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Terrestrial ecosystems play a critical role in the global carbon cycle and the feedbacks of carbon cycle will
significantly impact future climate change. It’s worth noting that semi-arid biomes in the Southern Hemisphere
have driven the global carbon sink anomaly over the past 30 years. However, how does the desert/grassland
biome transition zone, a part of arid and semi-arid biomes, respond to climate change and anthropogenic ac-
tivities in carbon use efficiency (CUE) is still unclear. Therefore, based on the CUE of terrestrial ecosystem
estimated by the moderate resolution imaging spectroradiometer (MODIS) data from 2001 to 2017, the spatial
and temporal characteristics of CUE in Ningxia province, a typical desert/grassland biome transition zone, were
studied. The main driving factors in climate and ecosystem were also investigated by partial correlation analysis.
Results showed that the CUE of terrestrial ecosystems in desert/grassland biome transition zone is higher than
0.5, a constant value of CUE defined in many ecological models. However, the CUE varies with the ecosystem
types even when they are located in the same climatic zone. There is a decreasing trend of annual CUE in the
period of 2001-2017 and most of them will persistently decrease in future at pixels scales, which could be mainly
caused by the land use change. Comparing the habitat conditions, we found the lower canopy density and water
stress could increase the CUE in the same ecosystem, which indicates the plant could increase their efficiency of
transforming carbon from the atmosphere to terrestrial biomass in adverse environment. Finally, the CUE
significantly correlated to net primary productivity (NPP) and autotrophic respiration (R,) in ecosystem pro-
cesses, meanwhile water stress (lower precipitation) and heat stress (higher temperature) could increase the CUE,
but the temperature has variable impacts in different ecosystem.

1. Introduction (Scurlock and Hall, 1998). The human induced land use change, such as

forestation, deforestation and grazing, would have a unexpectedly

Global carbon cycle is one of the issues mostly discussed worldwide
(Falkowski et al., 2000; Fang et al., 2018). Terrestrial ecosystems play a
critical role in the global carbon cycle and the feedbacks of carbon cycle
will significantly impact future climate change (Schimel et al., 2015;
Schimel, 1995). Ecosystem carbon is mainly fixed by photosynthesis,
and one third of the carbon in the atmosphere is fixed by the terrestrial
ecosystem (Schimel, 1995). However, the carbon capture ability is
different in each terrestrial ecosystem. Forests and grasslands are two
important parts of terrestrial ecosystem and account for 51% of the
global terrestrial ecosystem (31% of forests and 20% of grassland), at
least 10%-30% of global soil carbon is stocked in grassland ecosystem

impact on global carbon stocks but it remains poorly quantified (Chen
et al., 2019; Erb et al., 2018; Lu et al., 2018). The recent report shows
that there is a great potential in global tree restoration, which could
increase an extra 0.9 billion hectares of canopy cover and store an
additional 205 gigatonnes of carbon (Bastin et al., 2019). Meanwhile,
the grassland ecosystem is sensitive to climate change and it would alter
the carbon storage frequently (Fay et al., 2008; Rodionov et al., 2010). A
simulation based on terrestrial biogeochemical model shown that the
global carbon sink anomaly was driven by semi-arid biomes in the
Southern Hemisphere, which is an important driver of global carbon
cycle inter-annual variability (Poulter et al., 2014). Desert/grassland
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biome transition zone between the desert and grassland is characterized
by arid and semi-arid climate and distributed around the world widely
(Hou et al., 2019). A shift in the status of vegetation growth and
phenology in desert/grassland biome transition zone under the context
of global climate change could affect the carbon cycle of terrestrial
ecosystems. Nevertheless, the carbon cycle of terrestrial ecosystems in
desert/grassland biome transition zone has been seldomly studied,
especially on its responses to climate change and anthropogenic
activities.

Carbon use efficiency (CUE) of terrestrial ecosystem is defined as the
ratio of net primary productivity (NPP) to gross primary productivity
(GPP) (Chambers et al., 2004; Curtis et al., 2005), as a key measure of
carbon transformation, and describes the capacity of ecosystem to
transfer carbon from the atmosphere to terrestrial biomass (Delucia
et al.,, 2007). The NPP/GPP ratio had been hypothesized as universal
across biomes, tree species and stand ages (Waring et al., 1998). A
constant CUE of 0.5 has been widely used in terrestrial carbon cycle
models, such as the Carnegie-Ames-Stanford-Approach (CASA) model,
or the Marine Biological Laboratory/Soil Plant-Atmosphere Canopy
Model, for regional or global modeling purposes (Delucia et al., 2007).
The previous studies confirmed that the autotrophic respiration (R,) was
dependent on GPP but there is a nonlinear response of the R, to GPP
ratio to temperature variations (Piao et al., 2010). Nonetheless, the
hypothesis of constant CUE is not valid, as the value of this ratio is not
constant and always is influenced by environmental factors, stand de-
velopments, managements and ecosystem types (Choudhury, 2000;
Collalti and Prentice, 2019; Ogawa, 2011). CUE was even regarded as a
flexible and scale-dependent index from individuals to ecosystems
(Manzoni et al., 2018). A literature survey integrated a large number of
estimated CUE about forests used biomass method and modeling method
from 1975 to 2005 and concluded that the CUE of different types of
forest were between 0.20 and 0.83 (Delucia et al., 2007). It has been also
mentioned that CUE is quite sensitive to climate and growing stage
(Dillaway and Kruger, 2014). Same as the water use efficiency (WUE),
the ratio of water loss to carbon gain, CUE is a key characteristic of
ecosystem function that is central to the global cycles of carbon (Keenan
et al., 2013). However, the characteristics and variation of CUE with
different ecosystems and at varying seasonal and annual scales are still
not clearly studied.

