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Abstract

Plants play an essential role in matter and energy transformations and are key
messengers in the carbon and energy cycle. Net primary productivity (NPP)
reflects the capability of plants to transform solar energy into photosynthesis.
It is very sensible for factors affecting on vegetation variability such as cli-
mate, soils, plant characteristics and human activities. So, it can be used as an
indicator of actual and potential trend of vegetation. In this study we used the
actual NPP which was derived from MODIS to assess the response of NPP to
climate variables in Gadarif State, from 2000 to 2010. The correlations be-
tween NPP and climate variables (temperature and precipitation) are calcu-
lated using Pearson’s Correlation Coefficient and ordinary least squares re-
gression. The main results show the following 1) the correlation Coefficient
between NPP and mean annual temperature is Somewhat negative for Fesha-
ga, Rahd, Gadarif and Galabat areas and weakly negative in Faw area; 2) the
correlation Coefficient between NPP and annual total precipitation is weakly
negative in Faw, Rahd and Galabat areas and somewhat negative in Galabat
and Rahd areas. This study demonstrated that the correlation analysis be-
tween NPP and climate variables (precipitation and temperature) gives relia-
bly result of NPP responses to climate variables that is clearly in a very large
scale of study area.
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1. Introduction

NPP is defined as the difference between carbon fixed by the vegetation of an
ecosystem during photosynthesis and the carbon released during plant respira-
tion or simply as the sum of daily net growth, rates of plant dry matter [1]. Ve-
getation net primary productivity (NPP), as a biomass increment, plays an im-
portant role in the global carbon cycle. It contributes to understanding the con-
tribution of NPP to the carbon exchanges that take place between the biosphere
and atmosphere. Vegetation NPP indicates the atmospheric carbon fixed by
plants except for the carbon released by respiration. Global vegetation NPP has
increased due to climate change over the last few decades [2]. Net primary
productivity has received most attention as a significant component in the eco-
system process which removes carbon dioxide CO, from the atmosphere and
stores it in short-living, foliage, fine roots and long living (wood) tissues. An in-
dicator of the production activity or expansion of terrestrial vegetation is pro-
vided by NPP. NPP is the net new carbon that is held as biomass in a plant’s
stem, leaves, or roots. It is the distinction between the carbon that plant leaves
absorb during photosynthesis and the carbon that leaves, stems, and roots expel
through respiration [3]. Climate, soils, plant traits, disturbance patterns, and a
host of other natural and man-made variables are only a few of the many va-
riables that affect NPP. Determining temporal trend and variability of NPP and
its response to climate change is critical for understanding the potential carbon
cycle changes in response to precipitation and temperature other factors [4].
Crop yield estimates are also frequently made using NPP data [5], grassland
yield [6], forest growth and production [7] [8] and the effects of human-induced
land desertification and of climate variability on terrestrial biospheres [9] [10].
However, recent endeavors to identify relationships between inter-annual devia-
tions in NPP and corresponding anomalies in their established mean climatic
predictors, obtained conflicting results. Some attempts, did not find any correla-
tion between the inter-annual variability in NPP and equivalent deviations in
annual precipitation at continental scale, e.g. in Africa [11] In some regions of
Africa, net primary productivity increases depending on the increase in rainfall
and vice versa, while the NPP decreases with the increase in temperature and
vice versa, and this reflects negatively on food security in those regions, while the
NPP appears to be not affected by rain and temperature in some regions and in
North America [12] interannual variability in aboveground net primary produc-
tion (ANPP) was assessed with long-term (mean = 12 years) data from 11 Long
Term Ecological Research sites across North America. The greatest interannual
variability in ANPP occurred in grasslands and old fields, with forests the least
variable. At a continental scale, ANPP was strongly correlated with annual pre-
cipitation. However, interannual variability in ANPP was not related to variabil-
ity in precipitation. Instead, maximum variability in ANPP occurred in biomes
where high potential growth rates of herbaceous vegetation were combined with

moderate variability in precipitation. In the most dynamic biomes, ANPP re-
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sponded more strongly to wet than to dry years. Recognition of the fourfold
range in ANPP dynamics across biomes and of the factors that constrain this va-
riability is critical for detecting the biotic impacts of global change phenomena.
This paper tries to make a temporal analysis of NPP in relation to precipitation
and temperature within main areas of Gadarif state of Sudan which is widely

spread vegetation degradation.

