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ABSTRACT 
 
Climate change is a principal threat to the sustainability of our planet which 
consists partly of the world’s rangelands. According to numerous studies and 
reports, the trend at which the global climate is changing is a clear indication that 
the long term sustainability of global rangelands is uncertain. There is abundant 
evidence of climate change across the globe. The global average surface 
temperature is predicted to increase between 1.8°C and 4.0°C by 2100. This will 
no doubt have adverse and tremendous impact on the quality and productivity of 
rangelands, which in turn is expected to affect ruminant livestock production since 
about 70 % of forages fed on by animals are produced from these rangelands. The 
current climate change is basically as a result of anthropogenic activities leading to 
a build up of greenhouse gases in the atmosphere. These gases are trapped in the 
atmosphere and in return increase global surface temperature and alter known 
climatic patterns globally. This review, therefore, highlights the effect of climate 
change on rangeland quality and productivity considering how the drivers of 
climate change impact on the length of the growing period, plant species 
composition, nutritional value of forages, drought stress in plants, lignification, 
vegetation flammability and mortality/extinction of range plant and animal species. 
The review revealed that, climate change will result into the extinction of over one 
million terrestrial species in the next five decades. The elevation of CO2 levels will 
increase non-structural carbohydrate content of grasses by 25 % and reduce their 
nitrogen content by about 8 %. It is also reported that, for every 1 % rise in 
temperature, there will be 0.4 % rise in Neutral Detergent Fibre decreasing forage 
intake and digestibility. Rising temperature also results in faster decomposition of 
soil organic matter. However, minerals will be lost through leaching and erosion if 
mineral uptake by rangeland plant species is slower than the rate of mineral 
release into the soil. It is clear that changing climate is having a toll on rangeland 
quality and productivity, the impact is mixed and difficult to quantify. It is 
recommended that, much research efforts be put into quantification of climate 
change impacts on rangelands through modelling and projections simplified for the 
comprehension of the resource poor livestock farmers particularly in developing 
countries. Vulnerable rural based livestock farmers should be assisted with 
adaptation strategies to remain in production. 
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INTRODUCTION 
 
Climate change is presently regarded as a major and predominant threat to the 
sustainability of the planet Earth, which includes rangelands [1]. Naturally, the 
earth has experienced some alterations in its climate through changes in the orbital 
variation and also from volcanic eruptions, causing changes in the amount of solar 
radiations reaching the earth. However, human activities are substantially 
contributing to climate change [2, 3]. The agricultural sector is therefore vulnerable 
by the exposure and responsiveness to these climate conditions and the ability to 
adapt or cope with the changing climate [1]. There is therefore the need for farmers 
to have several strategies to employ to cope with the anticipated climate variability, 
which include adjusting their farming practices as required (that is applying 
adaptive range management and climate adaptation strategies). The total earth’s 
terrestrial surface is covered by about 50 % of rangeland ecosystems [4]. Millions 
of people around the world depend on the grazing resources of rangelands as their 
source of livelihood.  
 
Livestock contributes about 30 % of agricultural gross domestic product in 
developing countries, with a projected increase to about 40 % by the year 2030 [5] 
and is becoming the fastest growing sub-sector in agriculture. However, report 
indicates that there is an uncertainty in the long term sustainability of rangelands 
[6], since the effect of climate change will have a major impact on these 
rangelands as well as farmers. Economically developing countries and regions of 
the world are the ones whose rangeland resources are likely to suffer and are the 
most vulnerable since they are not capable of adapting to the unexpected change 
in climate and other extreme environmental conditions. Many of these 
economically developing countries are characterized by high population growth 
and as such are forced to use areas of very marginal productivity as grazing lands, 
and this tends to put stress on already stressed landscape due to climate change 
[7]. 
 
The agriculture sector is expected to be affected by climate change due to direct 
and indirect effect of climate change on crop and rangeland production. 
Rangelands provide about 70 % of the forage needs of ruminant livestock across 
the globe [4], thus, the livestock sub-sector will not be spared. Drivers of climate 
change will cause changes in rangeland ecosystems. The impact is expected to be 
severe in sub-Saharan Africa where a vast land area falls under the Arid and Semi-
arid regions of the world and also because Agricultural activities in these regions is 
heavily dependent on climate [8]. Therefore, for a sustainable livestock production, 
there is the need to adequately understand the effect of climate change on 
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rangelands. This will be helpful in the formulation of appropriate range 
management decisions to optimize forage production in a changing climate. Thus, 
this review highlights the impact of climate change on rangeland quality and 
productivity emphasizing how drivers of climate change affect the length of growing 
period, plant species composition, nutritional value of forages, drought stress in 
plants, vegetation flammability and mortality/extinction of valuable plant and animal 
species. 
 
