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ABSTRACT

In this study, the approach of conditional nonlinear optimal perturbation related to initial perturbation
(CNOP-I) was employed to investigate the maximum variations in plant amount for three main woody
plants (a temperate broadleaved evergreen, a temperate broadleaved summergreen, and a boreal needleleaved
evergreen) in China. The investigation was conducted within a certain range of land use intensity using a
state-of-the-art Lund-Potsdam-Jena dynamic global vegetation model (LPJ DGVM). CNOP-I represents
a class of deforestation and can be considered a type of land use with respect to the initial perturbation.
When deforestation denoted by the CNOP-I has the same intensity for all three plants, the variation in
plant amount of the boreal needleleaved evergreen in northern China is greater than the variation in plant
amount of both the temperate broadleaved evergreen and temperate broadleaved summergreen in southern
China. As deforestation intensity increases, the plant amount variation in the three woody plant functional
types carbon changes, in a nonlinear fashion. The impact of land use on plant functional types is minor
because the interaction between climate condition and land use is not considered in the LPJ model. Finally,
the different impacts of deforestation on net primary production of the three plant functional types were
analyzed by modeling gross primary production and autotrophic respiration. Our results suggest that the
CNOP-I approach is a useful tool for exploring the nonlinear and different responses of terrestrial ecosystems
to land use.
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1. Introduction

Land use has had severe effects on the Earth. More
than one-third of the global land surface has been
transformed through anthropogenic activities such as
deforestation, agriculture and grazing (Vitousek et al.,
1997). Since the year 1700, global forest cover has been
reduced by seven to ten million square kilometers as a
result of land use activities. During the last 40 years
of the twentieth century, irrigated cropland areas in-
creased by ∼70% (Foley et al., 2005). These changes

in land use have resulted in increases in both land
albedo and atmospheric CO2 (Betts and Ball, 1997;
Sitch et al., 2005). This CO2 increase can seriously af-
fect global climate and environmental conditions, such
as drought, heat islands and air quality. Hence, land
use and land use changes play key roles in global envi-
ronment (Vitousek et al., 1997; Claussen et al., 2001;
Brovkin et al., 2004).

The impact of land use and land use changes on
terrestrial ecosystems and the carbon cycle has been
widely studied in the field of global ecosystems and en-
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vironment. Some international institutions have col-
lected land use data and measured the response of
terrestrial ecosystems to land use. For example, the
Land Use/Cover Change (LUCC) project (Lambin and
Geist, 2006) and Global Land Project (GLP, 2005)
have focused on reconstruction of historical land use
and land cover. The Global Carbon Project (GCP,
2003) emphasizes, in particular, the impact of hu-
man activities on terrestrial ecosystems. Other stud-
ies have quantified the influence of land use on the
global carbon cycle (Houghton, 1995; Petit and Lam-
bin, 2002; Houghton and Hackler, 2003). Houghton
(1995) showed that ∼123 Pg of carbon was released
into the atmosphere due to land use from 1850 to 1980.
In the 1980s, ∼1.6±0.7 Pg of carbon attributable to
land use was emitted to the atmosphere, most of which
was derived from equatorial regions. Land use affects
not only atmospheric CO2, but also carbon reserves
in terrestrial ecosystems. A net emission of CO2 to
the atmosphere from mineral soils of 46.4 Tg for the
period 1975–1995 was attributed to land use in Brazil
(Bernoux et al., 2001). Another studies have reported
that the soil carbon reserves of global grasslands were
augmented as a result of protecting grasslands and
managing grazing appropriately (Conant et al., 2001;
Conant and Paustian, 2002; Piao et al., 2007; Solomon
et al., 2007).

China comprises a great variety of terrestrial
ecosystems that have undergone significant changes as
a result of human activities such as deforestation and
farming (Piao et al., 2007; Ge et al., 2008). Prior the
1950s, the forested area in China was reduced by 50%,
while plantation areas rapidly increased (Ge et al.,
2008). Fang et al. (2001) clearly showed that forested
areas were augmented due to government management
since the 1970s. The impact of land use on the car-
bon cycle of terrestrial ecosystems is severe. Houghton
and Hackler (2003) found that a decrease in forested
areas was the main cause for net emissions of car-
bon to the atmosphere. However, this carbon source
was converted to carbon sink in China due to effec-
tive management of forested areas (Fang et al., 2001;
Ge et al., 2008). Decreases in soil carbon have been
attributed to land use in arid and semi-arid regions
from northeastern China to southwestern China (Gao
et al., 2003; Wu et al., 2003). Although there are many
studies of the influence of land use and its change
on terrestrial ecosystems, results vary depending on
whether they were based on observation data and/or
vegetation models (Houghton and Hackler, 2003). For
example, the forest area in 1700 was reported to be
∼ 248 × 106 hm2 by Ge et al. (2008), but it was re-
ported to be 322×106 hm2 by Houghton and Hack-
ler (2003). These difference make it difficult to assess

forested areas as carbon source or sink, and the es-
timation of carbon in terrestrial ecosystems remains
uncertain (Ge et al., 2008; Quaife et al., 2008). Fur-
thermore, overall research on the maximum variation
in plant amount caused by changes in land use remains
scarce in China.

