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Climate change and land‑use 
change impacts on future 
availability of forage grass species 
for Ethiopian dairy systems
Galina Brychkova 1,3, Kelebogile Kekae 1,3, Peter C. McKeown 1, Jean Hanson 2, Chris S. Jones 2, 
Philip Thornton 2* & Charles Spillane 1*

Forage grasses are central feed resources for livestock globally. In Ethiopian dairy systems, they 
serve as feed sources during both wet and dry seasons, yet escalating climate change could threaten 
forage supply. Here, we investigate projected climate change impacts on three forage grasses 
currently recommended for Ethiopian dairy systems. We determine areas of geographical suitability 
for each species using three climate projections generated by General Circulation Models (GCMs) 
and calculate their ability to meet predicted dry matter demand under four scenarios for livestock 
intensification and land availability. By 2050, Buffel grass (Cenchrus ciliaris) is likely to be negatively 
affected by climate change in regions such as Tigray, while Rhodes grass (Chloris gayana) and Napier 
grass (Cenchrus purpureus) may have improved suitability under future climates. Our findings suggest 
that feed demands could theoretically be met by production of these forage grasses under current 
and future climates. However, if land availability is reduced and herd composition shifts towards 
higher-productivity exotic breeds, forage resources will not meet cattle demand even with improved 
agronomic management.

Livestock systems play vital roles in sustaining livelihoods in many African countries. Over 80% of Ethiopia’s 
82 m people are agriculture-dependent1,2: Ethiopia maintains herds of ~ 55.6 m cattle, 24.1 m goats, 25.4 m sheep 
and 0.91 m camels, plus equids3–5. Livestock production is increasing throughout Sub-Saharan Africa, driven 
by population growth, urbanization and rising living standards which increase demand for livestock products6 
and therefore demand for feed. In 2018, feed needs for Ethiopia were ~ 130 m tons with a negative absolute feed 
balance7. The Ethiopian government’s livestock master plan highlights that, absent interventions to improve feed 
resources, future feed demand cannot be met8. Indeed, land availability decreased by 18.1% from 1973 to 2012, 
as natural pasture was replaced with crop lands9–11. In 2015, only 15.2% of Ethiopia’s area was arable, including 
meadows, pasture, market and kitchen gardens12. As a result, most Ethiopian dairy farmers practice cut-and-
carry systems without grazing, with only a few combining the systems8.

To benefit from risk-reduced pastoral strategies, sufficient feed of suitable quality should be available13. In 
Ethiopian regions such as Somali, Benishangul-Gemuz and Gambela, grazing feed accounts for 117%, 197% 
and 373% of annual feed requirements, respectively, resulting in a positive absolute feed balance while in areas 
with negative feed balance, grazing feed contributes only 31–46%7. The best grass varieties for supporting the 
country’s future livestock production in a potentially sustainable manner must be chosen14–18. Amongst those 
recommended for improved management practices, three forage grass species, commonly called Buffel (Cenchrus 
ciliaris), Napier (formerly Pennisetum purpureum, now Cenchrus purpureus), and Rhodes (Chloris gayana) grasses 
are most common15,19. All are perennial C4 grasses whose growth and yield are expected to be positively affected 
by rising ambient CO2 (Table 1). Currently, both Napier and Rhodes grasses are used by Ethiopian smallholders 
for cattle fattening and are associated with higher milk yields9. Farmers typically use these forages interchange-
ably in zero-grazing systems to produce hay or silage20,21.

Buffel grass is considered one of the most productive forages for semi-arid areas in the subtropics and tropics21 
and is cultivated in permanent pastures and leys22. Regarded as drought-tolerant, it grows naturally in areas with 
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annual rainfall as low as 270 mm, up to 3500 mm, but cannot withstand prolonged waterlogging. Its optimal 
best-performance day temperatures are 30–35 °C23,24 (Table 1).

Napier grass (or elephant grass) is a tall, fast-growing summer grass25 which withstands repeated cutting as 
it regenerates rapidly, producing a high biomass that is very palatable in the leafy stage21. It performs well in 
temperatures of 21–40 °C22 and with annual rainfall > 1000 mm21. Napier grass survives drought reasonably when 
established because of its deep roots, but prefers well-drained soils and does not tolerate flooding21. Fertilizer 
application produces yields20,26 of 20–80 t DM ha−1 yr−1, or 2–10 t DM ha−1 yr−1 without adequate fertilizer27.

Rhodes grass is a stoloniferous grass that makes good hay if cut as it begins to flower, but cannot be used for 
silage28. It grows in a wide range of soils with annual rainfall 600–1500 mm and temperatures 20–37 °C, and 
tolerates both drought and seasonal waterlogging. If cultivated in properly prepared land on moderately fertile 
soil, yield can be 7–18 DM ha−1 yr−1, depending on variety, environmental conditions and cutting frequency21,29.

Future climate projections indicate that temperatures will increase by between 2–6 °C by 2100, depending on 
region and emissions scenario30,31 and tropical rainforest climatic zone will expand substituting temperate zones 
in the study areas (Suppl. Fig. S1D). Ethiopia is particularly vulnerable to climate change due to its significant 
reliance on agriculture, low adaptive capacity, geographical location, and social and economic structure32–34.

The physiological impacts of climate change on pasture crops are wide-ranging and highly dependent upon 
genotype and the nature of stress35,36. A study integrating temperature and rainfall predicted that length of grow-
ing period (LGP) for many crops will reduce across much of Sub-Saharan Africa, sometimes severely37. Rising 
CO2 levels can also alter herbage quality by modulating concentrations of water-soluble carbohydrates and N38. 
Additionally, high temperature during critical growth periods e.g. establishment or flowering, may lower CO2 
effects on yield39. Moreover, the frequencies of extreme events, including heatwaves, drought and flooding, will 
have further adverse effects on crop and livestock productivity40. Most of Ethiopia experiences one main wet 
season from mid‐June to mid-September with < 350 mm monthly rainfall in the wettest regions, but the onset 
and duration of rainfall varies considerably inter-annually causing frequent drought41. Hence, climate impacts 
on food security may vary significantly from area to area42,43.

To investigate the effect of climate change on Ethiopian forage production, the interactions between pre-
cipitation, temperature and land availability must be considered simultaneously. Here, we simulate growing 
parameters for Rhodes, Napier and Buffel grasses to address the bioclimatic suitability of each, defined by plant 
physiological responses to ecosystem constraints44. To assess the main model- and climate-driven uncertainties, 
and present a plausible range of response to climate impact, we compared three 2050 climatic models for the 
high GHG emissions scenario RCP 8.5. We combine projected climate impacts to the grasses with scenarios 
modelling future land availability and forage demand to explain the interactive effect between climate change 
and socio-economic drivers (Fig. 1). Our findings can guide climate adaptation strategies for farmers and thereby 
reduce climate change impacts on livestock-producing households.

Table 1.   Traits of Buffel, Napier and Rhodes grass grown under conditions currently prevalent in sub-Saharan 
Africa20–29.

Buffel grass Napier grass Rhodes grass

General traits

Drought tolerant Yes Moderate Yes

Tolerates saline soils No No Yes

Sunlight species No Yes Yes

Tolerates water logging No No Seasonal water logging

Suitability for hay Yes Yes Yes

Suitability for silage No Yes No

Forage system Grazing Zero grazing Grazing and Zero grazing

Yield increase when grown with other species i.e. legumes No Yes Yes

Yield without fertilizers, Ethiopia (t/ha/year) 2–9 DM 2–9 DM 2–7 DM

Max yield (Ethiopia), (t/ha/year) 9–16 DM 9–30 DM 7–18 DM

Ruminant nutritive values

Crude protein (CP, %) 6–10 7.5–15.7 4.4–16.6

OM digestibility, ruminants (%) 56.7 61.4 60.4

Energy digestibility, ruminants (%) 54.2 58.7 57.7

DE ruminants (MJ/kg DM) 9.9 10.2 19.6

Neutral detergent fibre (NDF, %) 63.1–75.1 52–64.6 70.5–80.8

Acid detergent fibre (ADF%) 33.2–46.6 28.8–36.6 37–50.1

Minerals

Manganese (g/kg DM) 33 91 72

Zinc (g/kg DM) 179 45 28

Copper (g/kg DM) 14 11 6

Iron (g/kg DM) 1687 413 237
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Methods
Description of the study sites.  Ethiopia is the second most populous country in Africa and is heavily 
dependent upon rainfed agriculture and pastoralism. The country is divided into nine regions for administra-
tive purposes, as well as two chartered cities. This study analysed four eastern regions of Ethiopia representing 
a range of latitudes from the northernmost region of Tigray to Amhara in the centre, Oromia in the south and 
centre and the region of the Southern Nations, Nationalities and Peoples (SNNP) in the south (Suppl. Fig. S1).