The determination of CUE in different ecosystems is actually to
determine the components of GPP that includes its net photosynthetic
carbon fixation (NPP) and autotrophic respiration (R,) (Choudhury,
2000). At site scale, the measurement of productivity is mainly based on
traditional biometric method, which is to measure the above-ground and
underground biomass of plants during different periods and establish an
allometric equation of biomass to estimate the NPP of the ecosystem
(Chambers et al., 2004). The net carbon flux between ecosystem and
atmosphere can be measured with the eddy covariance technique, a
micrometeorological technology (Baldocchi et al., 1988), which is,
however, limited by its measurement footprint being local. On the other
hand, the remote sensing has the advantage to observe the spatial and
temporal changes of ecosystem CUE at regional or even global scale (He
et al., 2018; Letchov, 2018). Based on moderate resolution imaging
spectroradiometer (MODIS) data from 2000 to 2003, the global scale
terrestrial ecosystem CUE was observed and the effects of ecosystem
type, geographical location and climate on the pattern of NPP to GPP
ratio were discussed (Zhang et al., 2009). The spatial variations of CUE
from MODIS satellite data and process-based models shows that the
mechanisms behind spatiotemporal changes in R, is a critical step to-
wards better quantifying global CUE (He et al., 2018). Furthermore, the
CUE is proven to be significantly related to forest type, and climatic and
geographic factors, being variable rather than constant (Kwon and
Larsen, 2013).

Grassland is one of big ecosystems and plays a significant role in the
carbon cycle (Hou et al., 2018). A grassland carbon use efficiency from
global scale was monitored by remote sensing and it was found the CUE
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of grassland had considerable spatial variation associated with grassland
types, geographical locations and climate changes (Yang et al., 2017).
Moreover, the CUE of the grassland had significant correlations with the
drought severity index (DSI), and the drought could induce dynamics of
CUE in grassland ecosystem (Gang et al., 2016). Nevertheless, the CUE
of desert/grassland biome transition zone is still not well studied,
although the vegetation of this zone could be affected seriously by
climate change and anthropogenic activities (Hou et al., 2019).

Ningxia Hui Autonomous Region (Ningxia province) in northwest of
China, a typical desert/grassland biome transition zone with rich
ecosystem types, has implemented vegetation reconstruction in the past
three decades. It is an ideal transect sample for studying the CUE of
terrestrial ecosystems in desert/grassland biome transition zone.
Revegetation of degraded ecosystems was popular in northwest of China
and it provides a significant ecological benefits (Feng et al., 2016). Be-
sides providing opportunities for carbon sequestration (Feng et al.,
2016), it can also change the CUE of ecosystem. Therefore, the objec-
tives of this study are to calculate and compare the spatiotemporal
pattern of CUEs of varied ecosystems at a desert/grassland biome tran-
sition zone, using GPP and NPP products of MODIS. The driving factors
of CUE variation will be analyzed with partial correlation analysis
methods. The results of this study can help us to understand the CUE of
terrestrial ecosystem in the desert/grassland biome transition zone
under the background of climate change and anthropogenic activities,
and provide a theoretical basis for regional economic development and
ecological environment protection.

2. Materials and methods
2.1. Study area

As one of the smallest provinces in China, Ningxia province is located
from N35°14' to N39°23’and from E104°17’ to E107°39" with the
reference frame of WGSS84, has a total area of 5.18 x 10° hm? In
administrative division, Ningxia is divided in five prefecture cities that
are Shizuishan, Yinchuan, Wuzhong, Zhongwei, and Guyuan (Du et al.,
2017). Meanwhile, the province can be divided into three ecological
zones with the geographical location stretching from the Helen Moun-
tains in the north to the Liupan Mountains on the Loess Plateau in the
south (Fig. 1). The Yellow River flows through the northern part of
Ningxia and forms a fertile alluvial plain, where irrigation channels had
been built on a 400 km stretch of the river in the Qin and Han dynasties.
The northern part of Ningxia belongs to the arid climate but has abun-
dant water resources which induced there an irrigated oasis landscape.
The middle part of Ningxia is a farming-pastoral transition zone domi-
nated by vast desert steppe and partial rain-fed agriculture with semi-
arid climate. It is also a desert/grassland biome transition zone since
there had been serious desertification and consequently a forcefully
implemented conservation (Ho, 2000; Wang et al., 2014). Hence, the
natural ecology and environment in arid zone of middle Ningxia is
fragile. Southern Ningxia is part of the Chinese Loess Plateau, which is
famous for its intensive soil erosion due to the specific geographic
landscape, soil and climatic conditions, and long history of anthropo-
genic activities. The climatic characteristics of different geographical
divisions in Ningxia province are quite different. The annual average
temperature is 5-9 °C, and the annual precipitation varies from 200 to
700 mm between the northern plain and the southern mountainous re-
gion. The annual potential evapotranspiration is approximately 2000
mm, which is much higher than precipitation (Ghulam et al., 2007).

