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Abstract: Precipitation change has significantly influenced annual net primary productivity (ANPP)
at either annual or seasonal scales in desert steppes in arid and semi-arid regions. In order to reveal
the process of precipitation driving ANPP at different time scales, responses of different ANPP
levels to the inter-annual and intra-annual precipitation fluctuations were analyzed. ANPP was
reversed by building a ground reflectance spectrum model, from 2000 to 2015, using the normalized
differential vegetation index of the Moderate-Resolution Imaging Spectroradiometer (MODIS-NDVI)
data at 250 m x 250 m spatial resolution. Since the description of the differently expressing forms of
precipitation are not sufficient in former studies in order to overcome the deficiency of former studies,
in this study, intra-annual precipitation fluctuations were analyzed not only with precipitation of
May-August, June-August, July-August, and August, respectively, which have direct influence
on vegetation productivity within the year, but quantitative description, vector precipitation (R),
concentration ratio (Cd), and concentration period (D), were also used to describe the overall
characteristics of intra-annual precipitation fluctuations. The concentration ratio and the maximum
precipitation period of the intra-annual precipitation were represented by using monthly precipitation.
The results showed that: (1) in the period from 1971 to 2015, the maximum annual precipitation is
3.76 times that of the minimum in the Urat desert steppe; (2) vector precipitation is more significantly
related to ANPP (r = 0.7724, p = 0.000) compared to meteorological annual precipitation and real
annual precipitation influence; and (3) annual precipitation is almost concentrated in 5-8 months
and monthly precipitation accumulation has significantly effected ANPP, especially in the period of
June-August, since the vegetation composition in the study area was mainly sub-shrubs and perennial
grasses, which were more sensitive to precipitation accumulation. These findings suggest that:
(1) In the desert steppe, the inter-annual fluctuation and the intra-annual distribution of precipitation
have a direct impact on ANPP; (2) the annual vector precipitation showed an extremely significant
regression relationship with ANPP; and (3) monthly precipitation fluctuations (May—August) possess
the accumulative effect on ANPP during the growing period in the desert steppe, while precipitation
accumulation from June to August shows the most significant impact.

Keywords: vector precipitation; remote sensing; regression analysis; desert steppe

1. Introduction

Precipitation, and its pattern changes, is a key point of shaping the regional annual net primary
productivity (ANPP) [1-3] and to be the main driving factors, precipitation has significantly influenced
various biological processes of the ecosystem, especially in arid and semi-arid grasslands [4-7].
Precipitation always occurs in different forms, with different time scales, different occurrence times,
durations, and intensities, leading to the lag of soil water and nutrition which becomes the main
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driving force of grassland ecosystem changes. Therefore, it is very important to understand the
interaction between the grassland ecosystem and varied precipitation process [8].

Especially in arid and semi-arid regions, vegetation pattern is mainly determined by precipitation
distribution at different time scales [5,9]. The impact of precipitation changes over 10 years can
change the vegetation function types and species composition of an ecological system, and the
precipitation change in annual and seasonal scales can change the vegetation phenology and ecosystem
productivity [10,11]. Meanwhile, the vegetation pattern also directly affects the effectiveness of
precipitation supply to vegetation, and the interrelationship between precipitation fluctuations and
vegetation patterns is one of the current key research points of eco-hydrology [6,8,12-14].

At the regional scale, previous studies mostly focused on the impact of precipitation fluctuation on
ecological processes in the time scales of years, seasons, and months [15-18]. Yang et al. [15], analyzed
the temporal variability in growing season precipitation and normalized differential vegetation index
(NDVI), but did not take other precipitation forms into account in the study. Wang et al. [16] used
biweekly and monthly climate data to analyze the relationship between NDVI and precipitation and
temperature, but did not involve other precipitation mathematic expressions. Du Plessiss et al. [17],
compared 10-day interval cumulative rainfall, annual rainfall with 10-day intervals, and rainy season
NDVI and MVC (Maximum Value Composite) using linear regression analysis, but also seldom
involve with other inter-annual precipitation expressions. The ten-day composite NDVI values and
the integrals of NDVI for each growing season were closely correlated with rainfall 10-day interval
cumulative rainfall, as well as annual rainfall are compared with 10-day interval and rainy season
NDVI and MVC using linear regression analysis in the study of Hielkema et al. [18]. The results
achieved were mainly concentrated in the impact of precipitation seasonal distribution in larger spatial
scales on productivity, water restriction, and vegetation function types of ecosystems, or in the role of
precipitation and evapotranspiration shaping the vegetation pattern and the ecological process [14,16].

