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a b s t r a c t

Assessing rangeland productivity is critical to reduce ecological degradation and promote sustainable
livestock management. Here, we estimated biomass productivity and carrying capacity dynamics in the
Borana rangeland of southern Ethiopia by using field-based data and remote sensing data (i.e.,
normalized difference vegetation index (NDVI)). Data was collected from both rainy and dry seasons
when biomass production was high and low respectively. Results of linear regression showed that both
biomass production (R2

adj ¼ 0.672) and NDVI value (R2
adj ¼ 0.471) were significantly decreased from

1990 to 2019. Field data and NDVI values for mean annual biomass showed a significant linear rela-
tionship. The model accuracy in the annual relationship between the observed and predicted biomass
values was strong (R2

adj ¼ 0.986) but with high standard error, indicating that the observed biomass
production in the rangeland area was not in good condition as compared with the predicted one. This
study suggests that, using NDVI data and field-based data in combined way has high potential to esti-
mate rangeland biomass and carrying capacity dynamics at extensively grazed arid and semi-arid ran-
gelands. And to use for estimating stoking rates and predicting future management techniques for
decision making.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rangelands play an important role in livestock feeding in arid
and semi-arid regions (Arzani et al., 2006) and also improve
ecosystem services for the welfare of pastoral societies. Rangeland
biomass production and status are mainly affected by patterns of
rainfall, infestation rate of invasive alien species, anthropogenic
activities, drought, and livestock grazing intensity (Kassahun et al.,
2008; Lemus 2010). Further, rangeland forage biomass production
and carrying capacity highly change in space and time due to
variability of seasonal rainfall (Gommes et al., 2009). In southern
Ethiopia, the Borana rangelands are used for communal grazing and
extensive livestock production with natural grazing as the main
feed base (Alemayehu, 2006). Unfortunately, most rangeland areas
hun), youyuan-777@hotmail.
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of Ethiopia, including the Borana rangelands, have become
degraded due to climate change and human activity (Angassa and
Oba, 2010; Angassa, 2014; Dalle et al., 2015). Thus, estimating
rangeland conditions (e.g., forage biomass production and carrying
capacity) is critical for the sustainable utilization of natural
resources.

Recent studies have highlighted that the decline of both forage
biomass production and carrying capacity of rangeland is driven by
significant changes in species composition (Angassa and Oba, 2010;
Siraj and Abdella, 2018; Meshesha et al., 2019). In the Borana ran-
gelands, the major factors that affect biomass production and car-
rying capacity are seasonal variability (temperature and rainfall),
replacement of native grass species with unpalatable invasive plant
species, soil degradation, grazing intensity and management
practices (Snyman, 1998; Van der Westhuizen et al., 2005; Arzani
et al., 2008; Adisu, 2009; Tessema et al., 2011). Reduction of ran-
geland productivity may decrease livestock productivity, which in
turn directly affects the socio-economic conditions of pastoralist
communities within the region (Gong et al., 2015). In the past, local
pastoralist commonly undertook seasonal migrations to overcome
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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shortages in forage and water accessibility (Oba et al., 2008;
Habtamu, 2013; Takele et al., 2014).

Estimating biomass production and carrying capacity potential
can be used to guide rangeland management, including balancing
livestock population with forage production (Herlocker, 1999;
Ganskopp and Bohnert, 2001; Arzani et al., 2006; Bikila et al., 2014;
Haile, 2017; Keno and Suryabhagavan, 2018). Previous studies have
assessed rangeland conditions by using a variety of indicators. For
example, studies have estimated carrying capacity potential with
vegetation productivity (Keno and Suryabhagavan, 2018). Most
studies that have estimated vegetation status and biomass pro-
duction in rangelands rely on vegetation indices using field sample
collection (Casady et al., 2013; Tsalyuk et al., 2015). Long-term
assessment of changes in both rangeland productivity and car-
rying capacity has become more effective by using remote sensing
data (Bella et al., 2004; Baeza et al., 2010; Jia et al., 2016). However,
no studies have combined field sample data and remote sensing
data to estimate biomass production and carrying capacity dy-
namics of the Borana rangeland.