LITERATURE REVIEW 
Climate Change 
 
Climate is often described by the statistical interpretation of rainfall and 
temperature data recorded over a long period of time for a given region or location 
[2]. Climate is usually the weather conditions in a given location averaged over a 
30-year time period. The Intergovernmental Panel on Climate Change Third 
Assessment Report (IPCC TAR) defined climate change as any alteration in the 
climate over a period of time, as a result of anthropogenic or natural factors [9]. It is 
also defined as a change of climate which is associated to human activity that 
modifies the composition of the atmosphere and also includes natural climate 
variability observed over a period of time. Climate variability on the other hand, is 
defined as “the variation in climate on all temporal and spatial scales beyond that 
of individual weather events”. The United Nations Framework on Climate Change 
[10] makes a contrast between ‘climate change’ which is caused by human 
activities on atmospheric composition of the world and ‘climate variability’ which is 
attributable to natural causes. Based on these definitions, it can therefore be 
implied that climate change can occur as a result of natural variability and human 
activity [11].  
 
Greenhouse gases and climate change 
The atmosphere is composed of a mixture of gases which are essential to life, and 
as such our lives depend on it [11]. Greenhouse gases (GHGs) which consist of 
the trace gases in the atmosphere tend to be increasing fast and contributing 
significantly to climate change. The GHGs include carbon dioxide (CO2), methane 
(CH4), nitrous oxide (N2O), Chlorofluorocarbons (CFCs), and tropospheric ozone 
(O3). Carbon dioxide’s involvement in global warming is massively higher than the 
other GHGs because of its high emission into the atmosphere [12]. Other GHGs 
such as CH4, CFCs and N2O are also fairly increasing. In the past 200 years, CO2 
concentration in the atmosphere has increased by more than 30 %, CH4 by more 
than 150 % and N2O by 17 % [13]. Scientists are more than 95 % certain that 
global warming is caused mostly by increasing concentrations of these GHGs 
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through anthropogenic activities [14]. Some of these activities include burning of 
fossil fuel, livestock production (during respiration, they release CO2 and CH4, their 
excreta releases N2O and NH3), felling of wood indiscriminately which affect the 
carbon balance, landfill systems and other forms of industrial air-pollution [11]. The 
aforementioned confirms that profound changes in the mechanisms of the 
atmosphere is due to human activities [12].  
 
Evidence of climate change  
The IPCC [15] provides clear evidence that climate change is a reality, as shown 
by the increase in global temperatures and changes in rainfall patterns 
experienced globally. Evidence shows that the relative changes in climate over the 
past century have already had significant impacts on a wide range of plant species 
in terms of their distribution, abundance, phenology and physiology. Many 
instances of alteration in species distributions toward the poles have been 
documented [16]. Reports from IPCC revealed that there will be more wet areas 
which will lead to severe floods as well as dry areas which will also lead to severe 
drought, all in the tropics with low latitudes [2, 14]. Additionally, temperatures are 
anticipated to rise further by 1 to 4 0C in some decades to come [17]. Report on the 
African continent indicates that, there has been a rise in the mean annual land 
surface temperature above the 0.7 °C recorded in the 20th century [18]. The 
above-mentioned evidence of climate change is the reality the entire earth is faced 
with today. 
 
Rangelands and Climate Change 
Rangelands can be defined as ecosystems which are capable of supporting 
grazing and browsing animals [19]. Globally, rangelands are estimated to occupy 
50 % of the entire earth’s terrestrial surface [19]. Their expanse makes rangelands 
very important to humans with their importance far outweighing their challenges 
[4]. The composition and productivity of rangelands are basically influenced by 
rainfall, fire, grazing, changes in temperature and the concentration of atmospheric 
CO2 over longer time frames [20].  
 
Climate change puts enormous pressure on rangelands [21] and as such, the 
phenomenon is now recognized as a dominant issue of concern for their 
sustainability. Species distribution in rangeland communities are likely to be altered 
in relation to changes in rainfall patterns and temperature levels. Some rangeland 
species are likely to migrate as temperature increases similarly to the reported 
occurrence in the early to mid-Holocene (10,500 to 5,000 years ago) [22]. Climate 
change is reported to be responsible for the extinction of many plant species, 
although, the extent and nature of this future occurrence is very difficult to predict. 
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In most plant species, there is an increase in the rate of photosynthesis when the 
concentration of atmospheric CO2 increases and this leads to increase of plant 
growth, decreased water use and reduced tissue concentrations of protein and 
nitrogen [23]. The quality of forages on rangelands declines as the concentration of 
plant tissue nitrogen and protein decreases [24]. A rise in the atmospheric CO2 
also affects the primary productivity of rangelands [25]. In Africa, most grassy 
rangelands have been taken over by shrubs and trees which results in bush 
encroachment, a phenomenon that tends to increase plant biomass but limits the 
productivity of rangelands [26]. A study on 37 selected sites of the Mongolian 
rangelands to understand the impact of climate change on the productivity of these 
rangelands, showed that the Mongolian Steppe was already affected by climate 
change leading to marginal increase in the soil organic carbon level, and resulting 
in reduction of the productivity of forage plants [27]. 
 