In this study, we investigate how plant amount in
three plant functional types in China varies with land
use. We employed the method of conditional nonlin-
ear optimal perturbation related to initial perturba-
tion (CNOP-I; Mu et al., 2003, 2010). CNOP-I is a
type of perturbation that maximizes the cost function
for a given physical constraint and optimization time.
CNOP-I represents a kind of deforestation and, for the
purposes of our work, can be considered a type of land
use from the perspective of the initial perturbation.
This approach has been applied to investigate the dy-
namics of ENSO predictability, prediction error (Mu
et al., 2003), the nonlinear stability of steady states
of thermohaline circulation (Mu et al., 2004), ensem-
ble prediction (Mu and Jiang, 2008; Jiang and Mu,
2009) and adaptive observation (Mu et al., 2009). Mu
and Wang (2007) used the approach to study the sta-
bility of grasslands. Sun and Mu (2009) built upon
Mu and Wang’s (2007) study and found that the equi-
librium states are nonlinear. These studies illustrate
that the CNOP-I approach is a useful tool for study-
ing nonlinear ecosystems. However, because the model
applied by Mu and Wang’s (2007) study is simple, it
is not applicable to terrestrial ecosystems in China.
As such, a state-of-the-art dynamic global vegetation
model (DGVM), Lund-Potsdam-Jena (LPJ, Sitch et
al., 2003), was applied in this study.

2. The model and method

2.1 The LPJ model

The DGVM is an effective way to investigate the
impacts of climate change on terrestrial ecosystems
(Cramer et al., 2001; Bonan et al., 2003). The LPJ
DGVM was employed in this study due to its broad
application in modeling both terrestrial carbon cycles
and hydrological cycles (Beer et al., 2007; Jung et al.,
2007; Sitch et al., 2005). The model, which originates
from the BIOME model family (Prentice et al., 1992),
simulates the distribution of plant functional types
and combines process-based representations of terres-
trial vegetation dynamics and land-atmosphere carbon
and water exchanges. LPJ DGVM explicitly consid-
ers photosynthesis, mortality, fire disturbance and soil
heterotrophic respiration. The model was described
and evaluated in detail by Sitch et al. (2003).

We obtained monthly precipitation, temperature,
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wet day frequency and cloud cover from a Climatic
Research Unit (CRU) data set developed for the 1901–
1998 period (Mitchell and Jones, 2005). This dataset
was assembled based on climate data. The data are
considered fairly credible, especially given the lack of
observation data in some regions. Wen et al. (2006)
indicated that the amount of precipitation from the
CRU coincided with observed data from 160 stations
over the 1951–2000 period in China and that the tem-
perature variation was similar to other data. A data
set of global atmospheric CO2 concentrations was de-
rived from the carbon cycle model, ice core measure-
ments and atmospheric observations (Kicklighter et
al., 1999). Soil texture data based on the Food and
Agriculture Organization (FAO) soil data set (Zobler,
1986).

2.2 Conditional nonlinear optimal perturba-
tion related to initial perturbation

Although many studies have demonstrated the
CNOP-I method, we introduce the approach here for
readers’ convenience. Let Mτ be the propagator of a
nonlinear model from 0 to τ . An initial perturbation,
u0 is superposed on U0, which is the initial condition
with respect to a basic state U(τ). U(τ) is a solution
to the nonlinear model and satisfies U(τ) = Mτ (U0, P )
at time τ .

For a chosen norm ‖•‖, an initial perturbation u0δ

is called CNOP-I, if and only if

J(u0δ) = max
u0∈Ωδ

J(u0) ,

where

J(u0) = ‖Mτ (U0 + u0)−Mτ (U0)‖ .

u0 ∈ Ωδ is a constraint for initial perturbations. To
obtain the maximum value of the above optimization
problem, a nonmonotone spectral projected gradient
(SPG2, Birgin et al., 2000) was employed. The method
applies the gradients, which are acquired using the def-
inition of the gradient and of the cost function J with
respect to u0.