The most commonly used remote sensing satellite index to
evaluate changes in biomass and carrying capacity across range-
lands is the normalized difference vegetation index (NDVI)
(Johansen and Tømmervik, 2014; Gong et al., 2015; Tsalyuk et al.,
2015). Remote sensing data of vegetation indices, such as NDVI
value, are strongly correlated with growing season, and biomass of
the area (Lumbierres et al., 2017), and, thus, serve as good esti-
mators of changes in aboveground biomass (Hamel et al., 2009).
Previous studies have combined NDVI values with traditional field
data to evaluate changes in biomass production and/or carrying
capacity in the Patagonian steppes and in forests of eastern China
(Gait�an et al., 2013; Gao et al., 2013). However, researchers have yet
to determine the efficacy of NDVI as a predictor of biomass and
carrying capacity dynamics in rangeland. However, no studies have
combined field sample data and remote sensing data to estimate
biomass production and carrying capacity dynamics of the Borana
rangeland. However, previous studies have yet to determine the
efficacy of NDVI as a predictor of biomass and carrying capacity
dynamics in rangeland. Thus, estimating rangeland conditions (e.g.,
forage biomass production and carrying capacity) is critical for the
sustainable utilization of natural resources. The objective of this
study was to assess changes in biomass production and carrying
capacity in the Borana rangeland from 1990 to 2019. We also aimed
to determine whether direct field measurements and NDVI values
of biomass production and carrying capacity are directly related.
Specifically, we asked the following questions: (1) Do both field
data and remote sensing data reveal a significant change in biomass
production in the Borana rangeland from 1990 to 2019? (2) Towhat
extent does seasonal variation impact biomass production and
carrying capacity potential? (3) Are field data and NDVI values
directly correlated?

2. Materials and methods

2.1. Study area

The study was conducted in the Borana zone of Southern
Ethiopia, specifically at Teltele district (Fig. S1) which covered an
area of 15,430 km2 of which 68% (10,492 km2) is rangeland (Billi
et al., 2015). The site was selected because of it is one of the most
arid rangeland parts of Borana zone and, therefore, the pastoral
communities of this region are the most vulnerable to the range-
land degradation as a result of both human and climatic factors. It is
located 666 km South of Addis Ababa, the capital city of Ethiopia. It
lies approximately between 4� 560 2300 and 5� 490 2100 N and 37� 410

5100 and 38� 390 3700 E and mean elevation is about 496e1500 m,
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with a maximum of 2059 m above sea level. The annual mean
temperatures vary from 28 to 33 �C with little seasonal variation
(Fig. S2). The rainfall in the region is characterized as bi-modal, i.e.,
60% occurring from March to May, and 27% from September to
November, and with high temporal and spatial fluctuations (Dalle
et al., 2015). However, rainfall has recently decreased while tem-
peratures have increased, which has resulted in a decline in
biomass production. Potential evapotranspiration is 700e3000mm
(Billi et al., 2015). The soil in the study area includes red sandy loam
soil, black clay, silt clay and silt. The major land covers of the Borana
rangelands are shrub land, grassland, woodland, cultivated land,
and exposed surfaces (Dalle et al., 2015). The rangeland composed
of different vegetation types with the dominance of encroaching
woody species, and those that frequently thinned out, include
Senegalia mellifera, Vachellia reficiens and Vachellia oerfota
(Coppock, 1994; Gemedo et al., 2005). According to the latest
census conducted in 2017, a total 100,501 of population was re-
ported in this district, with 51,670 men and 48,831 women. Cattle,
goats, sheep, camels, mules, donkeys and horses are the main
livestock species in the region.