Effect of climate change and variability on rangeland quality and productivity 
Length of growing period (LGP) 
Climate change has either lengthened or shortened the length of the growing 
season in various regions globally. In West Africa, areas around the west Guinean 
coast are reported to experience about 20 % decrease in the length of the growing 
period whereas regions around the east are expected to experience an increase of 
about 5-10 % [27]. The central and eastern Sahel areas of Africa are to experience 
over 30 % increase in the length of the growing seasons while the western Sahel 
regions will experience shorter growing seasons [28]. Most parts of the sub-
Saharan Africa will experience a decrease in the length of growing period as a 
result of the combined impact of changes in temperature and rainfall, whereas the 
decrease will be severe in some cases [20].  
 
The length of the growing season has an impact on the quality and quantity of 
forages as well as the duration and period when live forages are accessible [27]. 
The semi-arid rangelands of the Sahel have been affected by climate change (high 
temperatures and recurrent droughts) which has led to a higher ratio of actual to 
potential evapotranspiration. This has limited plant growth and reduced the length 
of the growing season [28]. A reduction in the length of the growing season 
translates into lower forage yields and shorter periods of availability of lush pasture 
for ruminant livestock. 
 
In the temperate regions, increasing temperatures will affect the length of growing 
season through reduced cold stress and increased heat loads during summer [37]. 
It is projected that by 2050, most parts of the world will possibly have an increase 
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in temperature during the growing season than currently experienced, and this 
temperature increase will eventually be associated with more rainfall variability 
[29]. 
 
Drought stress in plants 
Rangeland quality and composition can be affected by the interactions existing 
among temperature, rainfall, atmospheric CO2 concentration as well as land cover 
change and grazing. For example, drought stress in plants is increased when there 
is an increase in temperature [20]. Prolonged drought is associated with a 
comparable reduction in the net annual productivity of rangelands. The survival of 
long-lived perennial tree and pasture species is threatened by severe droughts. 
Browse species have high chance of survival than grasses during drought periods 
as a result of the effect of climate change and as such, farmers with large 
ruminants such as cattle are forced to shift from cattle production to the production 
of small ruminants such as goats and sheep since they require less feed and water 
[11]. Drought stress leads to physiological and morphological changes in forage 
plants. This is a natural response to avoid water deficit and heat stress. This 
response ultimately reduces the nutritional value and digestibility of the forage 
plants. 
 
Changes in plant species composition 
Global average surface temperature is predicted to increase between 1.8°C to 
4.0°C by the year 2100 according to IPCC [2]. Approximately 20 to 30 % of some 
plant and animal species are reportedly at the risk of becoming extinct with an 
increase of 1.5°C to 2.5°C [30]. This will lead to severe outcomes for food security 
in developing countries. Plant species composition is influenced by climate change 
mainly by shifting the amount, seasonal pattern, and vertical placement of soil 
water which will turn out to affect the outcome of competition by plants [31]. A rise 
in CO2 concentration contributes to changes in composition of species by lowering 
transpiration to prolong soil water availability within a growing season [32]. The 
current CO2 level of 350ppm in the atmosphere is projected to rise to 700ppm by 
2100 [30]. This projected rise may tend to favour C3 shrubs and legumes over C4 
grasses, consequently leading to changes in plant species composition. A study on 
plant species diversity in South Africa revealed that 11 % of the species 
investigated were at risk of extinction [33]. It is also reported that, climate change 
will result in the extinction of over one million terrestrial species in the next five 
decades [34]. Loss in plant species biodiversity is said to result from increase in 
temperature and prolonged droughts creating the right conditions for intensive 
rangeland fires. These fires together with changes in hydrologic and life cycles are 
expected to alter the habitats that support vulnerable plant species, thus leading to 
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loss of species or changes in species composition in favor of more resilient species 
[35].  
 
Impact on plant nutritional value 
Forage quality is affected by rise in CO2 and temperature as well as variations in 
precipitation, which complicates the quality of forages [27]. Forage quality can be 
increased by concentrating nitrogen moderately into plant tissues especially during 
the dry conditions and delaying maturity [36]. An increase in CO2 tends to increase 
total shoot nonstructural carbohydrates and this adds up to improve forage quality 
[37]. This is because increase in CO2 increases the rate of photosynthesis which 
converts the CO2 into sugars and therefore, elevated CO2 will stimulate the 
production of nonstructural carbohydrates. However, in dry and nitrogen limited 
rangelands, a rise in CO2 reduces forage quality by increasing the ratio of carbon 
to nitrogen, lowering crude protein content, and finally increasing the fiber content 
of forage which will eventually decrease digestibility [38]. Studies have shown that 
nonstructural carbohydrate content of grasses increased by 25 % under elevated 
CO2 levels but under the same condition, nitrogen content decreased by 8 % [39]. 
This reduction in the concentration of plant tissue nitrogen and protein will 
undoubtedly lead to a decline in forage quality in pastures and rangelands [24]. 
However, CO2 elevation in the atmosphere is also expected to increase the 
population of C3 legume species in rangelands, thus, compensating for the 
reduction in the concentration of plant tissue nitrogen and protein in elevated CO2 
levels [40]. C3 plants respond to elevated CO2 levels by increasing photosynthesis 
and reducing conductance in the stomata. This makes it possible for legumes to 
increase N2 fixation, thus, reducing the impact of drought on N2 fixation [41]. Other 
studies also suggest that, the response of legumes to elevated CO2 is only in 
managed systems and not in natural systems [41]. This is because nutrient 
deficiency can limit the response of legumes to elevated CO2 [42]. Phosphorous 
limited the response of legumes to elevated CO2 in a N-poor calcareous grassland 
which subsequently limited N transfer to non-leguminous species in the grassland 
ecosystem [43]. 
 