2. Material and Methods
2.1. Study Area

Gadarif state occupies an area of roughly 57,329.26 km? and is situated in eastern
Sudan, between 12°48' and 15°50' N and 33°40' and 36°47' E, as depicted in Fig-
ure 1. [13] indicated that the state has a semi-arid climate, with an aridity index
that ranges from 0.2 to 0.4. The study area’s vegetation is mostly reliant on rain-
fall. Harrison and Jackson claim that the 1958 Gadarif area is located in the
low-rainfall forest savannah region with clay soil and a very diverse range of
trees, shrubs, and grasses. This region’s average temperature ranges from a mean
minimum of 22°C in the winter to a mean maximum of 37°C in the summer. In
the research area, April and May are known to have the highest temperatures.
Temperature and rainfall data are frequently utilized to describe the climatic
status of the region because they are readily available in both temporal and spa-
tial dimensions [14] [15] [16].

2.2. Data source and processing

2.2.1. Estimation of actual NPP
The difference between the total amount of carbon dioxide fixed during the
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Figure 1. Location of the study area.
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photosynthetic process and the amount of carbon dioxide consumed during res-
piration is the actual NPP estimate. Thus, NPP, respiration (Rd), and gross pri-
mary productivity (GPP) are all included in actual NPP:

NPP = GPP — Rd (1)

The respiratory consumption is expressed as Rd (gC/m?/yr), the gross primary
productivity as GPP (gC/m?/yr) and the net primary productivity as NPP
(gC/m?/yr).

Using Chang’s (1968) formula, the respiratory consumption Rd is computed
as follows:

Rd = GPP *(7.825+1.145T) /100 (2)

where T is the average temperature C and Rd is the respiration consumption,
generating and validating empirical parameters in accordance with Gadarif
State.

2.2.2. Remote Sensing Data

Remote sensing data was from the MODIS sensor aboard the NASA Terra satel-
lite, launched in 1999. The MOD17 products provide the first operational, near-
real-time estimate of global GPP products and NPP products from EOS MODIS
sensor. The MOD17 algorithm has two sub products (MOD17A3, MOD17A2).
Sub products (MOD17A2) storing 8-day compound GPP and PsnNet (net pho-
tosynthesis) while, sub products (MOD17A3), includes annual NPP and QC.
The MODIS land science provides the user with a set of 1 km yearly net primary
productivity (NPP) products (MOD17A3) designed for study vegetation cover
and land surfaces, with a spatial resolution of 1km to estimate the actual NPP. We
obtained the annual net primary productivity (MOD17A3) data sets from the
LAADS website (http://www.ladsweb.nascom.nasa.gov/data/search.html) covering
the months of January 2000 through December 2010. Using ArcGIS V10.3
(ESRI, California, and the USA), the remote sensing data were projected from
the original integer zed sinusoidal projection to Albers equal-area and WGS-84
datum. These data are freely obtainable to the communal from the Numerical
Terra dynamic Simulation Group (NTSG) (http://www.ntsg.umt.edu) or the EDC
DAAC (EROS Data Center Distributed Active Archive Center).

2.2.3. Metrological Data
The Climate Research Unit website,
https://crudata.uea.ac.uk/cru/data/hrg/cru ts 3.22/cruts.1406251334.v3.22/,

supplied the metrological data, included annual total precipitation and annual

mean temperature (ATP, AMT) at high resolutions of around 0.5°. Using GIS
techniques, drawing tools were used to extract the mean values of these two va-
riables at the area level for each pixel for various forms of land cover. The mean
values of these variables were extracted at the State level for five areas (Faw,
Feshga, Gadarif, Rahd, Galabat) using GIS techniques based on the grid maps of

monthly mean values of NPP for distinct land regions, annual mean tempera-
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NPP(Cm2yr?)

ture, and annual mean precipitation.