2.2. Field based data collection

In 2019, we collected field-based data on biomass and livestock
carrying capacity in the Borana rangeland study site. These data
were used to capture grass species conditions during the dry season
(December to February) and growth status during the rainy season
(March to April). To assess long-term changes in rangeland condi-
tions, we used published field-based data collected at the study site
from 1990 to 2015 (see Barrow, 1991; Kebrom et al., 1996; Oba and
Kotile, 2001; Gemedo et al., 2005; Angassa and Oba, 2010; Dalle
et al., 2015).

Our sampling methods were the same as all previous studies.
Briefly, one linear 5-km transect was assigned and six sampling
plots (25 � 25 m2) were systematically placed at 500 m intervals.
Within each plot three sub-plots (5 � 5 m2) were randomly
assigned for a total of 18 subplots. Finally, five quadrants (1 � 1 m2)
were assigned (for a total of 90) by throwing randomly to the back
side in order to minimize any biases resulting from selective
placement within each sub-plot for herbaceous and grass species
sample collection. And all the above ground forage samples were
harvested by using cutter and collected in paper bag. The fresh
weight of forage sample was measured in the field with a scale. And
samples were taken to Yabello Pastoral and Dry land Agriculture
Research Center laboratory and oven dried for 24 h at 105 �C to
determine the biomass. Then the dry matter measured after 24 h
dried and converted into kilogram per hectare (Kg ha�1), and the
proper use factor (PUF) have been taken as 30% to calculate avail-
able forage (Sintayehu, 2006; Meshesha et al., 2019). Thereafter, dry
matter (DM) biomass and livestock carrying capacity were deter-
mined following procedures described by (Niguse, 2008). And the
field data were collected with three replications for each season.

2.3. Satellite data

To monitor spatial and temporal conditions of rangeland
vegetation, we used the annual average of third Generation
Standard Difference Vegetation Index (NDVI3g) data
(1990e2019). The satellite data was downloaded from the Eu-
ropean Space Agency Climate Change Initiative (ESA CCI) Land
Cover project and the National Advisory Committee for Aero-
nautics (NACA) team. The Digital Elevation model (DEM) used to
extract data from the study area and remove the biased from our
data in order to adopt the change analysis is summarized in
Fig. S3. The general characteristics of the data from Landsat
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Thematic Mapper (TM) Enhanced Thematic Mapper Plus (ETMþ)
is presented in Table S1. Data derived from the Global Inventory
Modeling and Mapping Studies (GIMMS) has 8-km grid resolu-
tion. To increase the resolution, we resampled data by using a
300-m resolution of a digital elevation model of Ethiopia. To
reduce disturbance in NDVI grid cell values, such as those
attributable to bare soil and sparsely vegetated areas, we simply
used the maximum, minimum, and average annual mean values
(Slayback et al., 2003; Wang et al., 2011). Vegetation maps of the
Teltele district from 1990e2019 were obtained from the remote
sensing data with a spatial scale of 1:100,000. To evaluate the
relationship between NDVI values and forage biomass, we used
the NDVI data sets with a grid resolution of 8 km. This allowed us
to understand the differences between the available data sets
and exact NDVI values obtained from 300-m resolution after
resampling from the Landsat TM and ETM þ images acquired in
1990, 1995, 2000, 2005, 2010, 2015 and 2019 for both dry and
rainy season.
2.4. Livestock carrying capacity

To estimate carrying capacity in the Borana rangeland, we
collected data on the total number and types of livestock in the
region obtained from the district Livestock and Agriculture Office.
The types of livestock include sheep, goat, cattle, donkey, horse and
mules. The numbers of livestock consist of average values for each
five-year interval from 1990 to 2019. We used the concept of
tropical livestock unit (TLU) to calculate the carrying capacity (CC)
of the range. In our case, we used a use factor of 30% (0.3); TLU was
taken at 2.5% of the body weight as proposed for Ethiopia by
Serunkuma and Olso (1998) and was calculated according to
Derege et al. (2019).