Ozone (O3) acts as a shield to prevent harmful shortwave ultraviolet solar 
radiations from reaching the surface of the earth. However, the presence of O3 on 
the earth’s surface has added to the impact of GHGs to plants. Plants exposed to 
high concentrations of ground-level O3 suffer from reduced photosynthetic 
activities, experience accelerated rate of senescence, reduced rate of plant growth 
and lower yields [44]. 
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Lack of adequate soil water coupled with high atmospheric temperatures increase 
evapotranspiration, which results in increased lignification of forage species 
thereby reducing intake and digestibility by livestock that feed on them [45]. It has 
been reported that increase in temperature does not only increase drought stress 
in plants but also increases lignification of their tissues which affects both 
digestibility of plants as well as their rate of decomposition [20]. Lignin and cell wall 
contents in plants also increase as a result of a rise in temperature and this lowers 
digestibility. Neutral Detergent Fibre (NDF) is also said to increase with rise in 
temperature. It is reported that, NDF increases by 0.4 +/- 0.06 % for every 10C rise 
in temperature [46], and the higher the NDF content, the lower the feed intake by 
ruminants. According to US Global Change Research Programme [24], 
temperatures are expected to increase by 2.0–3.08 °C by 2050 and 2.2– 5.58 °C 
by 2100. There is, therefore, no doubt that the grasses in rangelands are going to 
be less nutritious, so livestock that feed on them are going to gain less nutrients 
leading to their poor condition and a subsequent reduction in productivity.  
 
Increase in vegetation flammability 
Increased temperatures coupled with lowered rainfall increases vegetation 
flammability [20]. Some rangeland grasses promote fire and are also by 
themselves promoted by fire, whereas the woody plant populations are sensitive to 
fire in their seedling stage but may be competitively superior once established. 
This makes rangelands dominated with woody plants less prone to fire than 
grasslands [47]. An increase in fuel load is expected under high levels of CO2 since 
plant growth would be high. Temperature increases driven by climate change will 
cause areas with low rainfall to experience an increase in fuel dryness and a 
reduction in relative humidity [48]. With high amounts of fuel load and warmer 
environments, rangelands can experience wildfires caused by natural means 
(lightning) or by anthropogenic activities (hunting, grazing and burning of 
croplands). 
 
In northern Australia’s open woodlands, it is perceived that woodland thickening is 
as a result of reduction of pasture burning [49]. Continuous fire of annual grasses 
can cause a shift from grassland to shrublands and woodlands, whereas on a large 
scale change from shrublands to homogenous grasslands can affect 
evapotranspiration, moisture transfer and rainfall. The net effect could be an 
increase in aridity of the region [22]. 
 
Wildfires (driven by climate change) in rangelands may lead to the loss of forage 
biomass essential for livestock feeding. However, these wildfires can also clear 
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close woody canopies and enhance sunlight penetration into rangelands. This will 
enhance growth of herbaceous species and encourage plant diversity.  
 
Mortality of plants 
When rangelands are exposed long enough to high temperatures, they undergo 
stress which eventually leads to a large-scale mortality of species in these 
rangelands. Some climatic events can lead to the death of some specific rangeland 
species [50]. A severe and prolong drought can result in the mortality of perennial 
plants and cause a shift to an annual-dominated vegetation [51]. There has been 
considerable death of trees across the globe which is attributable to severe 
drought [52]. For example, in Africa there were tree mortalities of Cedrus atlantica 
in Belezma Park, Algeria and quiver tree (Aloe dichotoma) in Tirasberg mountains 
in Namibia [52]. Loss of species also affects the interactions with other species, 
thus, having an impact on the overall function of the ecosystem [35]. There is also 
the extinction of animal species like the checkerspot butterfly. This is as a result of 
an increase in the variability of precipitation leading to a reduction of temporal 
overlap between the larvae of the butterfly and its host, the dwarf plantain [53]. An 
increase in air temperature above the physiological limits has also led to the 
extinction of 48 lizards. The presence of all these organisms contribute to 
rangeland ecosystem function [54].  
 