Tigray region.  The landscape of Tigray is dominated by chains of mountains ranging from 3250 to 3500 m asl. 
The region has two altitude extremes: the Tekeze Gorge, 550 m asl and the Kisad Gudo peak at 3, 935 m asl. The 
climate is characterized as Kolla (semi-arid) 39%; Woina dega (subtropical) 49% and Dega (temperate) 12%45; 
the average rainfall is between 450–980 mm. The dominant soil texture type is sandy loam, and all areas are in 
the moderate runoff hydrological zone46 (Suppl. Fig. S1B).

Amhara region.  The Amhara region is topographically divided into the northern and eastern highlands 
at > 1500 m asl and the western and southern lowlands between 500–1500 m asl. Areas above 2300 m asl fall 
within the Dega climatic zone, those between 1500–2300 m asl within the Woina Dega climatic zone, and areas 
below 1500 m asl fall within the Kolla or hot climatic zones45. The annual mean temperature for most parts of the 
region is 15–21 °C; average rainfall ranges from 850 to 1485 mm with the highest rainfall occurring during the 
summer season (mid-June and ends in early September) but rains also occur from March–May47. The dominant 
soil texture types are sandy loams and loam, and the Amhara region is in the high to very high runoff hydrologi-
cal zone46 (Suppl. Fig. S1B).

Oromia region.  A region with an altitude of less than 1500 m above sea level. Climatic types prevailing the 
Oromia region may be grouped into three major categories: the dry climate, tropical rainy climate and temper-
ate rainy climate. The dry climate is characterized by poor sparse vegetation with annual mean temperature of 
27–39 °C, and mean annual rainfall of less than 450 mm. The hot semi-arid climate mean temperature ranges 
from between 18–27  °C. It has a mean annual rainfall of 410–820 mm with noticeable variability from year 
to year. The temperate climate areas have a moderate temperature and ample precipitation ranging between 
1200–2000 mm. Oromia has predominantly loam and clay soils, while sandy loam soil texture type will be less 
than 20% (Suppl. Fig. S1B) while Oromia region hydrological zone is heterogenic, where west region is in high to 
very high hydrological zone, while east region of Oromia is graduated from moderate to high runoff hydrologi-
cal zones46 (Suppl. Fig. S1C).

Southern nations, nationalities, and people’s region (SNNP).  SNNP has an elevation of 367–4207 m above sea 
level. About 56% of the total area of the region is found < 1500 m elevation, and is mostly classed as very hot 
lowland (Kolla) while the remaining 44% is found in the temperate climatic zone45. The annual rainfall of the 
region ranges from 500 to 2200 mm, with intensity, duration and amount all increasing from south to northeast 
and northwest; mean annual temperature of the region ranges from 15 to 30 °C. The soil texture in this region is 
dominated by loam texture type and this region is mostly considered a high runoff hydrological zone46 (Suppl. 
Fig. S1B,C).

Figure 1.   Elements of integrated modelling for evaluating climate impacts in 2050 on Buffel, Rhodes and 
Napier Grass contributions to cattle feed demand in Ethiopia as predicted by three future climate models.
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Climate change‑informed trajectories for livestock feed security in Ethiopia.  To investigate 
future trajectories for livestock feed security in Ethiopia, we developed socio-ecological models for possible 
changes occurring by 2050 (Fig. 1, Suppl. Fig. S2). All models assumed the growth of certain Kaya Identify48 
factors: a 53% population increase and GDP increase per capita, leading to increased demands for dairy prod-
ucts and meat. To combine predicted future changes in forage productivity in different regions of Ethiopia with 
other factors likely to impact output, our models include likely increase of exotic livestock number4, either as 
per “Scenario A”, where local cattle breeds dominates and more productive exotic breeds accounts only to 7%, 
based on the current trend of 0.1–0.15% exotic breed increase annually3; or “Scenario B”, where herds will com-
prise 60%:40% local:exotic breeds to meet increasing food demand (Fig. S2). To model the sustainability of the 
scenarios by 2050, we considered ongoing reduction in grassland area11, a predicted ~ 40% loss by 205049. Cur-
rently, 15% of Ethiopia is grassland12, thus, we assume that in 2050 possible available grassland will fall to ~ 10%. 
Since emission scenarios are uncertain under various climate factors, and Coupled Model Intercomparison 
Project (CMIP6) allows for warming of > 3  °C by 2100 even if emissions stay within plausible ranges50, our 
models assumed mean temperature increases > 3 °C. General circulation models (GCM) were used to develop 
three climate projection scenarios for 2050: GISS-2E-R, where mean annual temperature increases by + 1.96 °C; 
HadGEM2-ES, with + 2.93 °C and an ensemble mean of 17 GCMs, with + 2.36 °C (Table S1). We also consid-
ered grass productivity response to management (Table 1) and focussed on the major forage-growing regions 
in which negative feed balance has been recorded7, that is, Tigray, Amhara, Oromia and the Southern Nations, 
Nationalities, and Peoples (SNNP) Region, spanning the geographical range of Ethiopia from North to South. 
Elements included in the integrated modelling are presented in Fig. 1.

Climate modelling.  For recent climatic conditions, we used the WorldClim dataset version 2.0, that pro-
vides average monthly climate data for recent conditions (approximately 1970–2000) in terms of average daily 
maximum and minimum temperatures for each month and average monthly rainfall, at 5 min of arc spatial 
resolution. To evaluate a range of possible future climatic conditions, we used the methods of51,52 to down-
scale spatially coarse output from different groupings of the IPCC’s CMIP5 set of General Circulation Models53 
(GCMs) to 5 min of arc, generating grid cells of size ~ 9 by 9 km at the Equator51,52. To present a plausible range 
of responses, the three sets of GCM outputs (Suppl. Table S1) with a high GHG emissions scenario RCP 8.5 were 
used: the first was an ensemble mean of 17 GCMs, but following54 we also considered two groupings provid-
ing bounds on either side of this, namely a “colder” CGM derived from GISS-E2-R (NASA Goddard Institute 
for Space Studies) representing a < 2 °C global heating situation by 2050, and a “warmer” GCM derived from 
HadGEM2-ES (UK Met Office Hadley Centre) representing a hotter situation (Suppl. Table  S1); full details 
of the models are as provided previously51. DIVA climate layers are publicly available as zip files in Dropbox 
accessible as follows: Ensemble mean, 2050s: https://​www.​dropb​ox.​com/s/​f83ed​r964e​v60ou/​all-​2050.​zip?​dl=0; 
GISS-E2-R: https://​www.​dropb​ox.​com/s/​ml8wy​o4hxc​64htd/​gis2.​zip?​dl=0; HaddGEM2-ES: https://​www.​dropb​
ox.​com/s/​4lctv​mwgq7​qtu5a/​hadg.​zip?​dl=0.