Yet, the description of different expression forms of precipitation are not sufficient in former
studies. These kinds of expressions of precipitation in years, seasons, and monthly scales cannot
cover all intra-annual precipitation characters. In spite of considering data availability and
calculating convenience, the mathematical expression about precipitation fluctuations is still
insufficient [8,16,19,20]. Therefore, in this study, in order to overcome the deficiency of former studies,
intra-annual precipitation fluctuations were analyzed not only with precipitation during the growing
season of May—-August, June-August, July-August, and August, respectively, as the former studies
involved, which have direct influence on vegetation productivity within the year, but also used
quantitative description, vector precipitation (R), concentration ratio (Cd), and concentration period
(D), to describe the overall characteristics of intra-annual precipitation fluctuations, which represented
the concentration ratio and the maximum precipitation period of the intra-annual precipitation using
monthly precipitation [21]. Concentration ration (Cd) represented the proportion of the concentration
period precipitation in the total annual precipitation, and concentration period (D) approximately
represented the maximum precipitation time in the year.

In the 1970s, studies about the correlation between spectrum reflectance and aboveground biomass
had been reported to estimate vegetation productivity [19,20]. It was demonstrated that the fresh
weight of the green part had a significant linear relationship with the greenness of grasslands, while
correlation models between the grassland spectrum and aboveground production could be established
with a high confidence degree model by using the same reflectance of the satellite band. Numata et
al. analyzed the correlation between south pasture grass yield production and hyperspectral features
of the ground reflection in South American steppes [22]. Fava et al. [23] studied vegetation index
characteristics of European Mediterranean grasslands with hyperspectral technology. In recent years,
‘35" technology (remote sensing, RS; geographical information systems, GIS; and global positioning
system, GPS) have been applied in China to construct ground-based linear or nonlinear remote sensing
models for real yield estimation and prediction [24,25]. The relationship of vegetation indices and
grassland biomass was studied, and many regression models have been established, most of them being
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linear or non-linear, that improved the accuracy of biomass estimates and determined grassland ANPP
patterns in different regions. However, many researchers established the regression model between the
vegetation index measured by satellite remote sensing and grassland biomass by directly using NDVI
in Thematic Mapper™ /Moderate-Resolution Imaging Spectroradiometer (MODIS) data and GPS,
respectively, in order to study grassland productivity distribution patterns and to improve biomass
estimation precision in different areas [26,27]. There is a severe lack of vegetation spectrometric data
measured in the field for grasslands with which to estimate grassland ANPP, particularly in the desert
steppe of China. Since the MOD13Q1 product of MODIS data is at a resolution of 250 m x 250 m,
which is suitable for field investigation and has a moderate accuracy, in this study, we calculated
NDVTIin the same manner as MODIS-NDVI, which is a narrowband vegetation index in contrast to the
traditional NDVIs. We investigated the potential of the ground narrowband NDVI for the estimation
of grassland ANPP using the technique of ground hyperspectral measurement [26].

Desert steppes in arid and semi-arid areas are more sensitive to precipitation change [13], and an
effective precipitation in the growing season significantly change the population dynamics, community
structure, and productivity [8,28]. These areas are also the direct borderline of desert steppe to desert
land. The vegetation dynamic in these areas determine the transition between desert ecosystems and
desert steppes. Thus, the study of ANPP response to precipitation in this type of area is necessary and
important. In this study, the correlation models between ground NDVI and aboveground productivity
was established with a high confidence model. Since the NDVI was calculated using the same satellite
band, this regression model could be used on satellite data to reverse ANPP.