Ningxia province has typical characteristics of ecosystem transition
from desert to grassland (Hou et al., 2019). The grassland ecosystem is
widely distributed in the arid zone of middle Ningxia, the foothills of
Helan Mountain and the loess hilly area of southern Ningxia. The area of
grassland is about 2.25 x 10% hm?, accounting for 43.44% of the whole
province, which is the most abundantly distributed terrestrial ecosystem
in Ningxia. The farmland ecosystem is mainly distributed in the Yellow
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Fig. 1. Location of study area and terrestrial ecosystems of Ningxia. Note: desert/grassland biome transition zone was derived from Hou et al. (2019).

River plain of northern Ningxia with irrigated agriculture and the hilly
and mountains area of middle-southern Ningxia with rain-fed agricul-
ture. The area of farmland is about 1.67 x 10° hm? accounting for
32.24% of whole province. Forest ecosystem is distributed in the Helan
Mountain and Liupan Mountain area, which is about 0.34 x 10° hm? and
accounting for 6.56% of the whole province (Fig. 1).

2.2. MODIS GPP, NPP data and CUE calculation

GPP is defined as the amount of energy and carbon captured and
stored as biomass by the ecosystem (mainly by green plants) per unit of
time through photosynthesis. GPP represents the initial material and
energy entering the terrestrial ecosystem. The MODIS GPP product
(MOD17A2H) is a cumulative 8-day composite of values with 500 m (m)
pixel size and provides continuous estimates of GPP across Earth’s entire
vegetated land surface. The product was based on the radiation use ef-
ficiency concept that converts the absorbed photosynthetically active
radiation (APAR) via a conversion efficiency parameter, ¢, which varies
by vegetation types and climate conditions, to productivity of ecosystem
(Running et al., 2004). Such GPP product is useful for global carbon
cycle analysis, ecosystem status assessment, and environmental change
monitoring (Zhao and Running, 2010). Here, the MODIS GPP product
(version 6) datasets that covered Ningxia province over the period of
2001-2017 (tile h27v5) were collected from the United States Geolog-
ical Survey (USGS) website (https://e4ftl01.cr.usgs.gov). The data were
re-projected from a sinusoidal to an Albers conical equal area projection,
using a bilinear re-sampling operator in MODIS reprojection tool (MRT).
The 8-day composite of GPP values were used to synthesize monthly
GPP datasets with the Interactive Data Language (IDL) software by a
simple accumulation algorithm that the monthly values of GPP were
calculated weighting with the number of days belonging to each month
based on 8-day GPP (Du et al., 2013). Then, the annual GPP datasets
were calculated by the same algorithm.

NPP, the amount of biomass created by plants that is usable to the rest
of the food chain, is calculated by GPP subtracting R,. NPP reflects the
efficiency of plant fixation and transformation of photosynthate, and also
determines the materials and energy available for heterotrophic organisms
(herbivores and humans). The R, of plant can be divided into the main-
tenance respiration (Ry,) and the growth respiration (Rg) based on the al-
gorithm of MOD17A2. Because the official NPP products are at annual
interval, the monthly NPP was calculated by the 8-day net photosynthesis

(PSNjep) that is released together with the 8-day GPP in the same dataset.
The algorithm of MOD17A2 is as follows (Running and Zhao, 2015).

NPP = GPP - R, @)
R, =Ry, +R, 2
PSN,« = GPP -R, 3
NPP = PSN,e - R, 4

Rg is the energy cost for constructing organic compounds fixed by
photosynthesis, which is defined as a function of annual maximum leaf
area index (LAI) in previous algorithm. In the collection 6 of MOD17A2,
the algorithm for growth respiration was updated by empirically
parameterizing Rg as 25% of NPP (Running and Zhao, 2015). Therefore,
NPP could be directly calculated by PSNye;.

R, = 0.25+NPP 5)

NPP = 0.8+PSNye (6)

The CUE not only represents the capacity of plants in converting
assimilated atmospheric carbon dioxide to ecosystem carbon storage,
but also the effect of autotrophic respiration consumption on vegetation
productivity. CUE is an important indicator to compare the differences
of carbon cycle in different ecosystems. Based on the GPP and NPP
datasets, the CUE at pixel scale was calculated as:

NPP
CUE = GPP @

There are a number of studies over various ecosystems worldwide to
evaluate the performance of MODIS GPP/NPP that derived by different
collections of algorithm (Gebremichael and Barros, 2006; Sjostrom
et al., 2013) and explore the potential of algorithm improvement
(Sjostrom et al., 2011, 2009). The results have helped to increase the
confidence of MODIS GPP/NPP products application worldwide and the
appropriate accuracy of MODIS GPP/NPP in most ecosystems provides a
basis for calculating a high precise CUE in this research.