To evaluate resulting shifts in annual or monthly Tmax or Tmin, or in mean annual precipitation, we performed 
point by point calculations by subtracting the corresponding cell values in the grid menu (Diva-GIS 7.5) (Suppl. 
Fig. S3 (annual), Fig. S4 (monthly)). As described in Jones and Thornton51,52, monthly means for rainfall and 
maximum and minimum air temperature were calculated as anomalies from the historical mean, and then bias-
corrected to WorldClim v 2.055,56. The GCM data provide annual deviations for the years through to the end of 
the current century. Fourth-order polynomials were fitted for each variable to every pixel through time51. The 
GCM models were derived using the delta method (a simple BC) to Coupled Model Intercomparison Project 
Phase 5 (CMIP5) models and representative concentrations pathways (RCPs) as described in Navarro-Racines 
et al.57. The BC method is effective and robust in generating correct mean data for 30-year climate conditions 
and widely accepted to minimise the structural bias in the GCM results57,58.

To determine the significance of changing climatic parameters, the standard deviation (SD) for the tempera-
ture and precipitation were calculated (Suppl. Figs. S5, S6). The standard deviation among mean temperature 
shifts and precipitation shifts predictions with GISS-2E-R, 17 GCMs and HadGEM2-ES models for Tigray, 
Amhara, Oromia and SNNP areas was calculated (Suppl. Fig. S4). The SD among mean temperature shifts and 
precipitation shifts presented based on assumption that the precipitation/temperature data follow a Normal 
distribution and that the sample SD is a representative SD of the population, the precipitation/temperature data 
that is outside of the 2*SD is predicted to be significant with a 95% probability (Suppl. Fig. S6). The z-score, 
which normalizes precipitation shifts in 2050 from the current precipitation values within the four regions, was 
calculated as:

where μ is mean of the sample calculated for precipitation shift in each four regions, x—individual data of pre-
cipitation shifts for each point at 5 min resolution, and δ is the standard deviation of the sample.

Evaluation of model performance and future projections.  To illustrate uncertainties of the three 
GCMs, we constructed maps of the SD between suitability predictions generated with GISS-E2-R, HadGEM2-
ES and 17 GCMs GCMs; and a map showing the harmonic mean of the reciprocals of the values in the grid to 
demonstrate the direction of the average prediction (Suppl. Fig. S5A). The harmonic mean was calculated in 
GRASS.

Z score =
x − µ

δ

https://www.dropbox.com/s/f83edr964ev60ou/all-2050.zip?dl=0
https://www.dropbox.com/s/ml8wyo4hxc64htd/gis2.zip?dl=0
https://www.dropbox.com/s/4lctvmwgq7qtu5a/hadg.zip?dl=0
https://www.dropbox.com/s/4lctvmwgq7qtu5a/hadg.zip?dl=0
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Analysis of climate change effect on Ethiopia by 2050.  To investigate trends in climate suitability 
of the three major Ethiopian forage grass species, we first considered how current climates experienced by the 
regions of study will change compared to 1970–2000 baselines (Suppl. Fig. S3). Notably, all model runs produced 
significantly increased mean and maximum annual temperature (Suppl. Fig. S3). Similarly, the data harmonisa-
tion of the mean and maximum annual temperature and Standard deviation (SD) analysis for the three future 
climate models indicated temperature increase with high certainty (Fig. S5). In lowlands, we observed little vari-
ation between the projections of the scenarios, while projections for some highland areas varied. Similar patterns 
were observed for maximum temperature trends (Suppl. Fig. S3, central column), with increases from 31–38 °C 
to 38–45  °C likely in lowland areas. This agrees with IPCC projections that Ethiopia as a whole will experi-
ence increased future temperatures40. Precipitation patterns were predicted to be relatively unaltered (Suppl. 
Fig. S3, righthand column), although reduced precipitation was forecast for parts of Tigray and Oromia under 
the HadGEM2 projection, while highland areas of Oromia and SNNP show increased precipitation under the 17 
GCM Ensemble mean. Z-score and SD analysis for the three future climate models supported the uncertainty 
in future estimated for annual precipitation, especially in SNNP and Oromia (Suppl. Fig. S3, right insert and 
Fig. S5).

To determine possible agronomic impact of these changes, we focused on the July–August period during 
which grass is planted and establishes in Ethiopia59. Importantly, mean July–August temperatures are predicted to 
rise by up to 4 °C, depending on the GCM (Suppl. Fig. S4). We also predict significant reduction in precipitation 
in all regions during these months under both GISS-E2-R and HadGEM2-ES, where SNNP, Oromia and Amhara 
could receive up to 30 mm/month less precipitation during a critical time for grass establishment (Suppl. Fig. S3). 
Z-score and SD analysis of precipitation under GISS-E2-R and HadGEM2-ES projections vs current precipitation 
indicated high certainty of this (Suppl. Fig. S6). The Ensemble GCM projection predicts increased precipitation 
in Amhara and Tigray regions in July–August, emphasising ongoing uncertainty concerning future rainfall 
regime changes in East Africa60, again supported by SD analysis of predicted precipitation shifts (Suppl. Fig. S7). 
Combining these data, we note that under all projections SNNP and Oromia regions will likely experience 2–4 °C 
temperature increases with simultaneous reductions their (already low) precipitation during the months most 
critical for grass establishment61. Tigray could also be impacted by significant temperature increases (Figs. S4–S7), 
but precipitation during grass establishment will remain constant or increase slightly in some areas59.

ECOCROP model.  To predict regional suitability, we used ECOCROP, a mechanistic model originally 
implemented in DIVA-GIS62 to estimate the impact of predicted climate on crop production. The ECOCROP 
model estimates species niches from climatic data, using number of growing parameters, minimum and maxi-
mum values for temperature, annual precipitation, rainfall intervals, absolute temperature intervals, length of 
growing season, crop freezing temperature62,63. This model allows to evaluate on a monthly basis if there ade-
quate climatic conditions within a growing season for temperature and precipitation, and calculate the climatic 
suitability of the resulting interactions between rainfall and temperature, based on the Gower distance statistics 
between each cell on the map and each point, using the value of 19 climatic variables62,63.

Suitability mapping.  Crop suitability modelling involves the evaluation of the model and the usage of the 
selected parameter set(s) to run the model using a certain (set of) climate scenario(s)63. The ECOCROP model 
was used to determine Napier, Rhodes and Buffel grasses suitability to four regions in Ethiopia. To generate 
outputs, which are presented as a suitability index expressed as a percentage, four climatic and 19 bioclimatic 
variables (ANUCLIM scheme) that represent annual trends (mean annual temperature, annual precipitation) 
and extreme or limiting environmental factors (temperature of the coldest and the warmest month, precipita-
tion of the wet and dry year quarters) derived from the monthly temperature and rainfall values were taken in 
account56.

Growth requirements of the three forage species (Napier, Buffel and Rhodes grass; Table 1) were derived from 
previous studies20,21,28,64,65. To project current (1970–2000) and future (2050) suitability for Buffel, Napier and 
Rhodes grass, we used the environmental variables described above to define cultivation areas based on their 
suitability for each species using the ECOCROP model in DIVA-GIS62. Soil properties were not taken in account 
for the modelling, as grasses have wide tolerance of soil conditions (Table 1) and studied areas had suitable soil 
types (Suppl. Fig. S1B). To model the impact of climate change on forage production in the four regions, we 
compiled factors determining the growth of Buffel, Napier, and Rhodes grasses, using variables pertaining to 
length of growing season, temperature and precipitation for each of the three species (Suppl. Table S2). For the 
length of growing season we used start of growth (Gmin), end of growth (Gmax) and length of the growing period 
(Gused). For temperature variables we used absolute temperature that will kill the plant (Ktmp), the minimum aver-
age temperature at which the plant will grow (Tmin), minimum average temperature at which the plant will grow 
optimally (TOpmn), maximum average temperature at which the plant will grow optimally (TOpmx), maximum 
average temperature at which the plant will cease to grow (Tmax). For precipitation variables, we used minimum 
rainfall (mm) during the growing season (Rmin), optimal minimum rainfall (mm) during the growing season 
(ROpmin), optimal maximum rainfall (mm) during the growing season (ROpmax) and maximum rainfall (mm) 
during the growing season (Rmax). For our model, the suitability was calculated for each crop on the 12 potential 
growing seasons, under the assumption that if minimum temperature in one of these months is less than KTMP 

Harmonic meanGCM1, GCM2, GCM3 =
1

(

(1/xGCM1 + 1/xGCM2 + 1/xGCM3)
/

3

)
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at one day per month, the crop will die, making the suitability score equal to 0%. Alternatively, if temperature of 
the month is optimal, the score will be equal to 100%. The overall suitability for temperature was calculated as 
a score of the consecutive number of months needed to complete the growing season. The overall suitability for 
precipitation was evaluated for the total growing period (defined by Gmin and Gmax).