In this paper, we selected accumulation precipitation and annual vector precipitation in different
time scales as the main features to analyze (1) the impact of precipitation fluctuation on the ANPP
of desert steppe vegetation in different time scales; and (2) the impact of intra-annual precipitation
distribution affecting ANPP in a desert steppe.

2. Overview of Research Regions

The research region was in the Urat Banner in Inner Mongolia. Its topography mainly comprises
Gobi plateaus with sand gravels and Gobi deserts, as well as an elevation of 1500~1600 m (Figure 1),
while it has a typical temperate continental monsoon climate and is impacted by the Mongolian high
pressure continental air mass.
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Figure 1. Location of the studied area.

From 1971 to 2011, the average annual temperature is 5.3 °C. The average annual precipitation is
139.5 mm and the rainfall in July and August account for about 70%. The average annual wind speed is
up to 5 m/s, causing up to 28 sandstorm days and the frost-free period being 130 days. The soil types
in the study area mainly consist of brown soil and grey brown desert soil, the latter accounting for the
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vast majority. The vegetation is dominated by super dry shrubs, sub-shrubs, and meat leaf shrubs,
with a very low ANPP. The constructive species were mainly Reaumuria songarica (Pall.) Maxim.,
Stipa glareosa P. Smirn. Caragana tibetica Kom., Stipa glareosa P. Smirn, and the dominant species were
mainly Cleistogenes songorica (Roshev.) Ohwi, Ajania fruticulosa (Ledeb.) Poljak., Allium polyrhizum
Turcz. ex Regel, Heteropappus altaicus (Willd.) Novopokr., Potaninia mongolica Maxim., Salsola laricifolia
Turcz. ex Litv., and so on.

3. Materials and Methods

3.1. Establishinga Ground Vegetation Reflectance Spectrum-ANPP Model

The grassland vegetation spectrum was collected with a handheld spectrometer (Fieldspec HH,
ASD, USA), which is a full range spectrometer (350-2500 nm) with a resolution of 1.5 nm in the
350-1000 nm and 2 nm in the 1000-2500 nm ranges, used for field optical measurements for all samples,
and is suitable for fully meeting the requirements of this study. The ASD spectra were collected with
a 25° field of view and the sensor for observation was kept vertically downward with a distance of
67 cm. It should be corrected every 10-15 min with a white board as the solar elevation changes.
In order to reduce the influence of shadows, this collection should be done between 10:00 a.m. to
15:00 p.m. in sunny and cloudless weather with the wind being relatively mild and stable. Since the
view field angle of the machine was 22.5°, this distance (67 cm) would ensure that the area of the
sample point was a circle 30 cm in diameter. Every spectrum collection of each sample point should
repeat five times and the last data was the average of the five in order to reduce personal and systematic
errors. When spectrum collecting was finished, all spectrum data was analyzed in View Spec pro 6.0
software (Analytical Spectral Devices Inc., Boulder, CO, USA), using lambda integration to extract the
wave band the same as the MODIS-NDVI infrared band (0.841~0.876 um), and near infrared band
(0.620~0.670 um). The measured NDVI was calculated by Equation (1):

NDVI = (pNiR — PRed) / (PNIR + PRed) @

where pyr represents the near-infrared band and pgeq represents the infrared band.

A total of 438 samples were measured from 21 to 31 July in 2014 and 2015, according to
the vegetation biomass gradient of the desert steppe. While the biomass was represented by dry
weight, vegetation ANPP was shown as the aboveground biomass in the same year. The part of
the underground biomass and grazers feed intake were not considered because they could not be
measured accurately [26].