2.3. Ecosystem classification data and meteorological data

The original land use data of the study area from 2010 (1:100000
scale) was used to produce an ecosystem classification dataset. The land
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use dataset was provided by the Cold and Arid Regions Science Data
Center at Lanzhou (http://westdc.westgis.ac.cn) and it interpreted from
Landsat-TM/ETM images with 30 m resolution. As a land use dataset
sharing for public, its overall accuracy was higher than 95% in the first
level categories (Tian et al., 2014). The multiple complex ecosystems of
Ningxia province can be divided into 7 categories that include farmland
ecosystem, grassland ecosystem, forest ecosystem, water and wetland
ecosystem, desert ecosystem, settlement ecosystem and other ecosystem
using an ecosystem classification system based on remote sensing
technology in China (Ouyang et al., 2015).

Climate data (temperature and precipitation) from 2001 to 2017
were obtained from the China Meteorological Data Sharing Service
System of the China Meteorological Administration (http://cdc.cma.
gov.cn/). A total of 14 stations, including all stations of Ningxia (10
stations) and parts of stations of Shaanxi, Gansu and Inner Mongolia,
were selected to interpolate spatial climate datasets using the Australian
National University Spline (ANUSPLIN) method, and the result of the
study area was projected and transformed to synthesize continuous
raster data.

2.4. Linear regression trend analysis

Linear regression is a statistical procedure for calculating the value of
a dependent variable from an independent variable. Here, the years
when the CUE data were collected are assumed as an independent var-
iable, the linear regression method of ordinary least squares (OLS) was
used to detect the trend of time series CUE at annual temporal scale. The
slope of the regression equation (k) is a best indicator for studying the
trend of the CUE and it was calculated at pixel scale in IDL software.
Then, an F test was used to check the significance level of the linear
regression model. The formulation is as follows:

_nx YL ix CUE =Y ix Y CUE
- noo. no 2
nx o= (Zi:ll)

where k is the slope of the regression equation; n is the length of
study period, here n = 17 as the study period from 2001 to 2017; i is
numerical order of years and 1 for year 2000, 2 for year 2001, ...n; CUE;
is the value of annual CUE in year i. If k in Eq. (8) is positive, it indicates
the CUE has an increasing trend, and vice versa. Based on the slopes and
the results of F test (P = 0.05), there are four types of CUE change were
obtained, as significant increasing, non-significant increasing, non-
significant decreasing and significant decreasing.

k (8

2.5. Rescaled range analysis

It is a fact that long-term persistence is present in several natural and
human-associated processes, and the rescaled range analysis are widely
used to detect time series of natural observation data for characteristics
of long-term persistence (Araujo and Celeste, 2019). Here, the rescaled
range analysis was used to check if the CUE time series from 2001 to
2017 for a persistence trend in future. The principle and formulation of
rescaled range analysis are as follows (Araujo and Celeste, 2019):

Given an observed time series of variables £(t), t =1, 2, ..., n, for any
moment 71, several designed sequences are:

mean : (£), = %Zf(t) t=1,2, ..., n 9
Cumulative deviation : X(#,7) = i(f(u) —{&),) Isi<e (10)
u=1
Range : R(7) = X(,7) e —X(6,T) i 7=1, 2, ... an
L 1< 2
Standard deviation : () = |~ D EW-©@),) t=1,2,.. 12
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When R/Sxz!, it indicates the natural stochastic series has the Hurst
phenomenon and H is called Hurst exponent. When 0.5 < H < 1, it in-
dicates that the series of variables possesses a long-term persistence
feature, and their future trend is consistent with the past. When H = 0.5,
it indicates that the series of variables is a random sequence. When 0 <
H < 0.5, it indicates that the series of variables has an anti-persistence
feature and their future trend will be the opposite to the past.

Then, the rescaled adjusted range was defined as : R/S = 13)

%)

2.6. Partial correlation analysis

In probability theory and statistics, partial correlation measures the
degree of association between two random variables, with the effect of
the controlling random variables removed (Baba et al., 2004). In order
find the driving factors of CUE change, a partial correlation analysis was
performed, because many factors are not independent and have a self-
correlation with the change of season and phenology of plant. After-
wards, the scatters were plotted using partial correlation that was sug-
gested in ecological studies (Moya-Larano and Corcobado, 2008). The
partial correlation coefficient is calculated as follows (Li et al., 2013):

rx)‘ — Izl
(1 =r)(1=r})

where ry,., is the partial correlation coefficient between variables x
and y for fixed variable z; ry,, 1y, and ry, is respectively the correlation
coefficient between variables x and y, x and z and y and z. The t test was
used to check the significance of partial correlation coefficients.

