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Abstract: Ecosystem services are tightly coupled with availability of solar energy and its partition into
energy fluxes, and biomass accumulation, which represents the energy flux in ecosystems, is a key
aspect of ecosystem services. This study analyzed the effects of climate change and land use and land
cover change (LUCC) on the biomass accumulation change in the Lower Heihe River Basin during
2001–2010. Biomass accumulation was represented with net primary productivity (NPP), which was
estimated with the C-Fix model, and scenario analysis was carried out to investigate effects of climate
change and LUCC on biomass accumulation change in a spatially explicit way. Results suggested
climate change had an overall positive effect on biomass accumulation, mainly owning to changes in
CO2 concentration and temperature. LUCC accounted for 70.61% of biomass accumulation change,
but primarily owning to fractional vegetation change (FVCC) rather than land conversion, and there
is a negative interactive effect of FVCC and climate change on biomass accumulation, indicating
FVCC resulting from water diversion played a dominant in influencing biomass accumulation. These
results can provide valuable decision support information for the local ecosystem managers and
decision makers to guarantee sustainable provision of essential ecosystem services.
Keywords: biomass accumulation; water diversion; climate change; energy flux; fractional vegetation
change (FVCC); net primary productivity (NPP)

1. Introduction
Ecosystem services are tightly coupled with the availability of solar energy and its partition
into energy fluxes in the heterogeneous landscape, which was dominated by heat dissipation on
the expense of photosynthesis [1–6]. About 3.8 ˆ 1024 J solar energy is annually absorbed by the
surface and atmosphere of the Earth, 95.5% of which dissipates as the sensible and latent heat fluxes,
only 4.5% is channeled into photosynthesis [6,7]. The photosynthesis using the photosynthetically
active radiation (PAR) as the energy source is the only process by which carbon dioxide (CO2 ) is
converted into organic carbon and the solar energy is converted into chemical energy and stored as
biomass [6,8]. Once stored, the biomass can provide food for heterotrophic organisms and can be
processed into usable energy such as renewable fuel or bioenergy, which has currently attracted great
interest in the global energy scenario [6,9–14]. Biomass is the total mass (or energy) of all living material
(Units: gC¨ m´2 or kJ¨ m´2 ), where the energy and (reduced) carbon can be used interchangeably
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(39 kJ per gC) [9,10]. The biomass accumulation is a key aspect of ecosystem services since it represents
the energy available for upper trophic levels and strongly influences the dynamics of atmospheric
CO2 , and understanding the processes that affect biomass accumulation is also critical for planning
strategies to mitigate the accumulation of CO2 in the atmosphere [11,12]. In particular, the economic
success of agricultural and forestry systems, which harvest solar radiation to produce food and
fiber through biomass accumulation, also requires proper management for the capture and partition
of solar radiation [15,16]. The partition of energy results from the long-term interactions between
biogeochemical cycling, climatic factors and disturbance as well as the short-term interactions between
plant physiology and atmospheric boundary layers [7], and it is important to analyze where energy
is lost and carry out integrated measurements of atmosphere-ecosystem exchange to find ways of
improving the biomass accumulation in ecosystems [13].
Climate change and land use and land cover change (LUCC) are primary driving forces for
biomass accumulation in terrestrial ecosystems [17–20], and assessing their relative contribution to
biomass accumulation change is critical for finding ways of guaranteeing provision of ecosystem
services and planning strategies to mitigate the accumulation of CO2 in the atmosphere [15]. Climate
change and LUCC can influence the biomass accumulation of vegetation through influencing the
fraction of radiation intercepted, radiation use efficiency and harvest index [12,21–23], and they can
also lead to the shifts in the overall structure and function of ecosystems and consequently influence
partition of energy fluxes and ecosystem energy balance and result in changes in biomass [24].
Net primary productivity (NPP) measures the transfer of energy to the biosphere and terrestrial
CO2 assimilation [9,25]. NPP can be used to represent biomass accumulation and provides a set
of indicators for measuring effects of climate change and LUCC on biomass accumulation and
trophic energy fluxes in natural ecosystems and managed lands [9,25–27]. Besides, There have
been a number of models for estimating NPP in large areas, which can be categorized into statistical
(climate-related) models, light use efficiency (LUE) models and process-based models [28,29]. Among
all these models, LUE models have the highest potential to accurately reflect the spatiotemporal
dynamics of NPP due to the simplicity of their concepts and the high availability of remote sensing
data [11], and various LUE models have been developed (e.g., CASA, C-Fix) [30,31]. In addition,
the effects climate change and LUCC on biomass accumulation have been generally analyzed with
statistical methods or scenario analysis [32–34]. However, the statistical methods cannot reflect the
effects of influencing factors on biomass accumulation in a spatially explicit way [26,34–37]. By contrast,
scenario analysis with process-based terrestrial ecosystem models can reflect the effects of influencing
factors on biomass accumulation in a spatially explicit way and is often proposed as a simple, rapid
and sensitive method to study effects of environmental changes on the photosynthesis and biomass
accumulation [5,38,39]. However, current research with scenario analysis has generally focused on
influence of climate change and land conversion (LC), with little attention paid to the fractional
vegetation cover change (FVCC) which may have more important influence on biomass accumulation
at microscopic scales [15,17,40–42].
The arid and semi-arid regions plays an important role in providing various ecosystem services
and guaranteeing human well-beings, but the vegetation dynamics and biomass accumulation in these
regions are very sensitive to various disturbances due to severe lack of water resources [1–3,43–45].
What is worse, climate change and human activities have further aggravated the drought stress
that reduces the biomass accumulation of vegetation in these regions [34,46–50]. The rational water
allocation has been considered as the fundamental method to solve problems resulting from water
scarcity [48,51–53], for example, the Chinese government implemented the Ecological Water Diversion
Project in 2000 to address the severe ecological degradation in the Heihe River Basin, the second largest
inland river basin in Northwest China [28,54]. However, much remains unknown about the impacts of
water diversion and other influencing factors on ecosystem services in this region [34,55–58]. To better
understand the response of biomass accumulation to its influencing factors in this region, this study
analyzed the effects of climate change and LUCC on biomass accumulation in the Lower Heihe River
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2. Materials and Methods
2. Materials and Methods
2.1. Study Area
2.1. Study Area
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Figure 1. Location of the Lower Heihe River Basin and land use in 2010.
Figure 1. Location of the Lower Heihe River Basin and land use in 2010.