When ANPP was calculated, a statistical model was built between the measured NDVI and ANPP
in the same sample point using a regression analysis method. The equation with the best statistical test
was chosen in the model. The equation between the measured NDVI and ANPP was made as shown
in Figure 2, r = 0.9037 and p = 0.000, passing the statistical test. An F test reflects the degree of linear
regression fitting. The p value reflects the significant level of fitting.
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Figure 2. Vegetation reflectance spectrum-ANPP model of the desert steppe.
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Previous studies showed that the measured ground vegetation spectrum can represent that
measured by satellite remote sensing since there is an inherent connection between them [26].

3.2. Quantitative Expression of Precipitation Fluctuation

3.2.1. Inter-Annual Precipitation Fluctuation

The inter-annual fluctuations were expressed directly by the meteorological annual precipitation.
However, the time the MODIS data was obtained and the meteorological annual precipitation
were unmatched. Hence, considering the MODIS data was obtained on 14 August every year,
the precipitation data in this study was not only using meteorological annual precipitation (1 January
to 31 December) but also the real precipitation from 14 August to 14 August of the following year
to match MODIS data. However, it was not enough to describe the fluctuations of the intra-annual
precipitation distribution.

3.2.2. Intra-Annual Precipitation Fluctuations

Intra-annual precipitation fluctuations were analyzed with precipitation from May to August,
June to August, July to August, and precipitation accumulation in August, respectively, which
have direct influence on ANPP in the same year. Meanwhile, a quantitative description for the
overall characteristics of intra-annual precipitation fluctuations within one year was expressed with
vector precipitation (R, Equations (2)—(4)), concentration ratio (Cd, Equation (5)), and concentration
period (D, Equation (6)) [21]. By using the above method, the concentration ratio of the intra-annual
precipitation and the maximum precipitation period were represented by monthly precipitation.

Concretely speaking, the monthly precipitation was used as the vector with its size as the vector
length and the time as the vector direction. That is, one day was approximately equal to 0.986 degrees,
a precipitation vector in January was equal to zero, and 365 days in one year were regarded as a circle.
The precipitation in every month was decomposed into y and x components in two directions, and the
total vector synthesis of y and x components and the precipitation vector of each month was shown
as follows:

12 12

Ry = eri = 2 1;sind; )
i=1 i=1
12 12

Ry =) 1y =) ricost; 3)
i=1 i=1

12 12
R=,/R2+ R?, = (Z% r;8in6;)2 + (Z% rjcos6;)? (4)
i= i=

where r; and 0; represent the magnitude and direction of the monthly precipitation vector, respectively.
Ry and Ry represent the vector synthesis in the x and y directions, respectively; R represents the total
vector synthesized with Ry and Ry, and the concentration ratio (C4) and concentration period (D) were
defined as:

12

Cq =R/) 1 x 100% 5)
i=1

D = arctg(Rx/Ry) (6)

By Equations (6) and (7), the concentration ratio (Cq4) represented the proportion of the
concentration period precipitation in the total annual precipitation, and the concentration period
(D) approximately represented the maximum precipitation time in the year, which was specifically
determined based on the quadrant between the positive and negative relationship of Ry and Ry.



Sustainability 2016, 8, 1245 6 of 14

3.3. Impact of Precipitation Fluctuations on ANPP

The impact of precipitation fluctuations on desert steppe productivity was analyzed from three
levels: (1) the inter-annual precipitation fluctuation was represented by the meteorological annual
precipitation (P) and the real annual precipitation (Pm) defined by the MODIS data acquisition time
(14 August); (2) the accumulative effect of precipitation, the annual precipitation accumulation from
14 May to August (PMA), 14 June to August (PJA), precipitation accumulation from 14 June to August
(PINA), and that from 14 August (PJLA), as well as from 1 to 14 August (PA) in every year were adopted;
and 3) the intra-annual precipitation distribution pattern: vector precipitation (R), concentration ratio
(Cd), and concentration period (D) were applied. In order to facilitate and simplify the calculation,
all above analyses were carried out with the statistic software Statistical Product and Service Solutions,
version 11.0 (SPSS 11.0).