Effect of Climate Change on soil 
With the advent of climate change and variability, CO2 content in the atmosphere is 
reported to have increased by some 30 % in the last fifteen decades [55]. 
Atmospheric CO2 concentration is projected to rise to 800ppm by the end of the 
21st Century [56]. With respect to the Carbon pool in the soil, it is also reported that 
the soil alone contains 75 % of the total carbon pool in the ground [57]. The soil 
serves as a means where plants and some microorganisms directly or indirectly 
secure their food, thus serving as carbon sink. The rise in CO2 level in the 
atmosphere coupled with fluctuations in temperature and precipitation lead to 
alterations in important soil processes. This exposes the soil to physio-chemical 
degradation, salinization, erosion, reduction in water availability and storage of soil 
nutrients [57].  
 
Rise in temperatures caused by climate change induces rapid decomposition of 
organic matter in the soil. This leads to loss of CO2 from the soil and a reduction in 
soil organic carbon stock [57]. Generally, a rise in temperature will result in faster 
rate of soil organic matter decomposition, faster rate of mineralization and 
nitrification of Nitrogen [58]. The high rate of soil organic matter decomposition will 
be due to the fact that warmer temperatures stimulate microbial activities. This high 
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rate of decomposition will lead to loss of soil nutrients through leaching and 
erosion, thus reducing nutrient availability to forage plants [59]. A rise in 
temperature of about 0.3 to 6 0C increases the rate of Phosphorus mineralization in 
litter by 48 % [60]. Additionally, when the rate of mineralization is faster than rate of 
plant mineral uptake, the result is leaching. Extremely high temperatures and 
droughts result in evaporation of soil moisture, which in turn reduces the amount of 
dissolved nutrients for plants uptake from the soil [11].  
 
Precipitation plays a vital role in the growth and development of plants. 
Precipitation which is expected to increase in some areas of the world by reason of 
climate change will make more soil moisture available to plants. Soil moisture will 
in turn make minerals available to plants. However, extreme precipitation depletes 
the nutrients in the soil through leaching and erosion through runoff water. It is 
estimated that an increase in precipitation by 1 % in a given area can lead to an 
increase in erosion by 1.5 – 2 % [56]. Soil moisture and fertility among others are 
the factors to consider during the production of rangelands. Therefore, any 
environmental alterations which affects the process by which soil water is attained 
will have a severe influence on the stability and productivity of forage plants [4]. 
 
Changes in the carbon to nitrogen ratio (C: N) of vegetation which comes as a 
result of climate change affect soil nutrients indirectly and causes changes in some 
characteristics of soil as well [61]. Response to these climate change drivers such 
as increasing CO2, temperature and rainfall tend to vary with different locations 
because of the difference in soil characteristics such as the water-holding capacity 
[62]. In addition, structures and functions of some aspects of the ecosystem will be 
affected due to the overall effect of these climate change drivers on the availability 
of soil water [31]. However, rangelands can be managed to help alleviate 
anthropogenic causes of climate change through a process known as carbon 
sequestration. This is the storage of carbon from the atmosphere into the soil and 
vegetation through photosynthesis, humification and aggregation [4] and store the 
carbon in organic forms, including plant biomass and soil organic matter. The 
process enhances soil fertility due to the increasing amounts of soil organic matter. 
 
CONCLUSION  
 
Climate change no doubt has been and is still a topical issue across the globe. The 
Earth’s climate has changed through natural events and now in an era where 
anthropogenic activities are immensely contributing to this phenomenon. Gases 
such as CO2, N2O, CH4 and CFC’s collectively known as GHGs are responsible for 
the change in climate. Climate change is adversely affecting rangeland’s quality 
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and productivity. High temperatures with little or no precipitation affect the length of 
growing periods of plants, nutritional value of forages, species composition, 
vegetation flammability, drought stress and mortality of range plant and animal 
species. Climate change also affects soil chemical and physical properties, leading 
to changes in the availability of soil water to plants. For sustainable livestock 
production, there is the need to fully understand the effect of climate change on 
rangelands. This will be helpful in the formulation of appropriate range 
management decisions to optimize forage production and utilization by livestock. 
 
It is recommended that: 
§ Novel range management policies be enacted and implemented for sustainable 

rangeland use in the face of climate change. 
§ Scientists be properly resourced to effectively quantify the impact of climate 

change on rangeland resources and results communicated to the 
understanding of all including the resource poor livestock farmers. 

§ Vulnerable rural based livestock farmers should be assisted with adaptation 
strategies to remain in production. 

 
 
 
  



 
 

 https://doi.org/10.18697/ajfand.118.21975 22723 

REFERENCES 

1. Muller C and SE Shackleton Perceptions of climate change and barriers to 
adaptation amongst commonage and commercial livestock farmers in the 
semi-arid Eastern Cape Karoo. African Journal of Range & Forage Science, 
2014; 31(1): 1-12.  

2. IPCC. Intergovernmental Panel on Climate Change. Climate Change: 
Impacts, Adaptation and Vulnerability. Summary for policy makers, 2007.  