We calculated the suitability prediction as described previously63, based on precipitation and on the minimum 
and maximum temperature parameters, where suitability area was a result of combining surfaces obtained from 
the maximum and minimum temperatures parameter with the same sets of precipitation parameter.

The combined suitability prediction, which incorporated both temperature and precipitation, was based 
on the minimum score (%) of the temperature and precipitation for each growing season. Scores of 1–20 were 
arbitrarily defined as ‘very marginal’, 21–40 as ‘marginal’, 41–60 as ‘suitable’, 61–80 as ‘very suitable’, and 81–100 
as ‘excellent’ for grass production. The generated layers were converted to *.sph files using IDRISI GIS Analysis, 
followed by area measurements in ArcGIS10.2.

To predict shift in areas of suitability, the areas considered suitable or better for each grass species (i.e. a 
combined suitability score 40–100%) under current conditions were calculated as percentages of the total land 
area of each region, and the equivalent area of suitability predicted under each future climate model subtracted. 
Hence, the greater the score the greater the loss of suitable area while a negative score implies a future gain. To 
model the impacts of these changes on the ability of each region to meet its future forage requirements, two 
scenarios were developed (Suppl. Fig. S2) using an exploratory approach based on information derived from 
Ethiopia’s Livestock Master Plan8, the ILRI Forage Adoption Study, the Tropical Forages Tool29 and the Central 
Statistics Agency of Ethiopia3. Scenario development followed an approach obtained at Scenarios to Strategy Inc. 
(http://​www.​scena​rios2​strat​egy.​com/​docs/​plann​ing.​html). Briefly, the predicted population growth and increased 
domestic demand were used to predict the future demand for dairy output in Ethiopia; and associated dry mat-
ter production modelled under the current and the three future climate scenarios (described more fully in the 
“Results”). As our focus was on domestic production impacts on Ethiopian food security, we considered only the 
possibility of meeting the dairy sector’s feed requirements through indigenous production; hence any shortfall 
implies the need for greater national expenditure and reliance on feed imports.

Prospects for meeting future livestock demand for dry matter based on land management 
and land availability in Ethiopia.  Since the geographic range of the harvested area of a crop is not only 
driven by climate, but also by political and socio-economic drivers63, it is essential to estimate how land use 
change and food demand could affect grass availability. Current livestock number and land available for grass 
production represents a ‘Business as Usual’ approach suitable as a baseline for future analyses, that may vary 
in either direction depending on demographic shifts or altered urban or land use planning regimes. The Inter-
national Livestock Research Institute (ILRI) and other organisations have developed proposals for improved 
productivity (yield) (by altered land management practices and proposed changes to the breeds of cattle reared 
in Ethiopia)66,67. Hence, we modelled outputs of dry matter (DM) from these land areas under both current or 
optimised land management, current or optimized fertilizer application, and current or amended numbers of 
indigenous and improved cattle varieties. When we analysed the contribution to DM feed requirement of all 
grasses in question per region, areas were measured as per Fig. 3 (left panel), followed by calculation of remain-
ing areas and attributing these areas for other grasses. To evaluate the DM feed contribution, DM produced per 
individual grass species per estimated area was proportioned to total DM feed cattle requirement per region (%). 
The Uncertainty analysis of areas suitable for Buffel, Napier and Rhodes grass cultivation, under a 15% and 10% 
land availability scenario under three climate projection models was performed using Monte Carlo simulation 
model68. Based on the power of analysis 84% we selected distribution function to generate 100 new data points 
for each input. Next, we generated data with 95% confidence interval to quantify R-factor coefficient, explaining 
the prediction uncertainties for each region with each scenario. The R-factor (Rf) was calculated at 95% confi-
dence based on the following formula,

where SD is the standard deviation of the observed values, N is the number of observed data and Uq and Lq 
indicate the value of the upper quartile (97.5%) and the lower quartile (2.5%), respectively (Suppl. Table S3).

Results
Rhodes grass and Buffel grass remain the most suitable species for forage grass production in 
Ethiopia under future climate scenarios.  To determine suitability of different Ethiopia regions (Suppl. 
Fig. S1) for forage growth under current and future climate scenarios, the mechanical climate suitability ECO-
CROP model as implemented in DIVA-GIS 7.5 was utilised (see Table S2 for Parameters of Bioclimatic factor 
variables used for modelling and Methods section for methodology description), followed by area calculations 
in ArcGIS10.2 and derivation of altered areas of suitability (Fig. 2).

The prediction is based on rainfall and temperature parameters, with minimum values for each growing 
season used to compute suitability. We set 40% on the 100% scale as our threshold for adequately suitable areas, 

SUITtotal =











SUITTsuitmin∗Rsuit SUITTsuitmin∗Rsuit �= 0; SUITTsuitmax∗Rsuit = 0
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since climates below this are considered marginal63. Buffel and Rhodes grasses are currently suitable to be grown 
in all regions, with greatest suitability in Tigray: 76.7% and 68.3% of total area respectively (Suppl. Table S4). 
Throughout, < 15% of land is currently considered suitable for Napier grass, with Tigray having no area, and 
only 2.9% of Oromia, 9.4% of Amhara and 12.1% of SNNP. To determine climate change impacts on future 
production, areas of suitability in 2050 were determined, and difference between current and future suitability 
area calculated. Three climate scenarios did not generate significantly different results (estimated by z-score and 
ANOVA) for individual grasses suitability area change in specific regions (Fig. 2). Strikingly, under all scenarios, 
suitable production areas for these three forages will likely increase in three of the four regions. Specifically, in 
Amhara, Oromia and SNNP, 11–30% more land will become suitable for growing at least one species (Fig. 2, 
Suppl. Table S4). All area suitability predictions within the study region present inter-model agreements of 
80–90%; given the 40% cut-off, SD between the suitability areas was negligible (data not shown).

The best forages to grow in these regions will remain Buffel and Rhodes grasses, as 70–88% of land will be 
suitable. Tigray will be more exposed to climate risks—although more area will become available for Buffel grass, 
no new areas will become suitable for Napier grass (Fig. 2). The situation for Rhodes grass is less clear—under one 
GCM the suitability area falls, while under the others small increases are observed (Fig. 2, Suppl. Table S4). Over-
all, our analysis confirms that potential land area available for forage cultivation in Ethiopia is likely to increase.

Land use impacts of meeting future livestock demand for dry matter from forage grasses.  To 
determine how losses of pasture to other land uses will interact with the climate becoming more suitable for 
grass cultivation, we calculated the total areas which will be available in the four regions when climate param-
eters are combined with available land conserved at the current 15%12, or falling to 10% as predicted by Cellular 
Automata-Markov (CA-Markov) modelling49 (Table 2). We note that these values are likely underestimates as 
we assume that loss of land to urbanization is equally likely in all areas while in reality urbanization is less likely 
in high-altitude areas with low suitability for any of the grasses. Notably, in most cases, the area suitable for each 
grass under the 10% availability model is less than the current availability. In other words, realistic increases in 
land-use pressure could more than negate the increased area of suitability under a future climate. In some cases, 
however, the increased suitability of the grasses was such that the total remained higher, e.g. under the colder 
GCM for Napier and Buffel grasses in Oromia or Rhodes grass in Amhara (Table 2).