Carrying capacity ðha=Au=YearÞ¼D=½ðDM� UFÞ�
R

(1)

where, D ¼ number of days in a year, DM ¼ Total dry matter yield
from the area (Kg ha�1), UF ¼ utilization factors (0.3 in our case),
R ¼ daily dry matter requirement (Kg/TLU), 2.5% of bodyweight,
which is 11.25 kg for an AU (450 kg grazing animal (cattle). The
analysis included number of animals, and grazing rangeland area.
And all group were converted to TLU.
Fig. 1. Schematic representation of the grazing capaci
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2.5. Data analysis

Since, in the Borana rangeland rainfall is the main determinant
for forage biomass production variability, regression analyses were
carried out for the scatter diagrams linking biomass toNDVI for each
season (dry and rainy) separately. In this method, time is the inde-
pendent variable and the biomass of each season is the dependent
variable; the slope of the regression of each season then is used to
indicate the trend of biomass change across the period of interest
(Penget al., 2012). The regressionmodel coefficientofdetermination
(R2

adj) was used to test the relationships between the NDVI value
and biomass measured by field data. To evaluate the linkage be-
tween NDVI and biomass collected from 1990 to 2019, we used a
linear regression model with Colville River Delta (CRD) (log10
(biomass) ¼ 0.812 þ 1.762 (NDVI)) to estimate the biomass predicted
(Kg ha�1) and observed biomass ¼ 17.17 þ 0.676 (biomass predicted)
(Kyle et al., 2017). All statistical analyses were performed with Sta-
tistical Package for Social Sciences (SPSS). A positive slope value
corresponds to an increasing trend in biomass change over the past
30 years, and a negative value corresponds to a decreasing trend in
biomass change. The general flowchart of our project was presented
in Fig. 1.

3. Results

3.1. Yearly and seasonal rainfall, temperature and NDVI distribution
in the study area

In the Borana rangeland, the quantity and temporal distribution
of rainfall and temperature are directly linked with NDVI value in
both the dry and rainy seasons (Fig. 2). NDVI values increased when
rainfall was high and temperature was low; NDVI values decreased
when rainfall was low and temperature was high (Table S2). This
pattern indicates that rainfall and NDVI are positively correlated,
whereas temperature and NDVI value are negatively correlated, as
NDVI is highly correlatedwith vegetationproductivity or greenness.

3.2. Spatiotemporal dynamics of biomass and NDVI value

In general, field-based data and NDVI values indicated that
biomass production of the Borana rangeland decreased from 1990
to 2019 (Table 1; Figs. 3 and 4). Field measurements indicate that
ty model for extensive grazing Borana rangeland.



Fig. 2. The relation coefficient between yearly temperature and NDVI value (a), rainfall (mm) and NDVI value (b) of Borana rangeland for 1990, 1995, 2000, 2005, 2010, 2015 and
2019. (Note: The blue color in both figure indicates NDVI values, Temp ¼ temperature, RF ¼ rainfall).
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biomass decreased by 57.9% in the rainy season and 49.2% in the dry
season; between seasons, biomass decreased 25.2%. NDVI reflection
over the same time period indicate that biomass production in the
Borana rangeland decreased by 26.8% in the rainy season and 22% in
the dry season; between seasons, biomass production decreased
17.9%. Both biomass and NDVI varied significantly within and across
seasons. Field-based rangeland biomass estimation during the
rainy season varied between 1456 and 3456 kg ha�1; during the dry
grazing season, biomass was estimated to vary between 1906 and
968 kg ha�1. NDVI values during the rainy season ranged from 0.56
to 0.41; during the dry season, these estimations ranged from 0.41
to 0.31.