14

Tz =

3. Results and data analysis
3.1. Spatial patterns of CUE

Fig. 2 shown the spatial patterns of annual CUE from 2001 and 2017,
and the average CUE of whole Ningxia province is 0.59, ranging from
0.36 to 0.69 with standard deviation of 0.05, higher than the CUE of 0.5
defined in many ecological models. The obvious characteristic was that
CUEs are heterogeneous in different geographical area with various
terrestrial ecosystems types. From the view of geographic spatial prop-
erties, the highest CUE mainly occur in southeastern part of the arid zone
of middle Ningxia with precipitation between 250 mm and 350 mm, and
mountainous area of southern Ningxia, except Liupan Mountain. These
areas were mainly farmland ecosystem with dry cropland in moun-
tainous or hill areas and grassland ecosystem with low or medium
coverage. In contrast, the lowest CUE is distributed in irrigation area of
northern Ningxia along the valley of the Yellow River and its branches,
and in the mountains including Helan Mt. in north and Liupan Mt. in
south. More than half of the arid zone of middle Ningxia, which was
desert steppe in grassland ecosystem, has medium CUE ranging from
0.58 to 0.61. The spatial patterns of annual CUE are obviously coupled
with the distribution of ecosystem in Ningxia province but the CUE
varies with the ecosystem types even when they are located in same
climatic zone (Fig. 2).

3.2. CUE of different ecosystems

The annual CUE data from 2001 to 2017 was masked by seven
ecosystem types using spatial overlay analysis methods and the statistics
of CUE of each ecosystem was showed in Fig. 3a. The CUE of these seven
ecosystem types in Ningxia ranged from 0.57 to 0.63. The highest one is
grassland ecosystem, the largest ecosystem in Ningxia province, with the
CUE of 0.63 but with a narrow variation range. The next is forest
ecosystem that has CUE of 0.60 also with a limited range. In contrast, the
water and wetland ecosystem has the lowest CUE of 0.57 but with larger
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Fig. 2. Spatial characteristics of average annual CUE from 2001 to 2017.

variations, while its area only accounts for 2.14% of the whole Ningxia
province. The CUE of farmland ecosystem, the second largest ecosystem
in Ningxia province, has median value of all ecosystems. The CUE of
settlement ecosystem, desert ecosystem and other ecosystem are 0.58,
0.59 and 0.60, respectively, but their areas only account for <10% of the
whole Ningxia province.

The grassland ecosystem has the strongest capacity to transfer car-
bon from atmosphere to terrestrial biomass for its highest CUE although
its cumulative biomass is lower. One of the reasons is that grassland has
lower autotrophic respiration consumption and accumulates higher NPP
than other ecosystems with the same GPP. The farmland ecosystem and
forest ecosystem also have higher photosynthetic carbon fixation
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capacity. Furthermore, the farmland has large area and forest has high
cumulative biomass, which make them the main carbon storage in
Ningxia province. In the following, the characteristics of CUE, based on
the next level classification of land use types, in each ecosystem of
farmland, grassland and forest were discussed. The farmland ecosystem
includes the paddy field, irrigated cropland in plain, dry croplands in the
mountains and hill areas, since they have various cultivations and
geographic conditions. According to the canopy coverage, the grassland
ecosystem can be divided into high, medium and low coverage grass-
land. The forest ecosystem also has four classes that are forest land,
woodland, shrub land and sparsely woodland. The CUE of each land use
types in three ecosystems are shown in Fig. 3b.

The paddy field had the lowest CUE with the largest variation range
among farmland which is distributed in the Yellow River irrigation area
of northern Ningxia, and accounts for 10.33% of the whole province
(Fig. 2). The dry cropland on the hills and mountains are mainly
distributed in the middle southern and southern of Ningxia and they had
higher CUE than paddy field and irrigated cropland in plain. The CUE of
land use types in farmland ecosystem had the same sequence with their
intensity of water stress. In general, the sequence of water stress from
high to low is dry cropland on mountain, dry cropland on hill, irrigated
cropland on plain and paddy field, which is same with the magnitude
sequence of CUE and that derives the stronger water stress in farmland
led to higher CUE. In the grassland ecosystem, the similar pattern as in
farmland was found that the lower coverage with the higher CUE, which
is also related with the water supply of grassland ecosystem. The low
coverage grasslands with the highest CUE, account for 21.53% of the
whole province, are mainly the desert steppe and are distributed in the
arid zone of middle Ningxia, where precipitation is between 200 and
400 mm. However, the grassland with medium and high coverage,
which usually increased with the rising of precipitation gradient, had
lower CUE. The land use types of forest ecosystem also show that the
lower canopy density with the higher CUE. The CUE in order from low to
high is for forest land, woodland, shrub land and sparse woodland
correspondingly.

3.3. Characteristics of monthly and annual CUE

The monthly CUE within a year in the whole Ningxia province
showed that there were two peaks in April and October separately with
the values of 0.68 and 0.67, respectively (Fig. 4a). The curve of CUE in a
year follows the plant phenology in Ningxia province. With the plants
activity recovering, leaf and stem biomass grew rapidly in spring (March
to May) and more photosynthesis was used for NPP growth accumula-
tion. However, the CUE began to decrease in summer (June to August)
and stayed at low level; the minimum of CUE in summer was 0.57 and
reached in July. This phenomenon was caused by the strong autotrophic
respiration consumption of plants in summer, which leads to slow
accumulation of NPP with the same photosynthetic intensity. Such

069
063 | I I
. BH gl
o g
8057 | &
051 |
045
s 5 2 5lg 8 g]= 2 @ 3
= g &l 5 3 2
FLE GE FE