Figure 2.   Prediction shifts in areas suitable for the cultivation of Buffel, Napier and Rhodes grasses in regions 
of Ethiopia. The arrows indicate the shift in land area as a % of the land area of each region from current 
(1970–2000) conditions to those predicted under different climate change scenarios (left-hand axis), based 
on predicted impacts on temperature, rainfall and growing season. *Indicates significant change p < 0.05, with 
Power of analysis = 84.05%.
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(A) Possible contribution from each grass species to feed demand (%)

Scenario Region

Buffel grass Napier grass Rhodes grass

F (LY) F (HY) F (LY) F (HY) F (LY) F (HY)

Current

Amhara 25 69 4 23 27 87

Oromia 22 62 2 9 26 83

Tigray 32 88 0 0 28 89

SNNP 30 85 6 30 31 99

Predicted Scenario A if 15% of total land is used for pasture

Future GISS-E2-R_Cold

Amhara 29 82 7 36 35 109

Oromia 32 91 8 41 27 86

Tigray 32 91 0 0 24 75

SNNP 29 80 8 41 28 88

Future_17 GCMs

Amhara 33 93 9 48 36 115

Oromia 33 93 10 50 31 96

Tigray 35 98 0 0 31 97

SNNP 31 87 11 60 30 95

Future HadGEM2-ES_hot

Amhara 29 83 11 57 39 122

Oromia 35 97 11 57 28 90

Tigray 37 103 0 0 29 90

SNNP 32 89 11 58 27 85

Predicted Scenario B if 15% of total land is used for pasture

Future GISS-E2-R_Cold

Amhara 19 52 4 23 22 69

Oromia 21 58 5 26 17 55

Tigray 20 57 0 0 15 48

SNNP 18 51 5 26 18 56

Future_17 GCMs

Amhara 21 59 6 31 23 73

Oromia 21 59 6 32 19 61

Tigray 22 62 0 0 19 61

SNNP 20 55 7 38 19 60

Future HadGEM2-ES_hot

Amhara 19 52 7 36 24 77

Oromia 22 62 7 36 18 57

Tigray 23 65 0 0 18 57

SNNP 20 56 7 37 17 54

(B) Possible contribution from each grass species to feed demand (%)

Scenario Region

Buffel grass Napier grass Rhodes grass

F (LY) F (HY) F (LY) F (HY) F (LY) F (HY)

Current

Amhara 25 69 4 23 27 87

Oromia 22 62 2 9 26 83

Tigray 32 88 0 0 28 89

SNNP 30 85 6 30 31 99

Predicted Scenario A if 10% of total land is used for pasture

Future GISS-E2-R_Cold

Amhara 19 55 5 24 23 73

Oromia 22 61 5 28 18 58

Tigray 22 61 0 0 16 50

SNNP 19 54 5 27 19 59

Future_17 GCMs

Amhara 22 62 6 32 24 77

Oromia 22 62 6 34 20 64

Tigray 23 65 0 0 20 65

SNNP 21 58 8 40 20 64

Future HadGEM2-ES_hot

Amhara 20 55 7 38 26 81

Oromia 23 65 7 38 19 60

Tigray 24 68 0 0 19 60

SNNP 21 59 7 39 18 57

Predicted scenario B if 10% of total land is used for pasture

Continued
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Among livestock, cattle have the highest energy requirements and drive 82–86% of annual feed requirement 
per region7. To determine the DM currently required by the total dairy herd within the region, and how future 
changes might interact with climate change impacts, we again considered the two scenarios: “Scenario A” and 
“Scenario B” (Suppl. Fig. S2).

Increased DM demand for livestock can only be met under future climate change scenarios if 
forage grassland management is improved.  To evaluate the contribution to cattle feed requirements, 
calculations were made assuming 2.5% DM feed per kg hd−1 d−1 for local and exotic cattle breeds of weight ~ 200 
and ~ 600 kg, respectively4, and assuming that total numbers of cattle remain constant (Table 3). The number of 
hectares sufficient to provide the total dry matter (DM) required per region was calculated using the yield per 
hectare under different land management practices, in particular fertiliser application (Table 1; Suppl. Table S4). 
We found that intensification of the dairy herd will indeed increase total DM required: substitution of 40% of 
head with exotic breeds would cause increased DM demand of 158%, even assuming no increase in herd size 
(Table 3).

To determine in more detail the impacts of increased forage demand over the different Ethiopian regions, we 
compared feed demand to DM output for the two scenarios in each region under the different climate models 
with both land-availability scenarios. For each forage, productivity was estimated for lands under both “poor” 
and “optimal” management systems (Table 1). Specifically, we considered the percentage of available agricultural 
land w needed to meet regional supply with current low yields (~ 5.7 tons ha−1, based on grass DM production, 
per region, per 15% land used for pasture), denoted F(LY); and assuming best possible yields under appropri-
ate fertiliser administration, denoted F(HY)7,28,64. For simplicity, we considered each of the regions in isolation, 
discounting any possible inter-regional trade. The contribution of each species to total feed demand was calcu-
lated assuming that 15% of land remains available for pasture (Table 2A), as well as the more severe scenario in 
which it falls to 10% (Table 2B). In both cases, we modelled scenario A (current herd composition and a slight 
increase of exotic breads from 3 to 7% of the total3), and scenario B (herd composition incorporating 40% high-
yielding elite cattle) with the three sets of GCM outputs for 2050. Strikingly, feed demands of the current herd 
compositions7, cannot be met current management practices (Table 3). Moreover, none of the three grass spe-
cies is able to satisfy current feed demand under F(LY) conditions (Table 2A). Only with the best management 
practice could Rhodes grass contribute 83–99% of current feed demand. Napier grass is unable to meet existing 
feed demand, even with the best agronomic practices, only accounting for at most 30% of demand (Table 2A).

Next, we considered whether feed demand could be met in 2050, taking into account increased suitability 
area for three modelled grass species predicted by three projected GCM scenarios (Suppl. Table S1). Modelling 
“Scenario A” and “B” based on low management practice, where yield remains the same as current (5.7 tons DM 
per Ha), revealed that the future feed demand could not be met even with 15% of pasture land remaining available 
(Table 2A,B). However, with improved grass yield, nearly all cattle feed demand could be met by growing Rhodes 
or Napier grasses in the suitable areas (41–100% suitability score; see Methods, Table S3). Importantly, under 
future climate projection, Rhodes grass, yielding 18 tons/ha, could be harvested in excess in Amhara (+ 9–22%) 
(Table 2A, F(HY)). Napier grass, despite having the highest productivity and increased suitability areas, could 
only satisfy at most 50% of feed demand under Scenario A.

Unsurprisingly, a more intensified herd composition (Scenario B, 40% exotic breeds) significantly increased 
DM cattle feed demand (Table 3). Notably, under 15% land availability with Scenario B, regardless of which 

Table 2.   Possible contribution of Buffel, Napier and Rhodes grasses to meet total feed demand (%) under 
Scenario A and Scenario B, calculated based on the area suitable for individual grass assuming that all land 
will be used only for monocrop culture production under predicted future conditions, if (A) 15% and (B) 10% 
of total land is used for pasture. F (LY) = ‘fertilized (business as usual, average yield 5.7 tons per ha)’, F (HY) 
‘fertilized (highest reported yield for the species as per Table 1)’. All values are presented as ± 28%, based on the 
mean, min and max yield for each grass species under Scenario A and Scenario B.

(B) Possible contribution from each grass species to feed demand (%)

Scenario Region

Buffel grass Napier grass Rhodes grass

F (LY) F (HY) F (LY) F (HY) F (LY) F (HY)

Future GISS-E2-R_Cold

Amhara 12 35 3 15 15 46

Oromia 14 38 3 18 12 36

Tigray 14 38 0 0 10 32

SNNP 12 34 3 17 12 37

Future_17 GCMs

Amhara 14 39 4 20 15 48

Oromia 14 39 4 21 13 41

Tigray 15 41 0 0 13 41

SNNP 13 37 5 25 13 40

Future HadGEM2-ES_hot

Amhara 12 35 5 24 16 51

Oromia 15 41 5 24 12 38

Tigray 15 43 0 0 12 38

SNNP 13 37 5 24 11 36
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climate model is considered, no region could meet its predicted DM requirement if grass productivity is accessed 
individually (Table 2A). At most, Rhodes grass could contribute 54–77% of total cattle feed demand in 2050 
(Table 2A, Scenario B).