3.3. Relations between NDVI and field measured biomass

The relationship between NDVI and biomass production of the
Borana rangeland was presented in Fig. 5. There was a significant
linear relationship between NDVI (the satellite image of vegetation
indices) and field (primary) collected biomass. The higher value
was recorded during the dry season (R2

adj ¼ 0.632) than during the
rainy season (R2

adj ¼ 0.551) with annual mean linear relation
(R2

adj ¼ 0.746) based on the data obtained from 1990 to 2019 with
five years interval (Fig. 6).

3.4. Livestock carrying capacity dynamics

We estimated spatiotemporal dynamics of carrying capacity in
the Borana rangeland during each grazing season by using field
Table 1
Field measured biomass (Kg ha�1) and NDVI value statistics from 1990 to 2019.

Study time Field measured biomass NDVI value

Season Season

Rs Ds C (%) Rs Ds C (%)

1990 3,456a 1,906g 44.8 0.56a 0.41g 26.8
1995 2,761b 1,440f 47.8 0.48b 0.38f 20.8
2000 1,512c 971e 39.4 0.45c 0.31e 31.1
2005 2,346d 1,056d 55.0 0.46c 0.38d 17.4
2010 1,972e 1,012c 48.7 0.54d 0.36c 33.3
2015 1,627f 1,002b 38.4 0.43e 0.35c 18.6
2019 1,456g 968a 33.5 0.41f 0.32d 22.0
Nc from

1990e2019 (%)
57.9 49.2 25.2 26.8 22.0 17.9

Rs ¼ rainy season, Ds ¼ dry season, C ¼ seasonal change (%), Nc ¼ net change (%).
Field based biomass for 1990, 1995, 2000, 2005, 2010 and 2015 were obtained from
free available papers conducted by Barrow (1991), Kebrom et al. (1996), Oba and
Kotile (2001), Gemedo et al. (2005), Angassa and Oba (2010) and Dalle et al.
(2015) on Borana rangeland respectively. Values which have the same superscript
letter across columns are not significantly different (p < 0.05).
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data on useable forage biomass and NDVI values. Our estimations
indicate that from 1990 to 2019 rangeland carrying capacity
decreased by 137.4% (6.98 ha AU�1 Y�1) during the rainy season and
by 97.2% (5.44 ha AU�1Y�1) during the dry grazing season (Table 2).
The estimated carrying capacity only focuses on home or domestic
animals because data on wild animals living in the study area (e.g.,
number, food preference, and daily usage) has yet to be deter-
mined. Consequently, our estimated carrying capacity is likely high.

3.5. Livestock population dynamics

Tropical livestock units (TLU) increased for all livestock found
within the study area (e.g., cattle, goat, sheep, horses, mules, don-
keys, and camels). The highest number of tropical livestock units
was recorded in 2019 (Table 3).

4. Discussion

In this study, both field data and remote sensing data revealed a
significant decrease in biomass production in the Borana rangeland
from 1990 to 2019. Our field-based data indicated that rangeland
biomass was highest in 1990 and that rangeland biomass was
lowest in the 2000 and 2019 growing seasons. These findings are
consistent with the NDVI values, which were highest in 1990 and
lowest during the 2000 and 2019 growing seasons. This decrease in
production biomass was likely due to environmental factors,
including variations in temperature and rainfall induced by El Ni~no.
Further, higher NDVI values confirmed greater biomass production,
indicating that NDVI can be used to estimate the status of range-
land. However, abnormal distribution of rainfall during the 2010
rainy season was the reason for low biomass production, when the
NDVI value was high as compared with 1995 and 2005. This in-
dicates that high rainfall also can have a significant impact on
normal vegetation growth and may decrease forage biomass pro-
duction in the grazing rangeland. These findings are consistent
with previous studies of rangeland in Morocco (Acherkouk et al.,
2012; Hamid et al., 2018). In addition, biomass production in arid
and semi-arid rangeland varied significantly both annually and
across seasons. The variation in biomass production in the Borana
rangeland is in line with the data reported from Senegal (Diouf
et al., 2015), and is mainly due to the impact of both climatic and
anthropogenic factors. Regression models were used to estimate
spatiotemporal dynamics of biomass production in both seasons.
Our findings indicate that field-based data on biomass during the
dry season are strongly linked to NDVI values. This conclusion is
consistent with results reported from California rangelands
(Ma�skov�a et al., 2008) and the Qinghai-Tibet Plateau rangeland (Liu
et al., 2017). One potential explanation for this relationship is that