4. Results

4.1. ANPP Distribution in Different Years

The ANPP distributions were generated after geometric correction of MODIS data by regional
standard Landsat data, and its subsequent conversion was done with the Raster Calculate module
according to the model in Figure 2. Then the regional ANPP in different years were calculated,
respectively, with the MODIS NDVI data (with a resolution of 250 m) for 16 days (to 13 or 14 August
each year, using Terra satellite data) under the support of ERDAS [15-17] and ArcGIS [26].

It is shown in Figure 3 that the ANPP distribution fluctuated greatly from 2000 to 2015 in the
study area. The ANPP decreased from 2000 to 2001, which the area <10 g/m? took majority of the
whole area and the ANPP significantly rose from 2002 to 2003, in which an area of approximately
50-60 g/m? had the largest area. Subsequently, the ANPP declined and retained a low level from
2004 to 2006, and increased from 2007 to 2008, of which the level recovered to that in 2004. It finally
increased in 2012, after the decline in 2009, while it decreased from 2012 to 2015 again.
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Figure 3. The ANPP distribution patterns in different years.

4.2. Precipitation Fluctuation Characteristics

As for the inter-annual precipitation fluctuation, the meteorological annual precipitation changed
from 63.2 to 350.8 mm from 1971 to 2015, the average being 139.5 4= 50.0 mm (Figure 4a). In addition,
precipitation was above the average for 17 years; lower than the average level for 28 years; and close
to the average for four years. The inter-annual average (151.2 &+ 55.6 mm) of the last 15 years was
significantly higher than the multi-year average. The real precipitation changed 45.0-258.3 mm
(Figure 4b), and the average was 129.9 + 45.5 mm. Additionally, precipitation was above the
average for 14 years; lower than the average level for 22 years; and close to the average for five
years. The inter-annual average (141.2 £ 55.6 mm) of the last 15 years was significantly higher than
the multi-year average.

As for intra-annual precipitation fluctuations, the precipitation concentration changed from 0.419
to 0.838 from 1971 to 2015, the average being 0.670 =+ 0.11 (Figure 4c). In addition, precipitation was
above the average for 19 years; lower than the average level for 15 years; and close to the average for
seven years. The inter-annual average (0.620 &= 0.10 mm) of the last 15 years was significantly lower
than the multi-year average. The precipitation period changed 181.5~258.8 days, the average was
221.4 4+ 15.9 days (Figure 4d). Additionally, precipitation was above the average for 14 years; lower
than the average level for 19 years; and close to the average for eight years. The precipitation period
(220.2 4 17.2 days) of the last 15 years was close to the multi-year average.
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Figure 4. Precipitation fluctuation characteristics ((a) meteorological annual precipitation; (b) real
annual precipitation; (c) concentration ratio; and (d) concentration period).

4.3. Impact of Precipitation Fluctuations on the ANPP of the Desert Steppe

From the aspect of the relationship between inter-annual precipitation fluctuations and the ANPP,
both inter-annual fluctuations of meteorological precipitation and real precipitation had a significant
impact on the ANPP of the desert steppe (p = 0.000, F = 22.074 Figure 5a; p = 0.000, F = 22.838). The linear
regression relationship between real precipitation and the ANPP (Figure 5a, p = 0.000, r = 0.7981) was
almost the same as the meteorological precipitation (Figure 5b, p = 0.000, r = 0.7933), while they had a
similar trend, the ANPP increased with rising precipitation, no matter the meteorological precipitation
or real precipitation.
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i F=22.074,P=0.000 400 =27 838 0,000
%l ‘ ’
g 320 g 0L
~ ~
£ Mor g 240
: 160 E
s L 2
£ E 160
g 2
~ 80 E 80
0 L 1 1 L 1 1 u
5.3 3. A 45 8055 25 30 35 40 45 50 55
ANPP(g/m’) ANPP(g/m’)

Figure 5. The relation between annual precipitation and the ANPP of the desert steppe
((a) meteorological annual precipitation; and (b) real annual precipitation).