2.2.4. Statistical Analysis

Using GIS techniques, the mean values of monthly mean values of NPP for var-
ious land regions, annual mean temperature, and annual mean precipitation
were extracted at the Gadarif State level for five land areas based on grid maps.
The influences of climate variables on NPP are quantified and discriminated
contribute of each variable by using the Pearson’s correlation coefficients de-

scribe as follows:
R*=S0[ X1, 0d -0 (i~ 5)/ YL 00 %) (-9 ®)

where yi refers to climate variables (MAT (*C) and MAP (mm)) in the year i;

and Y represents the mean climate (MAP and MAT) values over the years.
When the correlation coefficient was tested for significance (P, 0.01, or P, 0.05),

it displayed an extremely significant or significant linear correlation.

3. Results

3.1. Spatial and Temporal Distribution of the Actual NPP in Study
Area from 2000 to 2010

The mean actual NPP of the northern Gadarif state from 2000 to 2010was
showed moderate spatial heterogeneity (Figure 2). The mean actual NPP of Faw
district was smallest and ranged from 0.5 to 18 g-C-m™2.yr'. Galabat had the
largest annual mean actual NPP (8.5 - 45 g-C-m%yr™'), which was mainly distri-
buted in the south eastern part of study area. The mean actual NPP of Fashega
and Rahd districts were relatively high, ranging from 1.65 to 33 g-C-m™2yr .
Meanwhile, the maximum means actual NPP of different districts occurred in

2000 and the minimum mean actual NPP occurred in 2006.
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Figure 2. Distribution of Spatial and temporal mean actual NPP in Gadarif State from 2000 to 2010.
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3.2. Mean Annual Actual NPP of the Main Areas in Gadarif State
from 2000 to 2010

Figure 3 showed the variations in mean annual actual NPP of the main areas in
Gadarif state from 2000 to 2010. Figure 3 shows that the Galabat region was the
most productive land cover, with a mean annual NPP of 18.6 g-C-m *yr™!, fol-
lowed by Rahd and Feshga with mean annual NPP of 8.8 and 6.4 g-C-m2.yr ™,
respectively, it may be due to the increase in rainfall in these areas. The Gadarif
and Faw was the least productivity with a mean annual NPP of 4.5 and 3.3
g-C-m™2.yr, respectively. This is due to the low rainfall in the Faw region, where
the mean annual rainfall recorded 59.8 mm. Degradation and decline of vegeta-
tion cover have occurred alarmingly over the past 30 years, decrease NPP. In
Gedaref State, it has been converted vast tracts of grasslands and forests with
high biodiversity and high fertility to agricultural areas. The total area of ran-
gelands and forests decreased due to the expansion of modern mechanized
farming as a result of the increase in population to meet the increasing demand
for food. Generally, the results showed a wide variation in mean annual NPP,
which is increasing from north to south, with mean annual NPP in Faw (North)
3.3 g:C-m2yr ' and in Galabat (South) 18.6 g-C-myr .

3.3. Climate Data and Analyses

Figure 4 and Figure 5 showed the variations of annual precipitation and tem-
perature anomaly and the main areas in Gadarif State. Annual precipitation and
temperature anomalies showed great fluctuations all over the study area. By al-
ternating the vicissitudes of negative and positive anomalies, the most negative
precipitation anomalies periods have been on record, for example, in 2000 and
2002 (Figure 4). Wet years were also observed for example, in 2002, 2003, 2006,
and 2007. Likewise, temperature showed fluctuations with a generally increasing
trend in 2007 and 2008 (Figure 4). Generally, the maximum mean annual preci-
pitation of different districts occurred in Galabat and the minimum mean an-
nual precipitation occurred in Faw. The maximum mean annual temperature of
different districts occurred in Fashega and the minimum mean annual tempera-

ture occurred in Galabat (Figure 4). The precipitation was decreasing at the rate