2.2. C-Fix Model
The biomass accumulation was represented with NPP estimated with the C-Fix model, a widely
used LUE model that has been successfully used in Europe, Africa and China [56,60]. The C-Fix model
quantifies NPP as a function of absorbed photosynthetically active radiation (APAR) and biome-
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2.2. C-Fix Model
The biomass accumulation was represented with NPP estimated with the C-Fix model, a widely
used LUE model that has been successfully used in Europe, Africa and China [56,60]. The C-Fix model
quantifies NPP as a function of absorbed photosynthetically active radiation (APAR) and biome-specific
or plant functional group-specific light use efficiency based on CO2 concentration, temperature, solar
radiation and fraction of absorbed photosynthetically active radiation (fAPAR) as follows.
”
ı
NPPd “ ppTatm q ˆ CO2 f ert ˆ ε ˆ fAPAR ˆ c ˆ Sg.d ˆ p1 ´ Ad q

(1)

where NPPd is the daily NPP (Unit: gC m´2 ), p(Tatm) is the normalized temperature dependency factor
ranging between 0 and 1, CO2 fert is the normalized CO2 fertilization factor, ε is the radiation use
efficiency (Unit: gC/MJ), fAPAR is the fraction of Absorbed Photosynthetically Active Radiation,
c the climatic efficiency giving the ratio of PAR to global radiation; Sg,d is the daily incoming global
solar radiation (Unit: MJ¨ m´2 ¨ d´1 ); and Ad is defined as an autotrophic respiratory fraction of gross
primary productivity. More specific explanations can be found in the literature [56,60].
2.3. Data and Parameters
A database for estimating biomass accumulation was built, including the climate data, land
use data, digital elevation model (DEM), Normalized Difference Vegetation Index (NDVI) data, and
CO2 concentration during 2000–2010. The climate data including the air temperature and solar
radiation were derived from daily records of meteorological stations within the study area and
neighboring regions, and were interpolated into 1 km resolution grid data using gradient plus inverse
distance squares method [61,62]. In particular, the daily temperature data were adjusted with the
1 km resolution DEM data and monthly temperature lapse rates provided by the Heihe Plan Science
Data Center [63]. The monthly CO2 concentration data during 2000 and 2010 were downloaded
from the NOAA website [64]. The climate-related parameters were prepared as follows. First, the
normalized temperature dependency factor p(Tatm) was calculated with the method described by
Wang et al. [65]. Besides, the normalized CO2 fertilization factor (CO2 fert) was estimated with the daily
air temperature and monthly CO2 concentration [60]. In addition, c was set to be 0.48 as it is in the
original C-Fix model. What is more, the grid data of Sg,d were prepared with the daily meteorological
observation data. Moreover, Ad was estimated with the parameterization method of Goward and Dye,
i.e., Ad = (7.825 + 1.145 ˆ Ta )/100, where Ta is the air temperature (Unit: ˝ C) [66].
The 1 km resolution land use data were derived from Landsat Thematic Mapper (TM)/Enhanced
Thematic Mapper (ETM) images in 2000, 2005, 2008 and 2010, which was interpreted by Chinese
Academy of Sciences, with the overall interpretation accuracy of 92.7% [61,62,67]. There are six major
land use types and 25 subclass land use types, which were reclassified in this study, and then
parameters related to land use types were prepared as follows. The radiation use efficiency ε was
treated as a constant (i.e., 1.1 gC/MJ) for all vegetation types in the original C-Fix model, but more and
more studies have indicated that there is great difference of ε among biomes due to the variations of
vegetation structure and biochemical composition [17,60,68,69], and in this study the values of ε for
major vegetation types were assigned with the parameter values of Running et al. [68], which have
been widely used in the estimation of NPP at global and regional scales (Table 1). Moreover, the NDVI
data were derived from the cloud-free NDVI data from 2001 to 2011 in the Heihe River Basin [70], and
fAPAR was calculated as a linear function of the NDVI [71] as follows.
´
FAPARNDVI “