Fig. 3. Annual trends in biomass and NDVI at the Borana rangeland from 1990 to 2019: (A). Biomass derived from field data collection, (B) NDVI derived from Thematic Mapper
remotely sensed imaging data.

Fig. 4. Spatiotemporal dynamics of vegetation greenness and estimation of biomass production using NDVI value from 1990 to 2019. DS ¼ dry season, WS ¼ wet season, H ¼ high,
L ¼ low).
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Fig. 5. Linear regression model relation of field measured biomass (Kg ha�1) and NDVI values: (A) rainy season, (B) dry season and (C) annual. Ds ¼ dry season, Rs ¼ rainy season
from 1990 to 2019.

Fig. 6. Relationship between observed biomass (Kg ha�1) and the predicted biomass (Kg ha�1) of Borana rangeland based on the model log10 (biomass) ¼ 0.812 þ 1.762(NDVI),
NDVI values were derived from Landsat data from 1990 to 2019: (A) during rainy season, (B) during dry season, (C) annual. Rs ¼ rainy season, Ds ¼ dry season.

Table 2
Carrying capacity dynamics of Borana rangeland from 1990 to 2019.

Year Season Total biomass (Kg ha�1) Available biomass (Kg ha�1) CC (ha AU�1 Y�1)

1990 Rs 3456 1037 3.96
Ds 1906 572 7.18

1995 Rs 2761 828 4.96
Ds 1440 432 9.51

2000 Rs 1512 454 9.04
Ds 971 291 14.11

2005 Rs 2346 704 5.83
Ds 1056 317 12.95

2010 Rs 1972 592 6.94
Ds 1012 304 13.51

2015 Rs 1627 488 8.41
Ds 1002 301 13.63

2019 Rs 1456 437 9.40
Ds 968 290 14.16

Net change from
1990 to 2019(%)

Rs
Ds

57.9
49.2

57.9
49.2

¡137.4a

¡97.2b

Rs ¼ rainy season, Ds ¼ dry season: Changes between the periods were calculated as: Rate of change ¼ (A-B) � 100/A, Where, A ¼ previous forage biomass production (Kg
ha�1). B ¼ recent forage biomass production (Kg ha�1), and data from 1990 used as a base. Values which have the different superscript letter across columns are significantly
different (p < 0.05).
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biomass production and vegetation greenness are highly linked to
rainfall availability. Rainfall during the dry grazing season increases
greenness and biomass production. Conversely, without rainfall,
greenness and biomass production decrease during the dry sea-
sons, mainly because of a slight reduction in rates of respiration.
Thus, the linkage between rangeland productivity and NDVI
strengthens the theory that NDVI provides an accurate estimation
of photosynthetic activity over a large area of rangeland. In our
study, field-based data and NDVI values differed in the extent to
which biomass production decreased over the past 30 years. For
603
example, field-based data indicated that biomass production
decreased nearly 50% during the rainy seasons from 1990 to 2019;
in contrast, NDVI values decreased only 22% during the same
period. For remote sensing data, accurate estimation of rangeland
dynamics using a single model are influenced by several factors,
including on-the-ground spectral inversion data and the quality of
the selected remote sensing image data. Satellite images can be
affected by various factors, including cloud cover, bare areas, and
high sun angle. These factors likely explain why linear regression
models using NDVI values predicted biomass poorly (Bhatt et al.,



Table 3
Livestock population and feed requirements dynamics in Borana rangeland.