= 2000

m 2010

Feshga Gaqarif

Years Rahd Galabat

Figure 3. Variations in mean annual actual NPP of the main areas in Gadarif State from 2000 to 2010.
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of —50.3 mm/10a, while the temperature was increasing at the rate of 0.02°C/10a.
The analysis of precipitation and temperature data for the study area showed
that there was a steep diminishing trend in annual precipitation and a rising
trend in temperature. As reported by [17], results indicate that there is an un-
precedented increase in annual temperatures (average, maximum and mini-
mum) in Sudan and this coincides with a significant decrease in annual precipi-
tation. As reported by [18], The monthly precipitation showed a downward
trend at a rate of —19.8 mm/10a, —0.5 mm/10a, —11.3 mm/10a, and —3.6 mm/10a
for July, August, September, and October, respectively, while temperature
showed an increasing trend at a rate of 0.02°C/10a, 0.02°C /10a, 0.01°C/10a and
0.01°C/10a for July, August, September, and October, respectively. [19] found
that Gedaref State had observed a significant increase in temperature offset by

extreme variability in precipitation from 1941 to 2009.
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Figure 4. (A) Mean annual precipitation, and (B) Temperature in Gadarif
State from 2000-2018.
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Figure 5. (A) Mean annual temperature, and (B) Precipitation, of the main
areas in Gadarif State during 2000-2010.
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3.4. The Relationship between NPP, Precipitation and
Temperature in the Main Regions in Gadarif State

Significant variation trends are shown by the Determination coefficient R* val-
ues, which increase from the south to the north. The majority of the regions
above have R2 values between —0.49 and —0.09, suggesting a somewhat negative
relationship between NPP and temperature (Figure 6). The center and southern
marginal counties contain a large number of regions with R?* values less than
—0.5; this could be due to the comparatively low temperatures in these southern
and southeastern frontier areas (Figure 6). The research area’s northern regions
are home to places with R? values less than —0.49, likely due to the relatively
consistent mean temperature in those locations. Weak negative correlations be-
tween NPP and rainfall are indicated by the R values, which are —0.04, —0.01,
—0.06, and —0.05, dispersed in the Faw, Feshaga, Rahd, and Galabat, respectively
(Table 1).

It is implied that there is a weakly negative association between NPP and
rainfall by the fact that R* values are almost always between —0.09 and 0 (Figure
6). In contrast to other regions, the Southern Region experiences higher summer
temperatures and the most rainfall, which results in drier winter conditions.
Rainfall is a major factor in the growth of the vegetation in these places. For this
reason, the R? values are less than —0.3 in certain regions. Regarding decreasing
temperature, the southern and southeastern fringe counties are home to the R?
values that are less than —0.09. This may be because these counties have an ade-
quate amount of moisture all year round, so that rainfall does not inhibit the
growth of vegetation there. The distribution of the R values in the Faw, Feshaga,
Rahd, Galabat, and Gadarif, respectively, is —0.48, —0.43, —0.42, —0.65, and 0.28
(Table 1).
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Figure 6. Relationship between NPP with (a) Temperature and (b) with Precipitation.
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Table 1. Relationship between NPP, Temperature, and rainfall of the main areas in Gadarif State from 2000 to 2010.

area Galabat Rahd Gadarif Feshaga Faw
RNT -0.65 -0.42 0.28 -0.43 -0.48
RNP -0.05 -0.06 -0.03 -0.01 -0.04

In contrast to NPP and rainfall, NPP and temperature show a larger declining
fashion, suggesting that temperature has a greater influence on both NPP and
vegetation growth.

Where R NT refers to Relationship between NPP with Temperature and R NP
refer to Relationship between NPP with Precipitation.