¯
NDV Ipx,tq ´ NDV Ii,min ˆ pFAPARmax ´ FAPARmin q
`
˘
` FAPARmin
NDV Ii,max ´ NDV Ii,min

(2)

where FAPARmin and FAPARmax are 0.001 and 0.95, respectively, regardless of the vegetation types [69];
NDV Ipx,tq is the NDVI value in the xth pixel on the tth day, and the range of t was between 110–310
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according to previous research, which represents the length of the growing season [72]; and NDVIi,max
and NDVIi,min are threshold values of NDVI for full-vegetation and non-vegetation pixels for the ith
vegetation type (Table 1), respectively, the values of which were determined according to the in situ
measurements and the literature [69,73,74].
Table 1. Parameter values of NDVIi,max , NDVIi,min and ε for major vegetation types. NDVIi,max and
NDVIi,min refer to the threshold values of NDVI for full-vegetation and non-vegetation pixels for the ith
vegetation type, respectively, and ε is the radiation use efficiency.
Land Use Type

NDVIi,max

NDVIi,min

ε (Unit: gC/MJ)

Cultivated land
Grassland
Closed forest
Shrub
Open forest
Other forest

0.8474
0.8474
0.5586
0.6360
0.6360
0.6360

0.0298
0.0298
0.0298
0.0298
0.0298
0.0298

0.6040
0.6080
1.0440
0.7680
1.0440
1.0440

2.4. Scenario Development
Accurately quantifying the effects of different drivers on terrestrial biomass accumulation
requires an understanding of the controlling physiological and ecological processes of biomass
accumulation [20]. The climate change is a primary driving force for terrestrial ecosystem
productivity [17–19], and the effects of climate change on biomass accumulation can be reflected
with different scenarios with changes of climatic factors [75]. Besides, the human activities can be
categorized into explicit and implicit LUCC, i.e., LC due to internal human activities and FVCC due to
the water diversion since water diversion has great influence on the water availability and subsequently
the fractional vegetation cover in the study area [47,54,74]. The effects of LC on biomass accumulation
can be reflected with scenarios with different land use data, while the effects of FVCC on biomass
accumulation can be reflected with scenarios with different fAPAR data since the fractional vegetation
cover is linearly related with fAPAR. In addition, the simulation period was set to be 2001–2010
in this study since the Ecological Water Diversion Project was implemented in 2000. Moreover,
the total of annual biomass accumulation during 2001–2010 were further summarized since major
carbon and energy fluxes between the atmosphere and terrestrial biosphere are often expressed in
terms of net biomass accumulation from annual NPP and the effects of some influencing factors on
biomass accumulation are expected to be lagged as vegetation shows inertial dynamics associated to
its dependence on water resources and soil characteristics [12,47,54,72,76].
Multiple scenarios were designed to study effects of climate change and LUCC on biomass
accumulation in the study area after the performance of the C-Fix model was assessed by comparing
with results in the literature since there are not adequate in situ measurement data. Three groups of
scenarios were designed, i.e., Group I for LUCC only, Group II for climate change only, and Group III
for both climate change and LUCC, which were further divided into 10 scenarios (Table 2). Specifically,
Group I was used to analyze the effects of LUCC (including LC due to the internal human activities of
the study area and fAPAR representing FVCC due to the water diversion) on biomass accumulation,
in which Scenario L1 involved only LC and Scenario L2 involved both LC and FVCC while all climatic
factors remained in 2001.
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Table 2. Scenarios for analyzing effects of climate change and land use and land cover change (LUCC)
on biomass accumulation.
Groups

Scenarios

LC

fAPAR

Radiation

Temperature

CO2

I

L1
L2




˝


˝
˝

˝
˝

˝
˝

II

C1
C2
C3
C4

˝
˝
˝
˝

˝
˝
˝
˝


˝
˝


˝

˝


˝
˝



III

LC1
LC2
LC3
LC4


˝
˝





˝



˝




˝




˝


 indicates that the input variable changes during 2001–2010, while ˝ indicates that the parameter value is fixed
in the year 2001.