Year Livestock
Species

Livestock head number TLU Feed required per day (Kg DM) Feed required per year (Kg DM)

1990 Cattle 193,779 135,645 881,693 321,817,945
Goat 179,145 17,915 116,448 42,503,338
Sheep 98,890 9889 64,279 23,461,653
Horse 4 2 13 4745
Mule 63 44 286 104,390
Donkey 5786 2893 18,805 6,863,643
Camel 1048 1048 6812 2,486,380

1995 Cattle 197,876 138,513 900,336 328,622,553
Goat 185,846 18,585 120,803 44,092,913
Sheep 105,158 10,516 68,354 24,949,210
Horse 6 4 26 9490
Mule 65 46 299 109,135
Donkey 6078 3024 19,656 7,174,440
Camel 1062 1062 6903 2,519,595

2000 Cattle 199,356 139,549 907,072 331,081,378
Goat 193,890 19,389 126,029 46,000,403
Sheep 106,009 10,601 68,907 25,150,873
Horse 15 11 72 26,098
Mule 149 104 676 246,740
Donkey 6247 3124 20,306 7,411,690
Camel 1290 1290 8385 3,060,525

2005 Cattle 207,004 144,903 941,869 343,782,285
Goat 211,790 21,179 137,664 50,247,178
Sheep 108,556 10,857 70,571 25,758,233
Horse 29 20 130 47,450
Mule 289 202 1313 479,245
Donkey 6978 3489 22,679 8,277,653
Camel 1467 1467 9536 3,480,458

2010 Cattle 209,123 146,386 951,510 347,301,157
Goat 228,389 22,839 148,454 54,185,528
Sheep 131,000 13,100 85,150 31,079,750
Horse 42 29 189 68,803
Mule 612 428 2782 1,015,430
Donkey 7039 3520 22,880 8,351,200
Camel 1978 1978 12,857 4,692,805

2015 Cattle 268,867 188,207 1,223,345 446,521,027
Goat 288,245 28,825 187,362 68,387,304
Sheep 131,470 13,147 85,456 31,191,258
Horse 61 43 280 102,018
Mule 843 590 3836 1,400,012
Donkey 8125 4063 26,410 9,639,468
Camel 3089 3089 20,079 7,328,653

2019 Cattle 270,332 189,232 1,230,010 448,953,789
Goat 290,475 29,048 188,812 68,916,378
Sheep 132,900 13,290 86,385 31,530,525
Horse 67 50 325 118,625
Mule 900 630 4095 1,494,675
Donkey 9704 4852 31,538 11,511,370
Camel 3560 3560 23,140 8,446,100

TLU factor for cattle, horse and mule ¼ 0.7, goat and sheep ¼ 0.1, donkey ¼ 0.5, camel ¼ 1; DM ¼ dry matter.
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2010; Diouf et al., 2015). Furthermore, validationwas conducted for
observed biomass and predicted biomass using an NDVI plot-based
model derived by CRD. Spatiotemporal variation was especially
focused in the biomass validation exercise. In the rainy season, the
relationship between the observed and predicted biomass values
was strong, although, the error was high. Similar results were
observed in both the dry season and annually. This indicates that
the observed biomass production in the rangeland area is not as
good as the predicted biomass. Estimates of long-term changes in
rangeland biomass can guide future planning, management, and
policy-making decisions. Our study is the first attempt to estimate
changes in biomass production using NDVI and field data.
Furthermore, we have validated the observed and predicted ran-
geland biomass in Borana rangeland in southern Ethiopia. This
research serves as a reference point for further research and
management of the Borana rangeland as well as other rangelands.
We recommend that future research focus on using an integrated
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approach to estimate arid rangeland dynamics. The carrying ca-
pacity of the Borana rangeland decreased from 1990 to 2019. This
decrease in carrying capacity is likely due to both climatic and
anthropogenic factors, including long-term overgrazing, infestation
of invasive plant species, drought, livestock and human population
growth, expansion of farming, and urbanization. The carrying ca-
pacity of grazing land was unevenly distributed in the rainy and dry
seasons. In the rainy seasons, grazing land area was smaller, in
other words, the carrying capacity was higher, than that in the dry
seasons. Hence, overgrazing appears to be more common in the
Borana rangeland during the dry season. This seasonal imbalance in
grazing intensity can cause rapid degradation of rangeland (Zhou
et al., 2005). Increased grazing intensity often leads to lower
levels of aboveground plant biomass and general vegetation. Both
the field survey and satellite image data of the Borana rangeland
confirmed that aboveground plant biomass and general vegetation
have decreased. High grazing intensity in rangeland with low levels