Fig. 3. Characteristics of CUE in different ecosystems (a) and their next level land use types (b). FLE: farmland ecosystem; GE: grassland ecosystem; FE: forest
ecosystem; WWE: water and wetland ecosystem; SE: settlement ecosystem; DE: desert ecosystem; OE: other ecosystem; PF: paddy field; ICP: irrigated cropland on
plain; DCM: dry cropland on mountain; DCH: dry cropland on hill; HCG: high coverage grassland; MCG: medium coverage grassland; LCG: low coverage grassland;

FL: forest land; WL: woodland; SL: shrub land; SW: sparsely woodland.
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phenomenon is a basic characteristic of plant growth in temperate zone.
Meanwhile, the CUE in winter is lower but with a large variation since
the data varies in annual cycle and the plant dormant in this season.

The annual CUE from each pixel in all ecosystem in Ningxia province
was summarized and the linear trend of annual CUE from 2001 to 2017 is
shown in Fig. 4b. The CUE had a slightly decreasing trend with the slope
of 0.0005, which is meaningful although the p-value only is 0.10
(Bangdiwala, 2016). The results indicated that the efficiency of carbon
uptake in Ningxia province decreased during the past 17 years and the
potential of the carbon sequestration would reduce if the gross primary
productivity was stable. The decreasing trend of CUE could be caused by
the land use change of Ningxia province motivated by the vegetation
restoration program. Since 1999, the Returning Farmland to Forest
Program (RFFP; also translated as Sloping Land Conversion Program or
Grain for Green Program) has been implemented in Ningxia province (Liu
et al., 2008; Zinda et al., 2017). RFFP encouraged rural households to
plant trees on marginal cropland or give up cultivating their dry cropland
on mountains or hills for a natural grass restoration. As a result, a large
amount of cultivated dry cropland has been turned into grassland,
woodland or shrub land. As shown in Fig. 3b, these conversion could lead
to the decreasing of CUE in the whole Ningxia province (Fig. 4b).

3.4. Variation of CUE at pixel scale

The linear trend of CUE at pixel scale that was calculated in IDL
software using linear regression trend analysis was shown in Fig. 5a.
There are 90.32% of whole area of Ningxia province with a negative
slope of CUE in the period of 2001-2017, which indicated the efficiency
of carbon uptake was decreasing in most regions. Nevertheless, the area
with the linear slope range of —0.01 to —0.02 was 3.24 x 10* hm?,
accounting for only 0.63% of the whole area of Ningxia province. An F
test (P = 0.05) was used to find the significance of the linear regression
trend and its result shown in Fig. 5b. Although most pixels had a
negative slope of CUE, the significantly decreasing area (P < 0.05) was
92.25 x 10* hm? that accounted for 17.81% of whole area of Ningxia
province. The Yellow River irrigation area of northern Ningxia, except
for settlement ecosystem and the pumping irrigation area in arid zone of
middle Ningxia, is the most significant area with decreasing CUE, where
is usually found of low annual CUE value (Fig. 2) with paddy field and
irrigated cropland in plain. In addition, some part of mountainous area
of southern Ningxia also had a significant decreasing trend. In contrast,
the significantly increasing area (P < 0.05) were mostly located in arid
zone of middle Ningxia, where one can find desert steppe, a typical
grassland ecosystem in desert/grassland biome transition zone (with the
linear slope of CUE in the range of 0-0.01). The significant increasing
CUE area only accounted for 9.06% of whole area of Ningxia province.
There are 73.13% of pixels in Ningxia province did not past the F test (P
= 0.05) and their change trend is non-significant.

Under the current change trends of CUE, we used the rescaled range
analysis to detect their characteristics of long-term persistence. Fig. 5c
shows the Hurst exponent in map, the pixels with 0.5 <H<1and 0 < H
< 0.5 were labeled as ‘persistent’ and ‘anti-persistent’ correspondingly.

There are 63.45% of pixels with the long-term persistent characteristics
that would continue to maintain the original trend of change, while the
34.19% of pixels having the anti-persistent characteristics that would
reverse their original trend of change. Combining the previous linear
change trends, the future change trend map of CUE was derived
(Fig. 5d). In total, 56.28% of Ningxia province will have a persistent CUE
decreasing in future. The persistent CUE decreasing area are mainly
located in irrigation area that include gravity irrigation area in Yellow
River valley and pumping irrigation area in its branches with mainly
farmland ecosystems. Furthermore, in the mountains and hills in
southern Ningxia the CUE would persistently decrease in future in dry
cropland of farmland ecosystem or medium to high coverage grassland
ecosystem. Nevertheless, the CUE in 7.16% of whole province would
increase persistently in future, where one can find desert steppe area
located in the middle Ningxia.