Besides, Group II included four scenarios (C1–C4) to reflect effects of climatic factors (including
radiation, temperature and CO2 concentration). Scenarios C1, C2, and C3 allowed radiation,
temperature and CO2 concentration to change, respectively, with the remaining climatic factors,
land use types and fAPAR fixed at the level in 2001; Scenario C4 allowed all climatic factors to change,
with the land use types and fAPAR were fixed at the level in 2001. In addition, Group III included
four scenarios (LC1–LC4) that involved both climate change and LUCC to study their interactive
effects on biomass accumulation. Under Scenario LC1, all the input factors were allowed to change
during 2001–2010. Scenario LC2 was used to check the interactive effects of water diversion and
climate change on biomass accumulation, under which fAPAR and all climatic factors are allowed to
change during 2001–2010, and only the land use types were fixed in 2001. Scenario LC3 and Scenario
LC4 were used to explore the interactive/non-interactive effects of FVCC and other influencing factors
on biomass accumulation, respectively. Under Scenario LC3 only fAPAR was allowed to change over
years and all other input parameters were fixed in 2001, while it was on the contrary under Scenario
LC4. An additional Scenario for Business as Usual (BAU) was also included, under which all input
factors were fixed at the level in 2001, and the effects of influencing factors on biomass accumulation
were reflected with the percentage difference of the total biomass accumulation in Group I, II and III
relative to that under Scenario BAU.
3. Results
3.1. Model Validation
There have been a number of studies on biomass accumulation in the Heihe River
Basin [31,56,74,77], and the biomass accumulation from the C-Fix model agreed well with
that in these studies (Figure 2). For example, the mean annual biomass accumulation the
whole study area from the C-Fix model (22.08 gC¨ m´2 ¨ a´1 ) was very close to results of
Wei et al. (23.51 gC¨ m´2 ¨ a´1 ) [77]. Specifically, the estimated biomass accumulation of
cultivated land (157.02 gC¨ m´2 ¨ a´1 ) was only slightly lower than the results of Zhang et al.
(170.76 gC¨ m´2 ¨ a´1 ) and MOD17 (174.57 gC¨ m´2 ¨ a´1 ) [74,78]. The biomass accumulation of
forestland from the C-Fix model (102.37–178.10 gC¨ m´2 ¨ a´1 ) was also consistent with that of
Zhang et al. (103.06–187.59 gC¨ m´2 ¨ a´1 ) [74]. The biomass accumulation of grassland from the
C-Fix model (95.87 gC¨ m´2 ¨ a´1 ) was very close to that in MOD17 (93.01 gC¨ m´2 ¨ a´1 ) and Lu et al.
(97.73 gC¨ m´2 ¨ a´1 ) [56]. The mean annual biomass accumulation of unused land from the C-Fix
model (16.77 gC¨ m´2 ¨ a´1 ) was only slightly higher than the biomass accumulation of deserts in
Zhang et al. (13.61 gC¨ m´2 ¨ a´1 ) [74]. In particular, the mean annual biomass accumulation of swamp
from the C-Fix model (80.33 gC¨ m´2 ¨ a´1 ) was slightly higher than that in Zhang (74.41 gC¨ m´2 ¨ a´1 )

Energies 2016, 9, 260

7 of 18

and Chen et al. (74.49 gC¨ m´2 ¨ a´1 ) [74,79]. There are still some differences between the results from
the C-Fix model and previous research, which may be due to the difference in the spatial extent of the
study area, input data, and parameter values. For example, previous research generally calculated
the biomass accumulation in the whole Heihe River Basin, while this study focused on only the
lower reach, where the biomass accumulation is relatively lower. Overall, the estimated biomass
accumulation from the C-Fix model all fell within the ranges in previous research, indicating that
the parameters and algorithm in the C-Fix model are suitable for analyzing the effects of influencing
factors
on biomass
accumulation change in the Low Heihe River Basin.
Energies 2016,
9, 260
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Figure 2. Comparison of mean annual biomass accumulation (Unit: gC·m−2·a−1) of major land use
Figure 2. Comparison of mean annual biomass accumulation (Unit: gC¨ m´2 ¨ a´1 ) of major land use
types from the C-Fix model and the literature (1, 21, 22, 23, 3, 4, 6, 64 represents cultivated land, closed
types from the C-Fix model and the literature (1, 21, 22, 23, 3, 4, 6, 64 represents cultivated land, closed
forest, shrub, open forest, grassland, unused land, and marsh, respectively).
forest, shrub, open forest, grassland, unused land, and marsh, respectively).