3. Trenberth KE Climate change caused by human activities is happening and 
it already has major consequences, Journal of Energy & Natural Resources 
Law, 2018; 36(4): 463-481. https://doi.org/10.1080/02646811.2018.1450895  

4. Brown JR and J Thorpe Climate Change and Rangelands: Responding 
Rationally to Uncertainty? Rangelands, 2008; 30(3): 3-6. 
https://doi.org/10.1046/j.1365-2486.2002.00515.x  

5. Food and Agriculture Organization of the United Nations. The second 
report on the state of the world’s plant genetic resources, 2010. 
http://www.fao.org/agriculture/crops/core-themes/theme/seeds-
pgr/sow/sow2/en/ Accessed on February 15th, 2013. 

6. Sietz D, Ludeke MKB and C Walther Categorisation of typical vulnerability 
patterns in global drylands. Global Environmental Change: Human and 
Policy Dimensions, 2011; 21:431–440. 

7. Parry L, Carter TR and NT Konijn The Impact of Climatic Variations on 
Agriculture Volume 2: Assessments in Semi-Arid Regions. Kluwer, 
Dordrecht, The Netherlands, 1988. 

8. Olila DO and VW Oliver Climate change, Savanna grassland, 
autoregressive model, time series data. 5th International conference of the 
African Association of Agricultural Economists. Sept 23-26, Addis Ababa, 
Ethiopia, 2016. 

9. IPCC TAR. Climate Change: Impacts, Adaptation and Vulnerability. IPCC 
Third Assessment Report, Cambridge University Press, 2001. 

10. UNFCCC. Climate change: Impacts, vulnerabilities and adaptation in 
developing countries, 2007.  



 
 

 https://doi.org/10.18697/ajfand.118.21975 22724 

11. Timpong-Jones EC, Adogla-Bessa T, Naazie A and LK Adjorlolo Climate 
change: implications for the resource poor livestock farmers in Africa. In: 
Yangyouru M, Naazie A, MacCarthy DS, Nkansah GO and SK Torkpo (eds.). 
Agricultural Research for Food Security and Sustainable Livelihood: 
University of Ghana Readers Series. (Ch. 14, pp. 231-248, ISBN: 978-9988-
2-0787-8). Tema, Ghana: Digibooks Ghana Ltd, 2014. 

12. FAO. Livestock’s long shadow- environmental issues and options FAO 2009. 
The state of food and agriculture. Livestock in the balance. Rome, Italy: 
FAO, 2006; 168 p. 

13. IPCC (Intergovernmental Panel on Climate Change). Climate change 
2001: technical summary: climate change 2001: impacts, adaptation, and 
vulnerability. A report of Working Group II of the Intergovernmental Panel on 
Climate Change. Geneva: IPCC, 2001. 

14. IPCC. Climate Change 2014: Synthesis Report. In: Core Writing Team, 
Pachauri, R.K. and L A Meyer (Eds), Contribution of Working Groups I, II and 
III to the Filth Assessment Report of the Intergovernmental Panel on Climate 
Change. IPCC, Geneva, Switzerland, 2014. 

15. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press, Cambridge, UK and 
New York, NT, USA, 2013. 

16. Hughes L Biological consequences of global warming: Is the signal already 
apparent. Trends Ecological Evolution, 2000; 15: 56–61. 

17. Wiens JJ Climate-Related Local Extinctions Are Already Widespread among 
Plant and Animal Species. PLOS Biology, 2016; 14(12): e2001104 
https://doi.org/10.1371/journal.pbio.2001104  

18. UNEP (United Nations Environmental Programme) and GRID-Arendal. 
Vital Climate Graphics Africa, 2011.  

19. Holechek J, Pieper RD and CH Herbel Range management: principles and 
practices. 5th ed. Upper Saddle River, NJ, USA: Prentice Hall, 2004; 587 p. 

20. Hoffman T and C Vogel Climate Change Impacts on African Rangelands. 
Rangelands, 2008; 30(3):12-17.  



 
 

 https://doi.org/10.18697/ajfand.118.21975 22725 

21. Thornton PK, Jones PG, Alagarswamy G and J Andresen Spatial 
variation of crop field response to climate change in East Africa. Global 
Environmental Change, 2009; 19:54–65. 

22. Chambers JC and P Pellant Climate Change Impacts on Northwestern and 
Intermountain United States Rangelands. Rangelands, 2008; 30: 29-33. 

23. Taub D Effects of Rising Atmospheric Concentrations of Carbon Dioxide on 
Plants. Nature Education Knowledge, 2010; 3(10):21. 

24. US Global Change Research Program. Global climate change impacts in 
the United States. Karl T R, Melillo J M and T C Peterson [EDS.]. 
Cambridge, UK: Cambridge University Press, 2009. Available at: 
http://www.globalchange.gov/usimpacts Accessed 5 August 2013. 

25. Bolortsetseg B Climate change Vulnerability and Adaptation in the 
Livestock Sector of Mongolia. Assessments of Impacts and Adaptations to 
Climate Change (AIACC) final report. Ulaanbaatar, 2006; 44 pp. 

26. Cook KH and EK Vizy Impact of climate change on mid-twenty-first century 
growing seasons in Africa. Clim. Dyn.,2012; 39:2937-2955. 