3.5. Driving factors of CUE in the whole study area

3.5.1. Variation of CUE in response to climate factors

The Ningxia province belongs to typical arid and semi-arid climate
that has obvious seasonal changes during the year including periodic
precipitation and temperature variation. The rainy season came with the
rising of air temperature (Fig. 6a,b) that induced a seasonal phenology of
plant in this area. Here, we used a method of partial correlation under
the controlling variable of GPP to find the relationship between CUE and
climatic factors. In January and December, the coldest month of a year,
the photosynthesis of plant is very weak due to low air temperatures and
dormancy of plant. Thus, the GPP of ecosystem is low and the CUE is not
only low but also with a lot of noise (Fig. 4a). As a consequence, the
monthly data from 2001 to 2017 except January and December was
used for the partial correlation analysis. Fig. 6¢ showed that the pre-
cipitation had a negative correlation with the CUE under the controlling
variable of GPP. The significant partial correlation coefficient was —0.26
(P < 0.01) that indicated the CUE would decease with the rising of
precipitation under the condition that the controlled GPP of ecosystem
did not fluctuate with the phenology of plant. However, the temperature
had a positive correlation with the CUE under the controlling variable of
GPP (Fig. 6d), in opposite to precipitation. Although there was a lower
partial correlation coefficient (R = —0.16, P < 0.05), it indicated the
rising of air temperature could enhance the CUE of ecosystem that
would promote the ecosystem transferring more carbon from atmo-
sphere in Ningxia province under the global warming background. This
positive temperature-CUE relation implies that the ecosystem could
have stronger ability on accumulating NPP when they are under the
drought stress (low precipitation and high air temperature).

3.5.2. Variation of CUE in response to ecosystem processes

Driven by the temperate continental climate, the plant growth in
Ningxia province has a particular plant phenology. Most species sprouted
early in March and became thoroughly dormant till November and,
correspondingly, the GPP, NPP and autotrophic respiration consumption
changed with this rhythm and their profiles had similar shapes with
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Fig. 5. Linear trend, significance test, Hurst exponent and sustainability map of CUE.

single peaks although they did not appear in the same month (Fig. 7a).
The amount of carbon entering the ecosystems and the organic matter
consumption supporting daily ecosystem processes can be described by
NPP and R,. Thus, the NPP and R, were used to analyze the variation of
CUE in response to ecosystem processes. Because GPP represents growth

activities of plant, we used GPP as the controlling variable to carry out
partial correlation analysis between CUE and R,. As shown in Fig. 7b, the
CUE had a strong negative correlation with R, with a coefficient of —0.79
(P < 0.01). But the scatter plot had sparse dots with the increasing of R,.
The result revealed that the ecosystem would decrease their capability to
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capture carbon from atmosphere with the increasing of R,. The NPP had a
positive correlation with the CUE under the controlling variable of GPP
that was completely opposite with the R, (see Eq. (1)).

3.6. Driving factors of CUE in various ecosystems

For the seven ecosystems described in Section 1.3, the partial cor-
relation analysis between CUE and precipitation, temperature, NPP, R,
was analyzed for each ecosystem respectively. As shown in Fig. 8, the
precipitation had the same negative correlation with CUE for all eco-
systems with high level of significance (P < 0.01) ranging from —0.20 to
—0.30. However, air temperature that had a variable correlation with
CUE at different ecosystems across the whole Ningxia province. The
farmland ecosystem (FLE), forest ecosystem (FE) and the settlement
ecosystem (SE) had negative correlation between air temperature and
CUE with a significance of P < 0.01 or P < 0.05. The grassland ecosystem
(GE) and water and wetland ecosystem (WWE) had no significant cor-
relation between air temperature and CUE since they had a much lower
P value. On the contrast, CUE of desert ecosystem (DE) and other
ecosystem (OE) had a significant positive correlation with air tempera-
ture (P < 0.01), although their area only accounted for 9.25% and 3.10%
of the whole Ningxia province respectively.

The indices for ecosystem process such as NPP and R, were also
significantly correlated with the CUE of each ecosystems (Fig. 8). The
NPP had a positive correlation with the CUE under the controlling
variable of GPP and the partial correlation coefficients ranged from 0.78
to 0.89 in different ecosystems. The ranges of NPP differ in different

ecosystems with the corresponding different ranges of GPP. For
example, the farmland ecosystem and forest ecosystem had higher NPP,
while the desert ecosystem and other ecosystem had lower NPP.
Nevertheless, autotrophic respiration consumption was negatively
correlated with the CUE in seven ecosystems consistently. Their partial
correlation coefficients ranged from —0.78 to —0.89 and all passed the
significance test (P < 0.01).

4. Discussion
4.1. Precision of CUE based on MODIS data

The CUE of terrestrial ecosystem is defined as the ratio of NPP to GPP
as an accepted practice. However, the NPP and GPP estimated by
different methods could cause the CUE values varying in a large range.
Most studies of plant physiology found that CUE was around 0.5 and this
value was defined as a constant value in many physiological and
ecological models. A NPP/GPP ratio of 0.47 + 0.04 (SD) was first sug-
gested for forest as universal across biomes, tree species and stand ages
(Waring et al., 1998). But later studies reported substantial variation in
CUE in different forest types, which make the hypothesis of constant
CUE invalid (Delucia et al., 2007). In addition, the fertilization or irri-
gation could alter the ratio of NPP and R, in some species with the
increasing GPP. A survey over 200 studies showed that the average NPP/
GPP ratio from different biomes, species and forest stand ages should be
0.46, but with a large variation range (0.22-0.79) (Collalti and Prentice,
2019). Here, we obtained the average annual CUE from MODIS data that
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has an average value of 0.59 although it varies with ecosystem types. By
comparison with literature data mentioned above the MODIS CUE is
higher than their average but still falls in the scatter area of previous
studies (Fig. 9). The CUE range of 0.57-0.63 in seven ecosystems of
Ningxia province has an acceptable precision for our purpose, especially
because we pay more attention on the spatio-temporal changes of CUE
as relative variation. Nevertheless, the MODIS NPP and GPP of the low
biomass ecosystems in desert/grassland biome transition zone with the