From the aspect of the relationship between intra-annual precipitation distribution patterns and
the ANPD, the vector annual precipitation had a positive correlation with the ANPP (Figure 6a) with
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a significant linear regression relationship (p = 0.000, r = 0.7724, F = 20.706); the concentration ratio
did not have a significant regression relationship with the ANPP (Figure 6b, p = 0.307, r = 0.2728,
F =1.123), but did have a positive correlation. The concentration period had a negative correlation
with the ANPP (Figure 6¢) with no significant relationship (p = 0.684, r = 0.1104, F = 0.173).
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Figure 6. The relation between precipitation patterns in a year and the ANPP ((a) annual vector
precipitation; (b) concentration ratio; and (c) concentration period).

From the analysis of the accumulative effect of intra-annual precipitation, the cumulative
precipitation at different time scales had a significant effect on the ANPDP, especially in the key period
(May—August) of the growing season. The regression equation established according to the cumulative
precipitation and the ANPP in the maximum time scale (May—August) had a high significance level
(p =0.000, r = 0.7957); the regression relationship between the two in the time scale of June-August was
extremely significant (p = 0.000, r = 0.8191); the regression equation in the time scale of July-August
was also of significance (p = 0.001, » = 0.7637); and the regression equation of August was not significant
(p =0.063, r = 0.4751).

5. Discussion

It is widely recognized that precipitation fluctuations have a significant impact on the ANPP
of grassland in arid and semi-arid regions [10,13,29]. However, previous studies regarding the
characteristics of precipitation fluctuations in desert steppes, and the relationship between them,
are still insufficient. Results in this paper showed that meteorological annual precipitation in the desert
steppe in Urat of Inner Mongolia had remarkable inter-annual fluctuations with no obvious regularity
(Figure 4a) in the last 45 years (1971-2015) and the maximum annual precipitation was 3.76 times of
the minimum, which had a larger rangeability than that in Hulunbeier Grassland and Horqin sandy
land [30,31]. That means the precipitation in the desert steppe was more changeable.

Meanwhile, changes of the real annual precipitation, matching with the obtained time of the ANPP,
had no obvious regularity with larger rangeability, as well (Figure 4b). The maximum precipitation
was 5.74 times that of the minimum. The common characteristic was the average precipitation (9.7 mm)
over the last 15 years (2000-2015), which was higher than that (8.0 mm) seen in multiple years.
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In the intra-annual precipitation distribution of the same period in multiple years (Figure 4c,d),
the variation amplitude of the concentration ratio and concentration period is lower than the annual
precipitation, and the ratio of maximum and minimum was 2.0 and 1.4, respectively, which means
fluctuations of intra-annual precipitation distribution are smaller than that of the inter-annual
precipitation in the time period of the research. However, it does not mean that the inter-annual
precipitation had greater impacts on the ANPP, and the impact of the two on the ANPP in the desert
steppe needs further comparative analysis and study of multi-scale observation over a long period.