3.2. Influence of Climate Change and LUCC on Biomass Accumulation
3.2. Influence of Climate Change and LUCC on Biomass Accumulation
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2000–2010.
LC occurred in 8.19% of the land in the Lower Heihe River during 2000–2010, most of which
occurred between grassland and unused land, and there was only slight change in the total area of
different land use types (Figure 4). However, there was considerable change of land use types during
the study period in fact. For example, the cultivated land expanded significantly after 2005 as the
diverted water increased, the area of which thereafter decreased due to the policy factors, while the
grassland changed dramatically, and the area of water bodies increased stably. By comparison, there
was more significant change in the fractional vegetation cover, the mean fAPAR of the whole study
area ranged between 0.039 and 0.05, with the extent of variation reaching 14.62% (Figure 4). Besides,
there was great difference in the biomass accumulation of different land use types. For example,
(a)had the highest biomass accumulation (204.67
(b) gC¨ m´2 ¨ a´1 ), followed
in 2001 the cultivated land
´
2
´
1
by the forestland (113.96 gC¨ m ¨ a ), while the biomass accumulation of grassland and unused
land was very low, reaching only 29.44 and 20.84 gC¨ m´2 ¨ a´1 , respectively. However, grassland and
unused land accounted for 17.50% and 69.55% of the total biomass accumulation of the whole study
area due to their large area, while the cultivated land and forestland accounted for only 6.09% and
5.84%, respectively.

(c)

(d)

Figure 3. Changes in climatic factors in the Lower Heihe River Basin during 2000–2010, including (a)
the annual total solar radiation (Unit: MJ·m−2·a−1), (b) annual mean temperature (Unit: °C), (c) annual

interannual fluctuations during 2000–2010 (Figure 3). Besides, as the CO2 concentration of the
atmosphere increased year-by-year, the annual mean temperature showed a slight increasing trend
in the in the Lower Heihe River Basin during 2000–2010 (Figure 3). In addition, the annual
precipitation showed an insignificant increasing trend. Overall, the climate change in the study area
was characterized
by significant increase of the CO2 concentration and temperature and obvious
Energies
2016, 9, 260
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decrease of the solar radiation during 2000–2010.
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diverted water increased, the area of which thereafter decreased due to the policy factors, while the
grassland changed dramatically, and the area of water bodies increased stably. By comparison, there
was more significant change in the fractional vegetation cover, the mean fAPAR of the whole study
area ranged between 0.039 and 0.05, with the extent of variation reaching 14.62% (Figure 4). Besides,
there was great difference(c)
in the biomass accumulation of different land
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LC occurred in 8.19% of the land in the Lower Heihe River during 2000–2010, most of which
occurred between grassland and unused land, and there was only slight change in the total area of
different land use types (Figure 4). However, there was considerable change of land use types during
the study period in fact. For example, the cultivated land expanded significantly after 2005 as the
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Figure 4. LUCC in the Lower Heihe River Basin during 2000–2010: (a) area percentage of land use types
Figure 4. LUCC in the Lower Heihe River Basin during 2000–2010: (a) area percentage of land use types
(Unit: %) in 2000 and 2010; and (b) annual mean fAPAR of the whole study area during 2001–2010.
(Unit: %) in 2000 and 2010; and (b) annual mean fAPAR of the whole study area during 2001–2010.
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Figure 5. Spatial pattern of the annual biomass accumulation in the Lower Heihe River Basin in 2010.
Figure 5. Spatial pattern of the annual biomass accumulation in the Lower Heihe River Basin in 2010.
Table 3. Biomass accumulation changes under different scenarios in the Lower Heihe River Basin
during 2001–2010.
Scenarios