Napier grass has the highest productivity among the three grasses, but a smaller suitable growing area, while 
Rhodes and Buffel grasses have lower yields but can be cultivated on most areas in all four regions. Hence, we 
developed grass cultivation models, wherein land is allocated to the crop based on best productivity and best 
suitability under the predicted future conditions for that area. Combined contributions of Rhodes, Buffel and 
Napier grasses under best productivity models were evaluated under both “Scenario A” and “B” and two land-
access models (Fig. 3A,B). The areas unsuitable for Rhodes, Napier or Buffel grass cultivation were attributed to 
other grass species, assuming yields of 5.7 tons/ha7.

Under appropriate soil management systems, if 15% of land is used for pasture and land is allocated to grass 
species based on combined suitability and productivity models, all regions will be able to meet cattle feed demand 
if herd composition follows Scenario A (Fig. 3), by taking advantage of the increased total area suitable for these 
grasses projected previously (Fig. 2). Moreover, feed will be generated in excesses of 5–10% in Tigray and 30–50% 
in Amhara, Oromia and SNNP. Importantly, under Scenario A, if total available land for pasture falls to 10%, 
only severe climate change (HadGEM2-ES projection), could ensure feed security in Amhara and Oromia, while 
under the other projections cattle feed will be in deficit (Fig. 3B, Suppl. Table S3).

However, to meet food security for a dairy herd with 40% exotic cattle (Scenario B), with 15% available land 
for pasture, no regions will generate enough DM to meet demand; this is exacerbated if cultivated land falls 
to 10% of total area (Fig. 3B). However, if poor management systems are assumed, then the amount of forage 
produced falls short of what is required in both Scenarios A and B, potentially causing greater feed and food 
insecurity and this perdition has high level of certainty (Suppl. Table S3).

We conclude that, if pasture and forage land fall to 10% of total land area by 2050 (as projected from current 
patterns11), significant improvement of agricultural practices, genetic gain for forage germplasm performance 
and/or consideration of alternative forage species will be needed to produce sufficient livestock feed for the 
growing population of these regions of Ethiopia, even assuming that no increase in the size of the herd occurs 
over this period.

Discussion
Climate change adaptation of cropping systems will require careful consideration of the overall impacts on 
crop suitability, especially in areas considered vulnerable to food insecurity. In this study, we used ECOCROP 
modelling to project combined impacts of climate change on areas of Ethiopia suitable for growing three major 
forage grasses supporting livestock production. We predict that in three of the four regions of Ethiopia studied, 
the land suitability for Buffel, Napier and Rhodes grasses is likely to significantly increase, indicating that climate 
change is unlikely to be a threat to their cultivation, at least not when considered in isolation from other land-use 
pressures. However, differences between different levels of global heating can alter these effects, and potentially 
complex interactions with other ongoing trends, both global and regional69,70, will need careful consideration 
for reliable policy recommendations.

Growth and productivity of Ethiopian forage grasses under different conditions.  In this study 
we have established a baseline for likely changes in growing area suitability for three forage grasses on the basis 
of predicted changes in temperature and precipitation patterns, and through impacts on the growing season. We 
have furthermore combined this model with likely scenarios of land-use availability and dairy herd composi-
tion. Models of this kind are inherently limited, as they are based on bioclimatic factors, without considering 
soil requirements, pests, or diseases, nor altered CO2 level. Such factors could all increase or decrease possible 
output of the species considered. For example, Buffel grass displays increased biomass, plant height, leaf length, 
leaf width and general improved performance under elevated CO2

71. Similarly, Rhodes grass shows higher plant 
height and greater DM under very high (650 ppm) CO2

72. Hence, climate change and ongoing atmospheric CO2 
enrichment could potentially create opportunities for increased productivity of forages in many parts of Ethio-
pia, even in the case of C4 species which benefit less from such effects38. These results could alleviate pressures 
on land use observed in our results, and agree with counter-intuitive findings from multi-year studies of grasses 
in permanent pasture73, yet could themselves be confounded by changes to water availability. It has been dem-
onstrated that long-term adaptations of tree species, soybeans and other plants to CO2 enrichment are to reduce 

Table 3.   Total dairy livestock numbers and resulting feed requirements under Scenario A (93% local stock 
and 7% exotic breeds) and Scenario B (60% local stock and 40% exotic breeds).

Region
Total number 
of dairy cattle3

Total DM currently required 
for livestock, tons7

Current grass feed deficit (% of grass DM 
produced to total DM required for livestock)

Predicted total dry matter 
required for cattle (metric tons)

Scenario A Scenario B

Amhara 14,710,911 34,270,000 − 59.4 30,606,050 48,325,343

Oromia 22,925,730 50,160,000 − 57.7 47,696,981 75,311,023

Tigray 4,578,181 10,260,000 − 53.8 9,524,906 15,039,325

SNNP 11,215,636 22,540,000 − 69.3 2,3334,131 36,843,364

Total 10,595,380 117,230,000 − 240% 111,162,068 175,519,055
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stomatal opening38,74. Hence one possible outcome is that plants adapt by maintaining biomass production while 
increasing water use efficiency without any gain in yield75 although interactions with nutrient availability and 
other factors may further complicate this76,77.

Our modelling approach has certain limitations which should be addressed in future work: we omitted carbon 
intensity as life-cycle analysis was not performed; we also used only high GHG emissions scenario, to assess 
the strongest impact on the livestock production system in Ethiopia; we have not for instance taken account of 
waterlogging—which has complex dynamic interactions on the soil–plant–climate continuum—or the impact of 
other extreme weather events. However, climate prediction using 17GCMS and HadGEM2-ES models indicate 
increased precipitation in Tigray and Amhara regions which could have possible negative impacts on the land 
suitability for Buffel grass production due to waterlogging. To address this would require collection of direct 
experimental data on the response of the three grasses to the waterlogging stress and its impacts on biomass and 
yield, followed by applying suitable algorithms to mimic waterlogging (e.g. SDI or CROPR78). In our models, we 
took an assumption that “average” conditions occur regularly, and our analysis does not cover the possibility that 

Figure 3.   (A) Possible contribution of Buffel, Napier and Rhodes grasses to meet total cattle feed demand (%) 
under Scenario A and Scenario B, if 15% of total land is used for pasture. The feed production is calculated 
based on assumption that land will be allocated to crops according to suitability × productivity under predicted 
future conditions, based on F (HY) ‘fertilized (highest reported yield for the species as per Table 1)’. ‘Other 
grasses’ indicates any other grass species under cultivation in areas not suitable for Buffel, Rhodes or Napier 
grasses. Yield for other grass species is averaged to 5.7 tons per ha. Maps were generated using software ArcGIS 
Pro software (https://​pro.​arcgis.​com). (B) Contribution of Buffel, Napier and Rhodes grasses to meet total cattle 
feed demand (%) under Scenario A and Scenario B, if 10% of land is used for pasture. Feed production assumes 
that land will be allocated to crops according to suitability × productivity under predicted future conditions, 
based on F (HY) ‘fertilized (highest reported yield for the species as per Table 1)’. ‘Other grasses’ indicates any 
other grass species under cultivation in areas not suitable for Buffel, Rhodes or Napier grasses. Yield for other 
grass species is averaged to 5.7 tons ha−1. Maps were generated using software ArcGIS Pro software (https://​pro.​
arcgis.​com).

https://pro.arcgis.com
https://pro.arcgis.com
https://pro.arcgis.com
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future climate “averages” are a collection of oscillating extreme values, what could significantly impact overall 
crop production system.