The analysis of impact of the meteorological annual precipitation and the real annual precipitation
to the ANPP showed that both had significant impacts on vegetation productivity of the desert
steppe (Figure 5), while the latter had a higher correlation coefficient. The relationship between
the annual precipitation and the ANPP could fit the linear regression model with high confidence
in the desert steppe. This is different from some results in meadow steppes and alpine grasslands.
The high confidence model in meadow steppes was a power function in others’ research [26], and in the
alpine grasslands the model between precipitation and he ANPP were more complex [30-33]. This is
because the precipitation-ANPP model for the meadow steppe and alpine grassland is determined
not only by the factor of precipitation, but also by other factors like heat. So they need a simple
multi-equation or a differential equation, which are established between heat, precipitation and ANPP,
to explain the impact of meteorological factors on the ANPP [27,31-33]. For a desert steppe in arid
and semi-arid regions, because the most important factor that influence ANPP is precipitation and
the non-decisive factor is heat, using precipitation without heat to build model is decisive. In analysis
about intra-annual precipitation distribution and the ANPP, the annual vector precipitation not only
represented the inter-annual distribution of precipitation (a value for each year), but also contains
the distribution characteristics of intra-annual precipitation (the resultant vector value of 12 months),
which had the closest correlation with ANPP (Figure 6a). The concentration ratio calculated by
Equation (5) means the ratio of the vector precipitation in the total precipitation of the same year
and concentration period calculated by Equation (6) is the data that vector precipitation appeared,
neither of them having a significantly close relationship with the ANPP, and both of the regression
equations passed the significance test of p < 0.1. Since the precipitation in the desert steppe was
mostly concentrated to the growing season (5-8 months), and the vector precipitation showed the
sum of the precipitation character of each month, it had a close relationship with the ANPP, which
meant the monthly precipitation had a large contributed to the ANPP. The concentration ratio and
concentration period did not have a close relationship with the ANPP, meaning the precipitation
was mostly concentrated in several months of the year, but not distributed over the whole year.
The research of Guo et al. [31] also showed similar results. They mentioned that the September
precipitation accounted for 60%-70% of the annual precipitation in the region, which was favorable for
the growth of vegetation.

The intra-annual precipitation accumulation at different time scales shows a significant
accumulative effect on the ANPP in the desert steppe (Figure 7), and the precipitation accumulation
from June to August significantly influenced the formation of the ANPP, while at other time scales
it showed a smaller affecting trend in the ANPP formation, especially in August which showed no
significant impact. This result was similar with the results in the research of Moxi et al. [34], in which
they mentioned that the accumulation of precipitation significantly affected the NDVI, especially the
first two or three months’ precipitation. The difference came from the composition characteristics
of the local vegetation, the dominant plant species in the desert, such as Reaumuria songarica (Pall.)
Maxim., Caragana tibetica Kom., Ajania fruticulosa (Ledeb.) Poljak., and Cousinia thomsonii C. B. Clarke,
which could respond to the effective precipitation, especially during the growing period (except at the
end of growing season) to maintain growth and complete their respective life cycles [4]. In addition,
some perennial sub-dominant and companion species, such as Cleistogenes songorica (Roshev.) Ohwi,
Allium polyrhizum Turcz. ex Regel, Heteropappus altaicus (Willd.) Novopokr., Salsola laricifolia Turcz. ex
Litv., etc., possess the characteristics of growing several times in a year. That is to say, multiple growth
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would happen with multiple intervals of effective precipitation in the growing period. Furthermore,
the precipitation from June to August accounted for 70%~80% of the whole year’s precipitation in
the arid and semi-arid area, and ultimately ensured a significant precipitation accumulation effect on
desert steppe ANPP from May to August.
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Figure 7. The relation between precipitation accumulation and the ANPP ((a) precipitation from May
to August; (b) precipitation from June to August; (c) precipitation from July to August; (d) precipitation
in August).

6. Conclusions

In this study, intra-annual precipitation fluctuations were analyzed not only with precipitation of
May—-August, June-August, July-August, and August, respectively, which have direct influence on
vegetation productivity within the year, but also using quantitative description, vector precipitation
(R), concentration ratio (Cd), and concentration period (D) to describe the overall characteristics of
intra-annual precipitation fluctuations. The main conclusions were that, in the desert steppe, (1) the
inter-annual fluctuation and the intra-annual distribution of precipitation have a direct impact on
ANPP; (2) the annual vector precipitation showed an extremely significant regression relationship
with ANPP; and (3) monthly precipitation fluctuations (May—-August) possess the accumulative effect
on ANPP during the growing period in desert steppe, while precipitation accumulation from June to
August shows the most significant impact.

Although the mathematic expression of precipitation was mentioned a lot in this study,
the analysis method was slightly old compared with the latest studies, especially the new methods in
machine learning and neural networks [35-40], which should be strengthened in follow-up studies.
The mechanism of ANPP response to precipitation fluctuation should be revealed more clearly in
further studies.
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