4. Discussions

The research area is dominated by a semi-arid climate, which puts it at risk for
desertification and land degradation. Crop breakdown hazards arise from the
large distribution and temporal variations in precipitation. Farmers are moti-
vated to remove trees by the high economic return that comes from cutting
high-fertility forests and grasslands to cultivate crops on a wide scale. Among
the factors contributing to deterioration that impacted the ecological balance,
biodiversity, and soil were the growth of rain-fed mechanised farming opera-
tions, excessive firewood and charcoal chopping, traditional rain-fed agriculture,
and overgrazing [20].

In order to prevent the degradation of plant cover, it is crucial, both practical-
ly and theoretically, to carefully evaluate the temporal and geographical variabil-
ity of NPP and its reactions to climate changes. Numerous scholars evaluated the
NPP in Gadarif State; nonetheless, there is still a significant lot of debate regard-
ing the NPP’s determinants. Growth of plants may be negatively or positively
impacted by climate change [21]. Many research has been conducted to assess
the response of NPP to climate variables by using three types of NPP; actual
NPP, potential NPP, and human NPP [22] [23] [24]. In this study, we also eva-
luated NPP’s reactions to climate variables using correlation coefficients and ac-
tual NPP trends. Because of shifting trends in temperature and precipitation,
climate change is the main driver of NPP change in the study area. NPP varia-
tion reflects the NPP decreasing but vegetation changes areas just reflect vegeta-
tion scope. Therefore, assessing vegetation dynamics based on NPP variation
and vegetation change areas may be useful to analyze the relationship between
climate variables and desertification dynamics. Climate change (Annual total
precipitation and mean annual temperature) has directly affected vegetation
cover. This study presents the contribution of the two factors on NPP variations
and a general picture of the vegetation dynamics in Eastern Sudan. The 1977
United Nations conference classified eastern Sudan as under threat of desertifi-
cation. Eastern Sudan is considered one of the regions most affected by climate
fluctuations in arid and semi-arid regions. It seems that the climatic conditions,

in addition to the pattern of resource utilization, are greatly linked to desertifica-
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tion. The domination of the open grazing system of livestock raising, traditional
agricultural practices, and traditional water distribution has contributed greatly
to desertification. The desertification in this state seems to be more severe due to
the above-mentioned reasons. Climate change affected vegetation mainly
through temperature and precipitation changes, which further regulated photo-
synthesis, soil respiration, and growing status [25]. The slight and moderate ve-
getation reversion induced by climate variables occurred in Feshaga, Gadarif,
and the southwest parts of the study area. The correlation between NPP and
annual total precipitation is weakly negative in large areas of the study area
(Faw, Rahd, Feshaga, and Galabat districts). Moreover, the annual variation in
precipitation and temperatures in Gedaref State showed large fluctuations. By
exchanging positive and negative anomalies, the periods of most negative preci-
pitation were recorded in 2000 and 2002 (Figure 5). Wet years were also ob-
served in 2002, 2003, 2006, and 2007. Likewise, temperature showed fluctuations
with a generally increasing trend in 2007 and 2008 (Figure 5).

This study proved that the correlation analysis between NPP and climate va-
riables (precipitation and temperature) gives a reliable result of NPP responses

to climate variables that are very clear in full-time parts of Gedaref state.

5. Conclusion

The responses of vegetation NPP to climate variables from 2000 to 2010 were
assessed in this study by using MODIS imagery, metrological data and observed
survey data, NPP indicator. Annual mean Temperature was the principal influ-
ence, which resulted correlations coefficient between —0.09 to —0.49 in almost of
the study area. This study provides that climate variables especially, annual mean
temperature area moderately negative correlated with vegetation reversion in
Gadarif State. Therefore, we recommend further studies in this area to identify
variables that particularly affect the vegetation NPP, such as human and other
activities and to distinguish between the relative roles of human activities and

climate change in vegetation changes.
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