 3.87 This study
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Figure 2 Distribution of the 30 selected national nature reserves
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Figure 3  Fit tests for the simulations and estimations based on remote sensing

close to the NPP estimations of 30 national nature reserves. IBIS is therefore suitable for the

simulation of terrestrial NPP in China.

3.2 Spatial distribution of NPP

The simulated annual NPP demonstrated a trend of progressive decrease from the southeast
coast to the northwest inland. Ecosystems in the southern, central, and southwestern parts
had the highest NPP; the NPP of ecosystems in the northeastern, eastern and northern parts,
Inner Mongolia, and eastern and central Tibetan Plateau followed, respectively. The lowest
NPP value was simulated in the northwestern and western parts of the Tibetan Plateau (Fig-
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Figure 4 IBIS-simulated spatial distribution of terrestrial NPP in China
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We selected four profiles along the coordinates 110°E, 115°E, 30°N, and 40°N to analyze
the longitudinal and latitudinal distribution features of China’s terrestrial NPP (Figure 5).
Along the 30°N profile, NPP increased gradually with a significant increase from 300
gC/m*/yr to 1000 gC/m*/yr near 103°N where the transitional region from Tibetan Plateau to
Sichuan Basin is located. NPP along the 40°N profile was almost between 79°E to 107°E in
the desert areas and then increased gradually in grassland and temperate forests. The 110°E
profile between 19°N to 21°N passed through tropical forests; NPP was generally higher
than 1100 gC/mz/yr. NPP declined slightly toward the north when the profile passed through
subtropical forests until 32°N and then rapidly decreased in temperate forests, grasslands,
and deserts. Similarly, NPP along 115°E was between 900 gC/m*/yr to 1100 gC/m*/yr when
the profile crossed subtropical forests and then declined as it went through forests and
grasslands in a temperate area.
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Figure 5 Longitudinal and latitudinal profiles of NPP

3.3 Annual total NPP variability

3.3.1 Inter-annual variability of NPP

Simulation results show that China's total annual NPP ranged from 3.60 GtC to 4.25 GtC
from 1961 to 2005 (Figure 6), with an average value of 3.87 GtC/yr, standard deviation of
0.136 GtCl/yr, and a coefficient of variation (CV) of 3.53%. The maximum value was ob-
served in 1990, and the minimum value was observed in 1966 and 2001. Overall, the total
annual NPP did not present a significant increase or decrease; the linear slope of the trend
line was —0.0006.
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Figure 6 Simulated annual NPP of Chinese terrestrial ecosystems from 1961 and 2005
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3.3.2 Seasonal variability of NPP

Studies on the seasonal variability of NPP improve our understanding of the interrelation
between climatic systems and terrestrial ecosystems (Ni, 2000; Piao and Fang, 2003). Sum-
mer provided the largest contribution to NPP with an average of 1.56 GtC/quarter, account-
ing for 40.2% of total NPP, followed by autumn with 1.03 GtC/quarter, accounting for
26.7%, and spring with 0.91 GtC/quarter, accounting for 23.5%. NPP was the lowest in win-
ter, with an average of 0.37 GtC/quarter, accounting for merely 9.7%. Fluctuation in NPP at
all seasons did not exhibit a significant increase or decrease, and the trend line was within
the general level (Figure 7). Among the seasons, autumn exhibited the largest NPP decrease
with an annual decrease of 0.0011 GtC. Annual NPP increased in spring and summer with a
linear slope of 0.0001 and 0.0003, respectively. NPP in winter showed a small decrease of
0.00005 GtCl/year probably because of the lack of vegetation growth in most areas in north-
ern China.
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Figure 7 Seasonal variability of Chinese terrestrial NPP from 1961 to 2005

3.4 Regional NPP variability

NPP variation in every latitude—longitude grid as a result of climate change over the past 45
years (1961 to 2005) was collected and analyzed, leading to the conclusions discussed be-

low.
3.4.1 Regional NPP inter-annual variability

We examined NPP and the years of all latitude—longitude grids through unitary linear re-
gression analysis. The respective annual linear trend of NPP and the corresponding deter-
mination coefficients (R®) are presented in Figure 8.