27. Polley HW, Briske DD, Morgan JA, Wolter K, Bailey DW and JR Brown 
Climate Change and North American Rangelands: Trends, Projections, and 
Implications. Rangeland Ecology and Management, 2013; 66:493–511 | 
September 2013. https://doi.org/10.2111/REM-D-12-00068.1  

28. Le Houérou HN, Bingham RL and W Skerbek Relationship between the 
variability of primary production and the variability of annual precipitation in 
world arid lands. Journal of Arid Environments, 1988; 15:1-18. 

29. Battisti D and RL Naylor Historical warnings of future food insecurity with 
unprecedented seasonal heat. Science, 2009; 323:240–244. 

30. FAO. Wildlife in a changing climate. FAO Forestry Paper, Rome, Italy, 2012; 
118 p. 

31. Knapp AK, Beier C, Briske DD, Classen AT, Luo Y, Reichstein M, Smith 
M D, Smith SD, Bell JE, Fay PA, Heisler JL, Leavitt SW, Smith RB and E 
Weng Consequences of more extreme precipitation regimes for terrestrial 
ecosystems. BioScience, 2008; 58:811–821. 



 
 

 https://doi.org/10.18697/ajfand.118.21975 22726 

32. Polley HW, Jin VL and PA Fay CO2-caused change in plant species 
composition rivals the shift in vegetation between mid-grass and tallgrass 
prairies. Global Change Biology, 2012; 18:700–710. 

33. Midgley GF, Hannah L, Millar D, Rutherford MC and LW Powrie 
Assessing the vulnerability of species richness to anthropogenic climate 
change in a biodiversity hotspot. Global Ecology and Biogeography, 
2002;11: 445-451. 

34. Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, 
Collingham YC and BFN Erasmus Extinction risk from climate change. 
Nature, 2004; 427:145-148. 

35. Sintayehu DW Impact of climate change on biodiversity and associated key 
ecosystem services in Africa: a systematic review. Ecosystem Health and 
Sustainability, 2018; 4(9):225-239. 

36. Craine JM, Town EG, Joern A and RG Hamilton Consequences of climate 
variability for the performance of bison in tallgrass prairie. Global Change 
Biology, 2009; 15:772–779. 

37. Lilley JM, Bolger TP, Peoples MB and RM Gifford Nutritive value and the 
nitrogen dynamics of Trifolium subterraneum and Phalaris aquatic under 
warmer, high CO2 conditions. New Phytologist, 2001; 150:385–395. 

38. Jin L, Wang Y, Iwasa AD, Xu Z, Schellenberg MP, Zhang YG, Liu XL and 
TA McAllister Effect of condensed tannins on ruminal degradability of purple 
prairie clover (Dalea purpurea Vent.) harvested at two growth stages. Animal 
Feed Science and Technology, 2012; 176: 17-25. 

39. Dumont B, Andueza D, Niderkorn V, Luscher A, Porqueddu C and C 
Picon-Cochard A meta-analysis of climatic change effects on forage quality 
in grasslands: specificities of mountain and Mediterranean areas. Grass 
Forage Sci., 2015; 70:239-254. 

40. Uddin ME and E Kebreab Review: Impact of Food and Climate change on 
pastoral industries. Frontiers in Sustainable Food Systems, 2020; 4: Article 
543403. 

41. Rogers A, Ainsworth E and ADB Leakey Will elevated carbon dioxide 
concentration amplify the benefits of nitrogen fixation in legumes? Plant 
Physiol., 2009; 151(3): 1009-1016. 



 
 

 https://doi.org/10.18697/ajfand.118.21975 22727 

42. van Groenigen KJ, Six J, Hungate BA, de Graaff MA, van Breemen N 
and C van Kessel Element interactions limit soil carbon storage. Proc Natl. 
Acad. Sci. USA, 2006; 103:6571–6574. 

43. Niklaus PA and C Korner Synthesis of a six-year study of calcareous 
grassland responses to in situ CO2 enrichment. Ecol Monogr, 2004; 74:491-
511. 

44. Gonzalez-Fernandez I, Bass D, Muntifering R, Mills G and J Barnes 
Impact of ozone pollution on productivity and forage quality of grass/clover 
swards. Atmos. Environ., 2008; 42: 8755-8769. 

45. Ferraretto LF and RD Shaver Effects of whole-plant corn silage hybrid type 
on intake, digestion, ruminal fermentation and lactation performance by dairy 
cows through a meta-analysis. Journal of Dairy Science, 2015; 98:2662–
2675. https://doi.org/10.3168/jds.2014-9045  

46. Lee MA, Davis AP, Chagunda MGG and P Manning Forage quality 
declines with rising temperatures, with implications for livestock production 
and methane emissions. Biogeosciences, 2017. 14:1403–1417. 
https://doi.org/10.5194/bg-14-1403-2017  

47. Westoby M, Walker BH and I Noy-Meir Opportunistic management for 
rangelands not at equilibrium. Journal of Range Management, 1989; 42:266-
274. 