In some cases, monthly variability will be key to the outcome of a forage in an area. Our modelling revealed 
for example that the Tigray region will become less suitable for growth of Buffel grass, based on the minimum 
temperature, precipitation score and rainfall during the growing season. Severe alteration of precipitation and 
temperature regimes during important agricultural months (Fig. 3) are the main reason for this reduced suit-
ability. It may therefore be necessary to source or breed Buffel grass cultivars with improved drought tolerance, 
or promote use of alternative species in these areas. Importantly, no significant difference for Rhodes grass was 
predicted for Tigray, despite its smaller area of suitability overall, presumably because this grass is more drought-
tolerant. Indeed, its deep roots, reaching down to 4.7 m21, allow Rhodes grass to withstand long dry periods29.

A principal limitation of the area-based model which we employed is that general effects (yield, water use 
change) are not necessarily reflected in area of suitability (Suppl. Table S4). This means that total yield could alter 
in ways which have not been modelled. Genetic selection of germplasm adapted for the conditions that become 
widespread under future scenarios (or introgression of favourable genetic diversity) could allow yields to be 
enhanced further and assist sustainable intensification79. This will however rely upon accurate identification of 
areas which will remain at minimal risk of lethal levels of either heat or drought.

Impact on trends in the Ethiopian dairy sector.  Given the total number of dairy cows in each region 
from the Ethiopian CSA’s census3, the continued productivity of forage grasses provides the potential to meet 
the dry matter needs of Ethiopia’s livestock sector under future climates, but only given certain conditions and 
trade-offs (Figs. 2 and 3). At present, a shortage of animal feed is considered the main limitation on the produc-
tivity of Ethiopian livestock systems, along with unsuitable land-use patterns8,9. There is also a lack of investment 
in land improvement and management when compared with other agricultural sectors8. The reasons for animal 
feed shortages are diverse, and include low adoption of forage grasses, influenced by lack of economically active 
labour, lack of participation or membership of farmers in farming organizations; and the extent and nature of 

Figure 3.   (continued)
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extension advice80. Fulfilling the growing potential of forage use will require these bottlenecks to be addressed, 
while recognising and addressing the barriers to uptake of new techniques81. This analysis would also need to 
incorporate some consideration of other nutritional qualities, including energy and crude protein. This will be 
particularly critical when considering the ability to maintain herds with increased numbers of improved exotic 
cattle which will have specific feeding requirements.

Research into these nutritional qualities would also be needed to assess how and to what extent they are likely 
to change under altered climates, as metabolized energy and crude protein are essential factors for positive feed 
balance. Indeed, on a country level current dry matter deficiency is 9%, while crude protein and metabolized 
energy deficiency is 42% and 45% respectively7 The biochemical composition of the feed prior to its inclusion 
into livestock feeding regime will also need to be assessed82, taking into account the differences in nutritional 
requirements between local zebu cattle and exotic introduced breeds83. It would also need to take account of the 
predicted loss of digestibility of many forage species under future climate stress conditions84–86, as shown in other 
crops87,88. Such conditions may prevail even in areas considered ‘suitable’ in our analysis, although timeframe 
will need careful consideration also89. There is currently significant pressure to increase the proportion of more 
productive exotic breeds (Fig. S2): for example, local breeds have a lactation period lasting 50–74 days and a 
mean milk yield per day of 1.9–2.1 l, resulting in 90–150 l of milk per cow per lactation period. Exotic breeds, 
whether two-way or three-way breed crosses, typically have lactation periods of 366–411 days and can produce 
5.8 l per day, making exotic breeds at least 3.5 times more efficient per unit feed consumed compared to local 
breeds3. However, it should also be considered that exotic breeds require 3.8-fold more dry matter per day when 
compared to local breeds. Meeting this demand may be possible, but again only if appropriate management is 
practiced and fertilizer made widely available (Table 2). Even if the forage yield gap is closed, the proportions 
of the total agricultural land area in the four regions studied will still need to be increased to meet this demand 
(Fig. 3A vs Fig. 3B). Hence greater focus on breeding for improved forage yield will be increasingly important 
to relieve pressure on other land uses14.

Potential interaction with land‑use patterns in Ethiopia’s regions.  Any future increases in Ethio-
pia’s forage production needs to be balanced against other land uses, including cultivation of staple crops such 
as maize, teff, and wheat, production of plantation crops as part of ongoing plans for export expansion, and the 
needs of the dairy herd balanced against production of beef and other livestock9. Contribution to preserved areas 
and regions vital for integrity of ecosystem services would also need to be maintained, including commitments 
to afforestation and land rehabilitation as set out in Ethiopia’s Nationally Determined Contribution (NDC) to 
the UNFCCC’s Paris Agreement90.

This could lead to livestock being fed with crop residues, which are generally of poorer quality as feed 
resources when fed without any nutrient supplements to livestock, with high levels of fibre, low to moderate 
digestibility and low levels of nitrogen and minerals. Indeed, whether land will be used for crops, forage grasses 
or other purposes will depend upon the resulting income. Major losses of crop yields due to drought as a result 
of climate change can be anticipated, particularly for maize91, while forages such as Buffel and Rhodes grass will 
continue to be suitable for cultivation. This may influence farmers to consider integrating forage production into 
their cropping enterprises as means to supplement profits. Hence, forages could form an important component 
of Ethiopian smallholders’ biophysical and economic adaptation strategies to climate change. As Napier grass 
is more drought-sensitive, it may instead be less suitable, even if it can produce higher yields when sufficient 
water is available.

Farmers could also consider using marginal lands (e.g. saline soils), rather than using cropping land for forage 
production (Buffel grass can be grown on saline soil). Ethiopia has c. 11 million hectares of such land11 although 
these are mostly in regions where dairy livestock farming is not practised, leading to higher transportation 
costs. The use of marginal lands for feed production would however be beneficial not only for livestock but also 
as a contribution to increased land-use efficiency11. Finally, consideration should be given to whether farmers 
should apply conservation agriculture approaches by intercropping forage legumes with forage grasses in order 
to boost soil nitrogen content92,93. Forage and browse legume supplementation has also been found to be effec-
tive in improving the utilization of crop residues94,95. However, modelling of climate impacts on areas suitable 
for legume growth in the future will be needed to ensure the development of optimised mixed cropping systems.

As feed shortages are a key limitation on productivity within Ethiopian livestock systems, consideration 
should be given to how best to take advantage of potential increases in forage grass output between now and 
2050, and what trade-offs with other land use options and environmental impacts will be required. Given that 
the forage species and regions account for the majority of dairy production in Ethiopia, the findings of this 
study are likely to be more generally applicable not only across Ethiopia, but also across neighbouring countries.

Conclusions
The results of this study indicate that climate change will impact on future forage production in Ethiopia, with 
Buffel grass production in the Tigray region being adversely affected, but with overall positive effects for Rhodes 
and Napier grass, and for Buffel grass in three regions (Amhara, Oromia and the SNNP). However, to meet future 
demands of the Ethiopian dairy cattle sector the careful consideration of forage grass breeding targets, selection 
of germplasm that will have maximum productivity under changing climate conditions, as well as effective grass 
and livestock management strategies are essential.