2.3 Experimental design

The potential plant functional types (PFTs) and
most of the net primary production (NPP) are dis-
tributed in the north–south transect of eastern China
(Ni and Zhang, 2000; Gao et al., 2003); thus, the
study region is chosen: 40◦–54◦N, 118◦–135◦E and
20◦–36◦N, 103◦–120◦E, excluding Taiwan. The poten-
tial woody plants in the north–south transect of east-
ern China are respectively: a temperate broadleaved

evergreen tree (TeBE), a temperate broadleaved sum-
mergreen tree (TeBS), and a boreal needleleaved ever-
green tree (BoNE). These three PFTs were the target
of this study, rather than desert and grassland. There-
fore, the three wood plants in the study region are dis-
cussed. The optimization period was 1961–1970 due
to the data reliability. Equilibrium carbon pool and
vegetation cover conditions are obtained by the LPJ
model simulation beginning from bare ground and run-
ning more than a 1000 model years spin-up period.
These equilibrium conditions were used as the initial
conditions for the subsequent analyses.

Deforestation is one type of land use. Within the
LPJ model, the variables contributing to plant quan-
tity are primarily leaf mass (Lm), sapwood mass (Sm),
heartwood mass (Hm), and fine root mass (Rm). The
plant amount changes and the four variables are syn-
chronously reduced as deforestation occurs. Perturba-
tions lm, sm, hm, and rm indicate the amount of defor-
estation. The constraint conditions represent physical
characteristics. For a given norm, the first constraint
condition is

(l2m0 + s2
m0 + h2

m0 + r2
m0) 6 δ2 ,

where δ is a constraint condition parameter represent-
ing the extent of deforestation at the initial time. δ is
given 0.5, 0.6, 0.7, and 0.8 in the study, which is ∼25%,
30%, 35%, and 40% of the whole plant amount. The
variables lm0, sm0, hm0, and rm0 are initial perturba-
tions of leaf mass, sapwood mass, heartwood mass, and
fine root mass, respectively. Next, the perturbations
should satisfy the condition:

lm0

Lm0
=

sm0

Sm0
=

hm0

Hm0
=

rm0

Rm0
.

The second constraint condition implies that when
deforestation occurs, the amounts of leaf mass, sap-
wood mass, heartwood mass, and fine root mass will
synchronously decrease. Because they are insepara-
ble whole, the ratio of the amounts of perturbation of
the four variables with deforestation to their amounts
without deforestation should be equal.

3. Numerical results

3.1 The variation of the three PFTs

To quantify the impact of deforestation on the
three PFTs, the relative change in plant amount be-
ing equivalent to the cost function was calculated using
the following formula:
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Fig. 1. Spatial distribution about the relative change in plant amount for three PFTs:
(a) δ=0.5, (b) δ=0.6, (c) δ=0.7, (d) δ=0.8.

σi =
[
(L∗mi − Lmi)2 + (S∗mi − Smi)2 + (H∗

mi −Hmi)2 + (R∗mi −Rmi)2

L2
mi + S2

mi + H2
mi + R2

mi

] 1
2

,

where i denotes year when there were CNOP-type land
use. In the study, i is equal to 10 according to the op-
timization time. The larger the σi, the greater the
relative change of the three plants is at a certain level
of deforestation. The variables Lmi, Smi, Hmi, and
Rmi denote the values of the reference state in the ith
year, which is obtained through integrating the LPJ
model without initial conditions changing. L∗mi, S∗mi,
H∗

mi, and R∗mi are the outputs with the LPJ model us-
ing the changed initial condition that the CNOP-I is
superimposed on the initial condition of the reference
state in the ith year.

We find that the response of plant amount of the
three plants to deforestation varies under the same
constraint condition parameter (Fig. 1, Table 1). We
observe much larger effects on plant amount in north-
ern versus southern China. For example, the relative
changes of BoNE, TeBS, and TeBE are 0.449, 0.431,

and 0.423, respectively, when δ=0.7. The results were
similar for other constraint condition parameters, and
the relative changes increase as the constraint condi-
tion parameter increased. When the constraint condi-
tion parameter increases from 0.5 to 0.8, the TeBE

Table 1. Relative changes in plant amount for three plant
functional types under different values of δ.