48. Howden SM, Moore JL, McKeon GM, Reyenga PJ, Carter JO and JC 
Scanlan Global Change Impacts on Fire Dynamics in the Mulga Woodlands 
of South-West Queensland Working Paper Series 99/ 05. CSIRO Wildlife 
and Ecology, Canberra, 1999. 

49. Burrows WH, Henry BK, Back PV, Hoffman MB, Tait LJ, Anderson ER, 
Menke N, Danaher T, Carter JO and GM Mckeon Growth and carbon stock 
change in eucalpt woodlands in northeast Autralia: Ecological and 
greenhouse sink implications. Global Change Biology, 2002; 8(8):769-784. 
https://doi.org/10.1046/j.1365-2486.2002.00515.x  

50. Neilzon RP High-resolution climatic analysis and Southwest biogeography. 
Science, 1986; 23227-34. 



 
 

 https://doi.org/10.18697/ajfand.118.21975 22728 

51. Hein AL Climate change in Africa. Cicerone, 2006; (6). 
http://www.cicero.uio.no/fulltext/index.aspx?id=5249&lang=NO Accessed 
6/05/2020. 

52. Allen CD, Macalady AK, Chenchouni H, Bachelet D, Mcdowell N, 
Vennetier M, Kitzberger T, Rigling A, Breshears DD, Hogg EH, Gonzalez 
P, Fensham R, Zhang Z, Castro J, Demidova N, Lim JH, Allard G, 
Running SW, Semerci A and N Cobb A global overview of drought and 
heat-induced tree mortality reveals emerging climate change risks for 
forests. Forest Ecology and Management, 2010; 259:660–684. 

53. McLaughlin JF, Hellmann JJ, Boggs CL and PR Ehrlich Climate change 
hastens population extinctions. Proc. Natl Acad. Sci. USA. 2002; 99:6070– 
6074. https://doi.org/10.1073/pnas.052131199  

54. Sinervo B, Méndez-de-la-Cruz F, Miles DB, Heulin B, Bastiaans E, 
Villagrán-Santa CM, Lara-Resendiz R, Martínez-Méndez N, Calderón-
Espinosa ML, Meza-Lázaro RN, Gadsden H, Avila LJ, Morando M, De la 
Riva IJ, Sepulveda PV, Rocha CFD, Ibargüengoytía N, Puntriano CA, 
Massot M, Lepetz V, Oksanen TA, David G Chapple DG, Bauer AM, 
Branch WR, Jean Clobert J and JW Sites Erosion of lizard diversity by 
climate change and altered thermal niches. Science, 2010; 328:894– 899. 
https://doi.org/10.1126/science.1184695  

55. Shukla SK, Shee S, Maity S, Shukla SK, Shee S, Maity SK, Solomon S, 
Awashi SK, Gaur A, Pathak AD and VP Jaiswal Soil carbon sequestration 
and crop yields in rice-wheat and sugarcane-ratoon-wheat cropping systems 
through crop residue management and inoculation of Trichoderma viride in 
Subtropical India. Sugar Tech. ,2016; 19:347-358. 

56. Elbasiouny H, El-Ramady H, Elbehiry F, Rajput VD, Minkina T and S 
Mandzhieva Plant Nutrition under Climate Change and Soil Carbon 
Sequestration. Sustainability, 2022;14(2): 914. 

57. Sarfraz R, Hussain A, Sabir A, Ben Fekih I, Ditta A and S Xing Role of 
biochar and plant growth promoting rhizobacteria to enhance soil carbon 
sequestration—A review. Environmental Monitoring and Assessment, 
2019;191(4):1-13. 



 
 

 https://doi.org/10.18697/ajfand.118.21975 22729 

58. Cookson WR, Osman M, Marschner P, Abaye DA, Clark I, Murphy DV, 
Stockdale EA and CA Watson Controls on soil nitrogen cycling and 
microbial community composition across land use and incubation 
temperature. Soil Biology and Biochemistry, 2007; 39(3):744-756. 

59. Lotze-Campe H Climate Change, Population Growth, and Crop Production: 
An Overview. In Crop Adaptation to Climate Change, 1st ed.; Yadav, S.S., 
Redden, R.J., Hatfield, J.L., Lotze-Campen, H., Hall, A.E., Eds.; John Wiley 
& Sons, Ltd.: Hoboken, NJ, USA, 2011. 

60. Wrage N, Chapius-Lardy L and J Isselstein Phosphorus, plant biodiversity 
and climate change. In: Sociology, Organic Farming, Climate Change and 
Soil Science. Sustainable Agriculture Reviews 3, Springer: Dordrecht, The 
Netherlands, 2009. 

61. IPCC. Guidelines for national greenhouse gas inventories, 1996.  

62. Polley HW, Briske DD, Morgan JA, Wolter K, Bailey DW and JR Brown 
Climate Change and North American Rangelands: Trends, Projections, and 
Implications. Rangeland Ecological Management, 2013; 66:493–511. 
https://doi.org/10.2111/REM-D-12-00068.1  

 