Area with Biomass
Accumulation Increase

Area with Biomass
Accumulation Decrease

Overall Biomass
Accumulation Change

L1
L2
C1
C2
C3
C4
LC1
LC2
LC3
LC4

1.31%
83.16%
58.91%
68.84%
99.92%
75.80%
90.27%
90.37%
83.19%
75.34%

1.80%
16.83%
41.01%
31.08%
0.00%
24.13%
9.72%
9.61%
16.79%
24.58%

´1.21%
70.61%
´7.37%
9.89%
25.55%
33.45%
100.00%
99.05%
69.76%
32.15%

3.3. Effects of Climate Change on Biomass Accumulation
Results from Group II showed that there was an overall positive effect of climate change on the
total biomass accumulation, accounting for 33.45% of the total biomass accumulation change, but
there was great difference among the effects of climatic factors on biomass accumulation (Table 3).
The results under Scenarios C1–C3 showed that changes in solar radiation, temperature and CO2
concentration caused ´7.37%, 9.89% and 25.55% of the total biomass accumulation change, respectively,
indicating that the CO2 concentration change was the most important climatic factor that increased the
biomass accumulation. Solar radiation and temperature are not the primary controlling factors for
interannual variability of biomass accumulation in most models [80], and this study showed that the
solar radiation and temperature changes were not the key influencing factors of biomass accumulation
change. However, this study showed there was still a rise in photosynthesis and biomass accumulation
under elevated temperature, which was also consistent with previous studies [42,74,81]. Moreover,
comparison of results under Scenarios C1-C4 indicated that there were some interactive effects of
climatic factors, which were mainly due to the CO2 fert amplified by the temperature rise, leading to
5.37% of the total biomass accumulation change (Table 3).
There was obvious spatial heterogeneity in the effects of these climatic factors on biomass
accumulation, and the overall positive and negative effects of climate change mainly occurred in
the east and west parts of the study area, respectively (Figure 6). Specially, the solar radiation change
generally had a negative effect in the west part and a positive effect on biomass accumulation in
the east part of the study area, which was especially remarkable in the oases where the fractional
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vegetation cover is high (Scenario C1). Solar radiation is not a limiting factor for vegetation growth in
the Lower Heihe River Basin where there is sufficient solar radiation, but the solar radiation change
still had very important negative influence on biomass accumulation in the western part of the study
area. By contrast, the temperature varied more remarkably and had a more important effect on biomass
accumulation. The negative effect of temperature change on biomass accumulation mainly occurred in
the regions at a higher altitude, e.g., Mazong Mountain in the west part, while the positive effect of
temperature change generally occurred in the plain regions at a lower altitude, especially the oases
where the fractional vegetation cover is high (Scenario C2). Results under Scenario C3 showed that
increase of CO2 concentration had a positive effect on biomass accumulation in almost the whole study
area, which was especially remarkable in regions with high fractional vegetation cover and minor
in regions with low fractional vegetation cover, indicating that the influence of CO2 fert on biomass
accumulation heavily depends on the vegetation cover and can only directly increase the potential
rather
than
actual
Energies
2016,
9, 260 biomass accumulation.
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Figure 6. Spatial patterns of effects of climatic factors on the total biomass accumulation during
Figure 6. Spatial patterns of effects of climatic factors on the total biomass accumulation during
2001–2010 in the Lower Heihe River Basin under Scenarios (a) C1 (dynamic solar radiation only);
2001–2010 in the Lower Heihe River Basin under Scenarios (a) C1 (dynamic solar radiation only); (b) C2
(b) C2 (dynamic temperature only); (c) C3 (dynamic CO2 concentration only); and (d) C4 (all climatic
(dynamic temperature only); (c) C3 (dynamic CO2 concentration only); and (d) C4 (all climatic factors
factors changing dynamically).
changing dynamically).
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overall significant positive effect on biomass accumulation, accounting for 70.61% of the total biomass
Scenario L2, increasing and decreasing in 83.16% and 16.83% of the total area of the study area,
respectively (Table 3). Specifically, biomass accumulation increased significantly in the oases and
regions along Heihe River, while it decreased significantly in West Juyanhai, Ejina oasis and regions
near the Heihe River to the north of Langxin Mountain and a few regions near Gurinai Lake (Figure 7).

Energies 2016, 9, 260

11 of 18

accumulation change. In addition, biomass accumulation changed in a wider area under Scenario
L2, increasing and decreasing in 83.16% and 16.83% of the total area of the study area, respectively
(Table 3). Specifically, biomass accumulation increased significantly in the oases and regions along
Heihe River, while it decreased significantly in West Juyanhai, Ejina oasis and regions near the Heihe
River
the9,north
Energiesto
2016,
260 of Langxin Mountain and a few regions near Gurinai Lake (Figure 7).
11 of 17

(a)

(b)

Figure 7.
7. Spatial
Spatial pattern
pattern of
of biomass
biomass accumulation
accumulation change
change under
under Scenarios
Scenarios (a)
(a) L1
L1 (dynamic
(dynamic LC
LC only)
only)
Figure
and (b)
(b) L2
L2 (dynamic
(dynamic LC
LC and
and FVCC).
FVCC).
and