δ TeBE TeBS BoNE

0.5 0.307 0.314 0.322
0.6 0.366 0.374 0.386
0.7 0.423 0.431 0.449
0.8 0.477 0.488 0.508

Note: TeBE, temperate broadleaved evergreen; TeBS, temper-

ate broadleaved summergreen, and BoNE, boreal needleleaved

evergreen tree.
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increased from 0.307 to 0.477, the TeBS increased from
0.314 to 0.488 and the BoNE increases from 0.322 to
0.508. The variations in terms of the relative changes
of each plant also display nonlinear characteristics.

Climate conditions play a key role in plant growth
when deforestation occurs. Both photosynthesis and
plant evapotranspiration are dependent on these cli-
mate conditions. During the study period, the average
annual precipitation for BoNE, TeBS and TeBE were
571 mm, 917 mm, and 1354 mm, respectively, and
the average annual temperature were 0.08◦C, 12.73◦C,
and 16.97◦C (Fig. 2), respectively. In southern China,
precipitation is plentiful and the temperature is high,
whereas in northern China, both precipitation and
temperature are low. Our results demonstrate that
the high availability of light and water favor increased
growth of TeBE in southern China and that the re-
sponse of TeBE to human activities and natural factors
is relatively weak. In contrast, the low availability of
light and water weaken the growth of BoNE in north-
east China and BoNE is relatively sensitive to human
activities and natural factors.

(a)

(b)

Fig. 2. Climate conditions during 1961–1970 in the
study region: (a) precipitation (units: mm) and (b) tem-
perature (units: ◦C).

Table 2. Average variation in net primary production for
three plant functional types during 1961–1970 under dif-
ferent values of δ (units: g C m−2 yr−1).

δ TeBE TeBS BoNE

Reference state 559.27 514.21 453.68
0.5 596.23 544.81 474.61
0.6 605.23 552.03 479.16
0.7 614.14 559.35 483.84
0.8 622.76 566.65 488.21

Table 3. Same as in Table 2, but for gross primary pro-
duction (units: g C m−2 yr−1).

δ TeBE TeBS BoNE

Reference state 1519.48 1230.76 1037.41
0.5 1517.23 1241.81 1026.62
0.6 1516.72 1244.51 1023.36
0.7 1516.38 1247.07 1020.02
0.8 1516.37 1249.65 1015.90

3.2 Variations in NPP, GPP, and Ra

NPP is the net carbon gain by vegetation, which
is the difference between gross primary production
(GPP) and autotrophic respiration (Ra). NPP is a
crucial variable in studies of the global carbon cycle
and interactions between the atmosphere and terres-
trial ecosystems (Dan et al., 2007). In our study, varia-
tion in NPP resulting from deforestation was analyzed
over the period 1961–1970.

Across the whole region, total NPP increased dur-
ing this period (Fig. 3), which is consistent with results
of DeFries et al. (1999). While increases in NPP with
the constraint condition parameter were similar for
the three plants, the extent of variation differs among
them (Table 2). When the constraint condition pa-
rameter was 0.5, the mean NPP of TeBE increases by
36.96 g C m−2 yr−1, which was 6.4 g C m−2 yr−1

greater than that of TeBS. The variation of BoNE
about the mean NPP was smaller than that of the
other two plants. Results were similar for other con-
straint condition parameters. In terms of the relative
change in NPP, the three plants show analogous varia-
tion (Fig. 4). For the same constraint condition param-
eter, the relative change in NPP in southern China was
greater than the change in northern China. Across the
whole region, the relative change gradually increased
with the increasing of constraint condition parameter.

To analyze potential causes of variation in NPP,
GPP, and Ra were also investigated because the LPJ
model calculates NPP as the difference between GPP
and Ra. The variations in total GPP for the three
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Fig. 3. Average variation in NPP during 1961–1970 (units: g C m−2 yr−1): (a)
δ=0.5, (b) δ=0.6, (c) δ=0.7, (d) δ=0.8.

PFTs display differences under the deforestation sce-
nario (Fig. 5, Table 3). When δ=0.5, GPP increases by
11.05 g C m−2 yr−1 for TeBS, but was reduced by 2.25
g C m−2 yr−1 for TeBE and by 10.79 g C m−2 yr−1

for BoNE. The relative changes in GPP for the three
PFTs were small, perhaps because variations in GPP
are largely dependent on light and soil temperature
and fairly insensitive to land use. The impact of de-
forestation on leaf carbon mass was also weak, so the
variation in GPP was small. When deforestation oc-
curred, variations in leaf, sapwood, heartwood and fine
root carbon mass induce a reduction in Ra for the three
PFTs (Fig. 6, Table 4). As the constraint condition
parameter increase, the extent of variation is different
for each of the three PFTs. When δ=0.5, the average
Ra was reduced by ∼39.12 g C m−2 yr−1 for TeBE,
∼19.45 g C m−2 yr−1 for TeBS and ∼31.62 g C m−2

yr−1 for BoNE. These numerical results suggest that
there were different reasons for the increase of NPP
for each of the three plants. Both GPP and Ra were
reduced for TeBE and BoNE, but NPP increased since
the extent of decrease in GPP was less than that of Ra.
However, in the case of TeBS, NPP increased because
GPP increased and Ra decreased.