The figure shows that regional differences in the increase or decrease of NPP were
significant from 1961 to 2005 but presented an insignificant linear trend. NPP declined in
most parts of eastern China. A large average annual decline in NPP was observed in the
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Figure 8 Linear trend and determination coefficient (R*) of annual NPP from 19612005

Loess Plateau, with NPP decreasing by more than 3.0 gC/m*/yr in most areas. NPP in-
creased slightly in most parts of western China. However, NPP increased dramatically in the
central—eastern parts of the Tibetan Plateau and northern part of the Greater Hinggan
Mountains. The linear increase in NPP in the Kunlun Mountain area was significant, which
proves that favorable development occurred in the natural ecosystem of this region during
the 45-year period of climate change.

3.4.2 Regional seasonal changes in NPP

Figure 9 presents the variation in regional NPP in all seasons from 1961 to 2005. NPP in
most parts of the Loess Plateau decreased sharply in spring, summer, and autumn, generally
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Figure 9 Seasonal NPP linear trends from 1961 to 2005
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exceeding 0.40 gC/m*/season. NPP in the provinces of Guangdong and Guangxi decreased
drastically in autumn and winter but presented an upward trend in spring and summer. NPP
in most parts of the Tibetan Plateau increased in spring, summer, and autumn. NPP in the
Tianshan and Altay mountain areas increased slightly in spring, summer, and autumn and
decreased slightly in winter. NPP increased significantly in spring in northeastern China.
Regional differences in the increase or decrease of NPP were significant in summer and au-
tumn.

4 Discussion
4.1 Relations between NPP variation and climate change

NPP exhibited climate-related zonality as demonstrated by the longitudinal and latitudinal
NPP analyses (Figure 4). NPP decreased from south to north along with a decline in tem-
perature and decreased from east to west with a reduction in precipitation. Thus, temperature
and precipitation may be the main climate factors that affect NPP distribution and variation.
The spatial distribution of China’s terrestrial NPP shows that NPP was high in hot and moist
areas. The tropics and subtropics have a temperate and moist climate, which is fit for the
growth of almost all kinds of vegetation. NPP was greater than 900 gC/m2/yr in areas where
the dominant vegetation type is broadleaf evergreen forest. Climate conditions are relatively
poor in eastern temperate areas, where NPP was generally within 300 gC/m%/yr and 700
gC/m*/yr. Broadleaf cold-deciduous forests are abundant in these areas. NPP in the
Qinling—Dabashan and Changbai mountain areas was within the interval of 500 gC/m*/yr to
700 gC/m?*/yr because of good moisture conditions. NPP in Inner Mongolia and cen-
tral—eastern Tibet was generally between 100 gC/m?/yr and 300 gC/m%/yr because of the
harsh climate. The main vegetation types in these regions are temperate steppe or alpine
meadow and steppe. Little vegetation growth exists in the alpine and temperate desert areas
of western Tibet and northwestern China. NPP was generally less than 30 gC/mZ/ yr because
of minimal precipitation or very low temperature. The Altay and Tianshan mountain areas
had slightly better climate conditions, with grasses sparsely distributed. NPP was within the
range of 30 gC/m?/yr and 100 gC/m*/yr.

Increase in temperature is important for the production of alpine ecosystems. For most
tropical, subtropical, warm—temperate, and temperate areas, warm temperature may increase
moisture evaporation and inhibit the production of the ecosystem (Figure 10b). Increase in
NPP in the Greater Hinggan Mountains (Figure 8) may have been caused by the increase in
temperature in the past decades (Figure 10a), especially in spring (Figure 9). The increasing
trend of NPP (Figure 8) in the western Tibetan Plateau may be due to significant warming
(Figure 10a).