3.5. Joint Effects of Climate Change and LUCC on Biomass Accumulation
3.5. Joint Effects of Climate Change and LUCC on Biomass Accumulation
The results under Scenario LC1 showed that there was obvious spatial heterogeneity of the joint
The results under Scenario LC1 showed that there was obvious spatial heterogeneity of the
effects of climate change and LUCC on biomass accumulation. The total biomass accumulation
joint effects of climate change and LUCC on biomass accumulation. The total biomass accumulation
increased in 90.27% of the study area under Scenario LC1, most remarkably in the regions with high
increased in 90.27% of the study area under Scenario LC1, most remarkably in the regions with high
fractional vegetation cover, e.g., Yuanyangchi Oasis, Dingxin Oasis; while it decreased in 9.72% of
fractional vegetation cover, e.g., Yuanyangchi Oasis, Dingxin Oasis; while it decreased in 9.72% of
the study area, most remarkably in West Juyanhai, a few part in Ejina Oasis, regions along Heihe
the study area, most remarkably in West Juyanhai, a few part in Ejina Oasis, regions along Heihe
River Basin and Yuanyangchi Oasis (Figure 8). Besides, results under Scenario LC3 showed that the
River Basin and Yuanyangchi Oasis (Figure 8). Besides, results under Scenario LC3 showed that the
FVCC alone made biomass accumulation increase and decrease in 83.19% and 16.79% of the study
FVCC alone made biomass accumulation increase and decrease in 83.19% and 16.79% of the study
area, respectively, accounting for 69.76% of the total biomass accumulation change during the study
area, respectively, accounting for 69.76% of the total biomass accumulation change during the study
period. The results under Scenario LC4 suggested the joint effects of climate change and LC made
period. The results under Scenario LC4 suggested the joint effects of climate change and LC made
biomass accumulation increase and decrease in 69.76% and 32.15% of the study area, resulting in an
biomass accumulation increase and decrease in 69.76% and 32.15% of the study area, resulting in an
overall increasing rate of 32.15%.
overall increasing rate of 32.15%.
The results from Group III indicated that there were some interactive effects of climate change
and LUCC on the total biomass accumulation of the study area (Table 3). The interactive effects of
climate change and LUCC on biomass accumulation were integrated into fAPAR representing the
FVCC, and results under Scenarios LC1, LC3 and LC4 suggested that the interactive effects of FVCC
and other factors (LC and climate change) accounted for ´1.91% of the total biomass accumulation
change. Besides, results under Scenarios C4, LC2 and LC3 indicated that the interactive effect of
climate change and FVCC led to ´4.16% of the total biomass accumulation change, while the results
under Scenarios L1, L2 and LC3 indicated the interactive effects of LC and FVCC accounted for 2.06%
of the total biomass accumulation change. The positive effect of LC and FVCC was mainly due to
(a)
the expansion of forestland during
2000–2010, but it had only minor(b)
influence on the total biomass
accumulation of the study area since LC occurred in only very few part of the study area (Figure 8).
The negative interactive effects of climate change and FVCC had some notable influence on the total
biomass accumulation of the study area, which may be due to the influence of climate change on the
fractional vegetation cover and total vegetation area through influencing the evapotranspiration and
other physiological processes. Overall, although it is challenging to accurately estimate the separate
interactive effect of climate change, LC and FVCC, the results still suggested that climate change
and LC had a negative and positive interactive effect with FVCC, respectively, which had only slight
influence on the total biomass accumulation change.
(c)

(d)

Figure 8. Spatial patterns of effects of climate change and LUCC on total biomass accumulation during
2001–2010 in the Lower Heihe River Basin under Scenarios (a) LC1 (all factors changing dynamically),
(b) LC2 (fixed LC only), (c) LC3 (dynamic fAPAR only), and (d) LC4 (fixed fAPAR only).
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The results from Group III indicated that there were some interactive effects of climate change
4. Discussion
and LUCC on the total biomass accumulation of the study area (Table 3). The interactive effects of
4.1. Model Uncertainties
The C-Fix model involves key influencing factors of biomass accumulation and the input factors
within this model were strictly localized in this study, but there are still large uncertainties in the
estimation of biomass accumulation, which may arise from input data, parameters and model structure.
First, the accuracy of input data may lead to some uncertainties in the estimated biomass accumulation.
For example, the solar radiation data were obtained with data interpolation without consideration of
the terrain, which may lead to some bias in the estimated biomass accumulation. Fortunately, plains
cover most of the study area, and there is only minor influence of terrain on solar radiation. Besides,
determination of parameter values may also lead to some biases in the model output, and there is also
some difference in the parameter values between this study and previous research. For example, the
radiation use efficiency ε has been shown to vary between plants, ecosystems and seasons, but in the
original C-Fix model a constant light use efficiency is assumed (1.1 gC/MJ), which may be too high
for the Lower Heihe River Basin [56]. In particular, ε is generally assumed to be homogeneous with
the grid cells of discrete biome types in most biomass accumulation models, and the 1 km resolution
LUCC data captured the overall trend of land use change but cannot accurately capture the spatial
heterogeneity of the seriously fragmented landscapes in the study area, which may cause some biases
in the model parameters including ε and subsequently lead to some uncertainties in the estimated
biomass accumulation [76]. To further improve the model performance, it is necessary to determine
values of ε with more observation data and higher resolution LUCC data [17]. Estimation of fAPAR
with NDVI tends to overestimate biomass accumulation, this study managed to reduce the consequent
errors by adjusting related parameter values, but further adjustment may be needed. In addition, the
growing season length is influenced by climatic features and local differences in temperature and
energy fluxes [4], but in this study it was set to be constant, which may have slight influence on the
estimated biomass accumulation.