4. The variation in PFTs

The impact of deforestation on plant vegetation
type was also explored because different plant types
can severely influence terrestrial ecosystems and car-
bon cycling (DeFries et al., 1999). Within the LPJ
model, an important variable in determining plant
type is foliage projective cover. The dominant plant
was confirmed according to the highest simulated areal
cover represented by the plant cover. The plant cover
was related to the leaf area index, which depends on
leaf carbon mass.

Results show that the plants in the study region
were unaltered except for a small part of northeast

Table 4. Same as in Table 2, but for autotrophic respira-
tion (units: g C m−2 yr−1).

δ TeBE TeBS BoNE

Reference state 960.67 719.73 589.50
0.5 921.55 700.28 557.88
0.6 912.06 695.80 550.10
0.7 902.84 691.06 542.12
0.8 894.25 686.36 533.69



NO. 2 SUN AND MU 521

Fig. 4. Average relative change in NPP during 1961–1970 (units: g C m−2 yr−1):
(a) δ=0.5, (b) δ=0.6, (c) δ=0.7, (d) δ=0.8.

Fig. 5. Same as in Fig. 3, but for GPP (units: g C m−2 yr−1).
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Fig. 6. Same as in Fig. 3, but for Ra (units: g C m−2 yr−1).

China, where boreal needle-leaved summergreen
(BoNS) or boreal broad-leaved summergreen (BoBS)
substitutes for BoNE when deforestation occurs.
These results show that the plant cover of BoNS or
BoBS was larger than that of BoNE when deforesta-
tion occurred. Although the plant cover in southern
China also underwent changes, plants remain fixed.
Within the LPJ model, the interaction between the
climate condition and vegetation was not considered.
The variations in vegetation amount could not cause
the climate change, so the plant scarcely changes.

5. Summary

In our study, the different responses of terrestrial
ecosystems and carbon cycles to land use in China
were investigated under specific conditions by employ-
ing the CNOP-I approach within the LPJ model. Our
main conclusions are summarized below.

As the extent of deforestation increases, relative
change in vegetation amount increases and exhibits
nonlinear characteristics. For the same constraint con-
dition parameters, variation in plant amount among
the TeBE, the TeBS and the BoNE differed, with a
greater variation in northern China than in southern

China. Through an analysis of climate conditions, we
demonstrate the cause of variation in the plant amount
due to deforestation. Within a certain extent of land
use, NPP increased for the whole region. The rea-
sons for the increase were different for the three PFTs.
Both GPP and Ra were reduced for TeBE and BoNE,
but NPP was augmented because the decrease in GPP
was less than that of Ra. However, in the case of
TeBS, NPP was augmented because GPP increased
and Ra decreased. Furthermore, the PFT basically re-
mains changeless on the whole region due to the small
amount of loss in leaf carbon mass. The deforestation
of the plant trees is important mode of the land use.
When deforestation occurs, plants have the ability to
regrow with proper precipitation and the temperature.
The regrowth ability for different trees varies. For ex-
ample, in the southern China, adequate precipitation
and sunlight facilitate the robust regrowth of trees.
However, in northern China, the temperature is low,
regrowth is weaker than in the southern China. The
CNOP approach could post the difference in the dif-
ferent trees.

Data have been available on land use and land use
changes; however, we did not employ them in our re-
search. Instead, we have produced experimental re-
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sults by employing a nonlinear optimization method
from the perspective of the initial perturbation to re-
veal the maximum variations in the vegetation amount
related to a certain extent of land use. We chose the
study period 1961–1970 to investigate the variation in
terrestrial ecosystem due to land use because human
activities intensified during this time and the climate
data are credible for this period. Our study did not
consider variation in the response of terrestrial ecosys-
tems to land use. In northern China, the climate con-
dition abruptly changes in the late 1970s. The impact
of human activities on the terrestrial ecosystem dur-
ing the last 1970s, 1980s, and 1990s is worthy of dis-
cussion. The variations in net ecosystem production
(NEP) and/or soil carbon also fail to discuss due to
land use, especially for carbon source and sink. These
variations will be discussed in a future analysis.
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