Increased rainfall in most parts of China is beneficial to ecosystem production, especially
in extremely arid desert regions. Increase in precipitation plays a key role in promoting eco-
system productivity (Figure 11b). The decrease in NPP in the past 45 years in Xishuang-
banna (Figure 8) may have been caused by precipitation reduction (Figure 11a), especially in
winter (Figure 9). The declining trend of NPP in the Loess Plateau (Figure 8) may have been
caused by reduction in precipitation (Figure 11a).
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Figure 11 Precipitation trend and correlation between NPP and precipitation change

Climate change has greatly influenced the production of China’s terrestrial ecosystem.
This influence would be intensified by warm climate, frequent extreme weather events, and
expanded regional disparities in precipitation in the future (Ding et al., 2006). In order to
assess the influence and then take appropriate measures to adapt the climate change, re-
search will focus on revealing the terrestrial ecosystem vulnerability to climate change in
China, and identifying the potential leading factors of regional ecosystem vulnerability to
climate change in the future.

4.2 Uncertainty analysis

4.2.1 Uncertainty in model verification

The lower limit of the simulated subtropical evergreen broadleaf forest was found to be
lower than the measured range because of the low NPP simulation value for evergreen
broadleaf forests in the valley of eastern Himalaya (generally ranging between 130 gC/m?/yr
and 600 gC/mz/yr). This result may be attributed to the relatively low simulation accuracy
(0.5°%0.5°) and the fact that the simulation results can only reflect the average performance
of vegetation NPP within the latitude—longitude grids and not vegetation differences caused
by small-scale changes in topography (the distribution of evergreen broadleaf trees in the
valley area is generally from 1000 m to 1100 m). Simulation accuracy could be improved in
the future to reduce uncertainty in vegetation simulation in complex terrains.
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4.2.2 Uncertainty in NPP simulation

The total annual NPP simulated in this study was slightly higher than that in other relevant
simulations (Table 3) probably because the simulation conducted in this research merely
simulated the NPP dynamics of a potential natural ecosystem to study the response of
China’s terrestrial ecosystem to climate change. However, the influence of human activities
on the terrestrial ecosystem is huge, especially with the rapid industrialization that occurred
in the past several decades. A more comprehensive model should be designed to further un-
derstand the relationship of ecosystems, climate change, and human activities. By simulating
the dynamics of terrestrial ecosystems based on land use and climate change, we can fore-
cast the change in ecosystems in future studies and discuss the extent to which ecosystems
could be changed.

5 Conclusions

This study verified the applicability of IBIS in the simulation of NPP in China's terrestrial
ecosystems based on observed climatic, topographic, and soil data. The corresponding tem-
poral and spatial variations in NPP in the past 45 years (1961 to 2005) were analyzed. The
main conclusions are summarized below.

(1) The model-simulated NPP in this study can accurately reflect the overall pattern of
terrestrial NPP in China, with the value within the relevant statistical parameters measured
and close to the remote sensing estimation. IBIS can be utilized in the large-scale simulation
of NPP in China's natural ecosystems and can be employed to study the dynamic interactions
that occur between terrestrial ecosystems and climate change.

(2) The total NPP of China’s terrestrial ecosystems under climate change in the past 45
years varied from 3.61 GtC/yr to 4.24 GtC/yr, with an average of 3.87 GtC/yr. Total NPP
exhibited minimal increase or decrease in general. Regional differences in terms of NPP
increase or decrease were significant but exhibited an insignificant overall linear trend. NPP
declined in most parts of eastern and central China, especially in the Loess Plateau. NPP
increased in most parts of western China, especially in the Kunlun Mountain areas, indicat-
ing that climate changes over the past 45 years conduct the natural ecosystem in this area
toward an expecting direction.

(3) Total NPP in summer was generally higher than that in spring and autumn; total NPP
in winter was the lowest. Similar to the fluctuation law of annual NPP, seasonal NPP also
showed an insignificant increase or decline; the trend line was general level. The regional
differences in seasonal NPP change were significant. NPP decreased in spring, summer, and
autumn in most parts of the Loess Plateau but increased in most parts of the Tibetan Plateau.
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