Energies 2016, 9, 260

13 of 18

The model algorithms may also contribute to uncertainties in the estimated biomass accumulation
and need further improvement. For example, the water limitation has great influence on the vegetation
growth and biomass accumulation in the arid and semi-arid regions, but the water limitation is
not explicitly modeled in the in C-Fix model, which is only implicitly involved by assimilation of
NDVI [82]. A water stress index has been proposed to account for limited photosynthetic activity
in case of short-term water stress to improve the C-Fix model [83,84], but more in-depth research
is still needed [82]. Besides, there is only a very simplified algorithm of autotrophic respiration
in the C-Fix model, which may need to be further improved [60,82]. In addition, the C-Fix model
is innovative by involving the CO2 fert, but the model algorithms do not account for some other
environmental stresses such as the rooting depth, and more environmental factors may need to be
further involved [15,17,20,85]. Overall, there are still some uncertainties in estimation of biomass
accumulation due to these factors mentioned above, and readjustment of model parameters and
more accurate input data may be needed to better estimate biomass accumulation to more accurately
evaluate the response of biomass accumulation to environmental factors.
4.2. Management Implications
The results in this study suggested there were great differences among the effects of climate change
and LUCC on biomass accumulation, which can provide valuable decision support information
for adaptive management despite some uncertainties. LUCC is one of the key driving forces of
ecosystem services including biomass accumulation, land use management is known to influence
the structural canopy development of ecosystems, thereby affecting the net radiation balance and
energy partition, and change of vegetation coverage grades was mainly associated with LC at large
scales [7,86,87]. This study suggested LUCC had an overall positive effect on biomass accumulation
in the study area; however, the biomass accumulation change was mainly due to the FVCC rather
than LC. FVCC played a dominant role in increasing biomass accumulation, accounting for 69.76%
of the total biomass accumulation change, while LC only had a slight negative effect on the total
biomass accumulation. This study also showed there was some interactive effects of LC and FVCC,
but with very limited effects on biomass accumulation change, indicating that more attention should
be paid to the FVCC in the ecological conservation in this region. However, there are only very
few studies that estimated the relative contribution of FVCC or vegetation growth enhancement to
biomass accumulation change, while most of previous studies only focused on LC [1,15,55,77,86,87].
In particular, the FVCC is more closely related with the water availability in the arid and semi-arid
regions at small scales, which dominates the interannual variability of biomass accumulation over
large vegetated areas in almost all models [50,80]. However, in most ecological models the water
availability is represented with the precipitation rather than the groundwater, the major water source
in the arid and semi-arid regions [33,51]. It is therefore necessary to carry out more in-depth research
with consideration of the relationship between groundwater resources and FVCC to provide more
robust decision support information for ecological management in arid and semi-arid regions [88].
Overall, although humans can influence the capacity of land to produce biomass through land use
management, biomass accumulation is still limited by water in the arid and semi-arid regions [27],
and more attention should be paid to the FVCC resulting the groundwater table change rather than
only LC in the ecological management in these regions such as the Lower Heihe River Basin.
5. Conclusions
Assessing the relative contribution of climate change and LUCC to biomass accumulation is critical
for planning strategies to mitigate consequent effects. This study estimated biomass accumulation
in the Lower Heihe River Basin during 2001–2010 and carried out scenario analysis to investigate
effects of climate change and LUCC on biomass accumulation change in a spatially explicit way.
Results showed that the joint effects of climate change and LUCC led to a total biomass accumulation
increase of 0.17 TgC¨ a´1 , with an increasing rate of 9.78%. There were great differences in effects of
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climate change and LUCC on biomass accumulation. LUCC had a dominant positive effect on biomass
accumulation, which was mainly due to the FVCC rather than LC, indicating the FVCC resulting from
water diversion played a major role in influencing biomass accumulation and water diversion was
effective in increasing terrestrial ecosystem productivity in this region. Climate change showed an
overall positive effect on the total biomass accumulation in the study area, which was mainly due to
changes of CO2 concentration and temperature. In particular, interactive effects of climate change and
FVCC led to slight decrease of the total biomass accumulation.
It is necessary to carry out more in-depth research to improve the estimation of biomass
accumulation since there are still some uncertainties due to the model parameters and input data.
Nevertheless, the results in this study still revealed the effects of climate change and LUCC on biomass
accumulation in the Lower Heihe River Basin, indicating that FVCC resulting from water diversion
played a dominant role in influencing biomass accumulation, and more attention should be paid to
FVCC rather than LC. In particular, there was obvious spatial heterogeneity in the effects of climate
change and LUCC on biomass accumulation, which can provide valuable decision support information
for ecological conservation to guarantee the provision of essential ecosystem services in this region.
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