arid and semi-arid environment are lower than measured ones from
literature (Fig. 9 have different X , Y axis). The coarse resolution of the
spatially observed data from MODIS with 500 m resolution also causes
lower NPP and GPP than those measured from a certain tree species. The
mixed pixel of a heterogeneous land surface could cover various
ecosystem types, which is not only the barrier to calculate the CUE
accurately in this research but also is one of the biggest challenges of
remote sensing applications in most fields.
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4.2. Driving mechanism of CUE variation

The partial correlation analysis results showed that the CUE depends
on the main climatic characteristics such as temperature and precipi-
tation. The results suggested that the ecosystem could uptake more
carbon from the atmosphere with the same GPP level when it is under
the drought stress (low precipitation and high air temperature).
Nevertheless, the mechanism of climate driven CUE variation is not yet
fully understood. Even though higher CO, concentrations in future de-
cades can increase GPP, the climate change induced drought, e.g. low
soil water availability and heat stress, could reduce GPP at the same time
(Xu et al., 2019). The heat and drought in 2003 had caused a 30%
reduction in GPP over Europe, which resulted in a strong anomalous
carbon cycle, but ecosystem respiration decreased with GPP, rather than
accelerating with the temperature rise in the European drought event
(Ciais et al., 2005). The unusual response of ecosystem to drought was
also detected in Amazonia during the strong drought in 2010, when the
GPP was suppressed while the NPP remained constant throughout the
drought and autotrophic respiration decreased extensively, especially at
the end of the drought (Doughty et al., 2015). Thus, we can conclude
that the variability of GPP, NPP and R, induced the increased CUE with
the drought stress (low precipitation and high air temperature) during
the dry period of whole Ningxia province (Du et al., 2015) (see Section
2.5.1). The smart plants could increase their efficiency of transforming
carbon from the atmosphere to terrestrial biomass in adverse environ-
ment, especially in the arid and semi-arid region. Nevertheless, the
mechanism of climate driven CUE variation at ecosystem scale was
inconsistent with that at regional scale, which should be studied further.
And, the land use change caused by anthropogenic activities, e.g. RFFP,
is one of driving forces for CUE variations, which should be also inves-
tigated in future studies.

4.3. Limitation of remote sensing and meteorological data

The temporal characteristics of CUE were limited by the temporal
length of MODIS time series data, because the statistical trends and Hurst
phenomenon are based on a statistical theory over a large sample size.
Even though the monthly CUE data from 2001 to 2017 is almost the
longest period after the MODIS launch, there are some pixels did not pass
the significance test. Meanwhile, the other challenge comes from the al-
gorithm of MOD17A2 since it has an underestimation of GPP in the dry
area (Sjostrom et al., 2013). The MOD17A2 GPP is derived from the
MOD15A2 LAI/FPAR, but the algorithm of MOD15A2 has a challenge in
farmland since it can not appropriately simulate the swift change of the
phenological phase at harvest. Although the normalized difference
vegetation index (NDVI) was used to estimate the LAI/FPAR in the backup
algorithm that will partially eliminate the effect of crop phenology on the
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estimation of LAI/FPAR and GPP, it still needs to make an improvement
by the algorithm scientist in the future. Finally, the meteorological data
used in this study is sparse, since there are only 10 stations in the area of
5.18 x 10° hm? with heterogeneous land surface. Therefore, the average
value of climate factor was used to perform partial correlation analysis
with CUE rather than the gridded climate data. Climate data with 500 m
resolution is still an obstacle for this purpose. However, the recently
published high-resolution meteorological dataset (He et al., 2020) will
take an new chance for our work.

5. Conclusions

Based on the CUE of terrestrial ecosystem estimated by MODIS data
from 2001 to 2017, the spatial and temporal characteristics of CUE in
Ningxia province, a typical desert/grassland biome transition zone,
were studied and the main driving factors were revealed. The following
conclusions are obtained: (1) the CUE of terrestrial ecosystems in desert/
grassland biome transition zone is higher than the CUE of 0.5 defined in
many ecological models and varied with the ecosystem types even when
they are located in the same climatic zone. (2) The bad habitat condition
(e.g. lower canopy density, water stress) in a certain ecosystem could
increase its CUE, which indicates the smart strategy of plants to increase
their efficiency of transforming carbon from the atmosphere to terres-
trial biomass in adverse environment. (3) The CUE significantly re-
sponds to NPP and R, at the same GPP level, meanwhile lower
precipitation and higher temperature associated with drought could
increase the CUE in desert/grassland biome transition zone.
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