Y. Fenetahun, Y. Yuan, X.-W. Xu et al. Plant Diversity 44 (2022) 598e606
of biomass may lead livestock to consume unpalatable invasive
plant species, which can cause health problems for livestock and
further affect the economy of pastoralists.

We found that for the last 30 years rangeland biomass produc-
tion was inversely related to the size of the livestock population.
Specifically, as stated earlier, rangeland biomass production
decreased from 1990 to 2019, whereas the livestock population and
demand for feed increased significantly. Overall, rangeland biomass
production did not meet the feed requirements of the livestock,
which resulted in overgrazing that, in turn, acted as the primary
driver of rangeland degradation in the study area. These findings
are consistent with assessments of the Borana rangeland (Solomon
et al., 2007). Thus, adjusting grazing intensity with carrying ca-
pacity during the grazing season is urgently needed. Balancing
livestock type with vegetation composition is often economically
advantageous to stocking with a single livestock type (Bat-Oyun
et al., 2016). Shortages in livestock forage lead to reduced live-
stock quality and prices. One potential side effect of these changes
is that pastoralists may be forced to adopt alternative activities as a
source of income, including cultivation of land, which will only
further degrade rangeland. Thus, it is crucial to raise awareness and
set appropriate policy and management strategies in terms of
destocking and restocking livestock.

In general, when rangeland become severely degraded, not only
the grass biomass and vegetation status, but the soil physico-
chemical properties also change (Wei et al., 2005). The current
rapid degradation of the Borana rangelands will affect local pastoral
communities and governmental agencies within the area and
across Ethiopia. Our current assessment of the Borana rangeland
shows that the primary factor in rangeland degradation is over-
grazing. Thus, we strongly recommend that immediate and scien-
tific management techniques and livestock balancing based on the
rangeland biomass production potential and livestock feed prefer-
ence be taken.

5. Conclusion

Our study demonstrates strong correlations between NDVI and
field collected data and provides scientific basis information for
understanding the Borana rangeland biomass and carrying capacity
dynamics and the management and balancing of livestock with
rangeland production potential. Results of both field and NDVI data
showed significant variability on seasonal and annual biomass and
carrying capacity of rangeland. This is due to both climatic and
anthropogenic effects on the spatiotemporal distribution and
vegetation status of rangeland. The overall biomass production in
the Borana rangeland did not satisfy the feed requirements of
Tropical Livestock Unit in the area. The rangeland dynamics eval-
uated from NDVI and field-based biomass data used to evaluate the
general status of rangeland and further decision-making for man-
agement and sustainable utilization of rangeland. The current study
was first attempt in validation of NDVI data in semi-arid Borana
rangeland and can be used as a reference for others both regional
and international researchers to conduct further study in other part
of both arid and semi-arid rangeland of Ethiopia. In general,
balancing the livestock grazing with rangeland forage production
should be used for both economic and ecological sustainability of
pastoralist livelihood and rangeland ecosystem. So spatiotemporal
estimation of livestock number related with biomass production is
suggested for future action.
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