Received: 30 March 2021; Accepted: 31 October 2022



14

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20512  | https://doi.org/10.1038/s41598-022-23461-w

www.nature.com/scientificreports/

References
	 1.	 Endalew, B. & Ayalew, Z. Assessment of the role of livestock in Ethiopia: A review. Am. Eur. J. Sci. Res. 11, 405–410 (2016).
	 2.	 Hoffman, T. & Vogel, C. Climate change impacts on African rangelands. Rangelands 30, 12–17 (2008).
	 3.	 FAO. Livestock production systems spotlight. Cattle sector. http://​www.​fao.​org/3/​I8271​EN/​i8271​en.​pdf (2018).
	 4.	 Weldegerima, T. M. Characterization of productive and reproductive performances, morphometric and challenges and opportuni-

ties of indigenous cattle breeds of Ethiopia: A review (2018).
	 5.	 FAO. Africa sustainable livestock 2050. Country brief Ethiopia. http://​www.​fao.​org/3/​a-​i7347e.​pdf (2017).
	 6.	 IUCN. Building climate change resilience for African livestock in sub-Saharan Africa viii 48. https://​www.​iucn.​org/​sites/​dev/​files/​

conte​nt/​docum​ents/​resil​ence2.​pdf (2010).
	 7.	 FAO. Ethiopia. Report on feed inventory and feed balance. http://​www.​fao.​org/3/​ca171​8en/​CA171​8EN.​pdf (2018).
	 8.	 Shapiro, B. et al. Ethiopia livestock master plan roadmaps for growth and transformation: A contribution to the growth and trans-

formation Plan II (2015–2020), 129. https://​cgspa​ce.​cgiar.​org/​bitst​ream/​handle/​10568/​68037/​lmp_​roadm​aps.​pdf?​seque​nce=1 
(2015).

	 9.	 Gebremedhin, B., Hirpa, A. & Berhe, K. Feed marketing in Ethiopia: Results of rapid market appraisal. Improving Productivity 
and Market Success (IPMS) of Ethiopian farmers project Working Paper 15, 64. http://​www.​fao.​org/​filea​dmin/​templ​ates/​agpho​
me/​images/​iclsd/​docum​ents/​wk2_​c6_​gerard.​pdf (2009).

	10.	 Grasslands of the World. 514 (Food and Agriculture Organization of the United Nations, 2005).
	11.	 Hailemariam, S. N., Soromessa, T. & Teketay, D. Land use and land cover change in the Bale Mountain eco-region of Ethiopia 

during 1985 to 2015. Land 5, 41 (2016).
	12.	 TradingEconomics. Ethiopia—Arable land (% of Land Area). https://​tradi​ngeco​nomics.​com/​ethio​pia/​arable-​land-​perce​nt-​of-​

land-​area-​wb-​data.​html (2018).
	13.	 Thornton, P. K. Livestock production: Recent trends, future prospects. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 2853–2867. 

https://​doi.​org/​10.​1098/​rstb.​2010.​0134 (2010).
	14.	 Jones, C. S. & Sartie, A. Opportunities for forage improvement through the ILRI Genebank. https://​www.​ilri.​org/​publi​catio​ns/​

oppor​tunit​ies-​forage-​impro​vement-​throu​gh-​ilri-​geneb​ank (2018).
	15.	 Mengistu, A. Forage production in Ethiopia: A Case Study with Implications for Livestock Production, 111 (Ethiopian Society of 

Animal Production, 2002).
	16.	 Mengistu, A., Kebede, G., Assefa, G. & Feyissa, F. Descriptions and characteristics of cultivated forage crops growing under dif-

ferent agro-ecological zones in Ethiopia. Int. J. Agric. Biosci. 6, 238–247 (2017).
	17.	 Mengistu, A., Kebede, G., Feyissa, F. & Assefa, G. Overview of Improved Forage and Forage Seed Production in Ethiopia: Lessons 

from Fourth Livestock Development Project 6 (2017).
	18.	 Ndambi, A. et al. Mapping and assessing high potential areas to increase milk production in Ethiopia, 42. https://​edepot.​wur.​nl/​

461254 (2018).
	19.	 Aranguiz, A. A. & Creemers, J. Quick Scan of Ethiopia’s Forage Sub-Sector: Netherlands East African Dairy Partnership (NEADAP) 

Working Paper, 68. https://​edepot.​wur.​nl/​504124 (2019).
	20.	 Mannetje, L. & Jones, R. Forages (Prosea 4): Plant Resources of South-east Asia, 275 (Backhuys Publishers, 1992).
	21.	 Skerman, P. J. & Riveros, F. Tropical Grasses, 832 (Food & Agriculture Org., 1990).
	22.	 FAO. Grassland Index. A searchable catalogue of grass and forage legumes. https://​web.​archi​ve.​org/​web/​20170​12004​4942/​http://​

www.​fao.​org/​ag/​AGP/​AGPC/​doc/​GBASE/​defau​lt.​htm (2015).
	23.	 Jorge, M., Van de Wouw, M., Hanson, J. & Mohammed, J. Characterisation of a collection of buffel grass (Cenchrus ciliaris). Trop. 

Grassl. 42, 27 (2008).
	24.	 Marshall, V., Lewis, M. & Ostendorf, B. Buffel grass (Cenchrus ciliaris) as an invader and threat to biodiversity in arid environments: 

A review. J. Arid Environ. 78, 1–12 (2012).
	25.	 Clayton, W., Govaerts, R., Harman, K., Williamson, H. & Vorontsova, M. World Checklist of Poaceae (Royal Botanic Gardens, 

2013).
	26.	 Francis, J. Pennisetum purpureum Schumacher. Vol. Gen. Tech. Rep. IITF-GTR-26, 830 (USDA Forest Service/Int. Inst. Trop. 

Forestry, 2004).
	27.	 Bogdan, A. Tropical Pasture and Fodder Plants (Longman, 1977).
	28.	 Abebe, Y., Tafere, M., Dagnew, S., Tolla, M. & Gebre-Selassie, Y. Best fit practice manual for Rhodes grass (Chloris gayana) produc-

tion. https://​www.​bdu.​edu.​et/​sites/​defau​lt/​files/​publi​cation/​10-%​20Rho​des%​20gra​ss%​20man​ual_0.​pdf (2015).
	29.	 Cook, B. G. et al. Tropical forages: An interactive selection tool. https://​www.​tropi​calfo​rages.​info/​text/​intro/​index.​html (2020).
	30.	 Christensen, J. H. et al. Climate Change, 2007: The Physical Science Basis. Contribution of Working group I to the Fourth Assessment 

Report of the Intergovernmental Panel on Climate Change 847–940 (Cambridge University Press, 2007).
	31.	 Hausfather, Z., Drake, H. F., Abbott, T. & Schmidt, G. A. Evaluating the performance of past climate model projections. Geophys. 

Res. Lett. 47, e2019GL085378. https://​doi.​org/​10.​1029/​2019g​l0853​78 (2020).
	32.	 Collier, P. Paths of progress in Africa. World Policy J. 25, 203–210 (2008).
	33.	 Araya, A. et al. Assessment of maize growth and yield using crop models under present and future climate in southwestern Ethiopia. 

Agric. For. Meteorol. 214, 252–265 (2015).
	34.	 Belay, A., Recha, J. W., Woldeamanuel, T. & Morton, J. F. Smallholder farmers’ adaptation to climate change and determinants of 

their adaptation decisions in the Central Rift Valley of Ethiopia. Agric. Food Secur. 6, 24 (2017).
	35.	 Fahad, S. et al. Crop production under drought and heat stress: Plant responses and management options. Front. Plant Sci. 8, 1147 

(2017).
	36.	 Ohama, N., Sato, H., Shinozaki, K. & Yamaguchi-Shinozaki, K. Transcriptional regulatory network of plant heat stress response. 

Trends Plant Sci. 22, 53–65 (2017).
	37.	 Thornton, P. et al. Mapping climate vulnerability and poverty in Africa. https://​media.​afric​aport​al.​org/​docum​ents/​Mappi​ng-​Vuln-​

Africa.​pdf (2006).
	38.	 Kimball, B. A. Crop responses to elevated CO2 and interactions with H2O, N, and temperature. Curr. Opin. Plant Biol. 31, 36–43 

(2016).
	39.	 Barnabás, B., Jäger, K. & Fehér, A. The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ. 

31, 11–38 (2008).
	40.	 Porter, J. R. et al. Climate change 2014: Impacts, adaptation, and vulnerability. Part A: Global and sectoral aspects. Contribution 

of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Food Security and Food 
Production Systems, 485–533 (2014).

	41.	 Philip, S. et al. Attribution analysis of the Ethiopian drought of 2015. J. Clim. 31, 2465–2486 (2018).
	42.	 Gebrehiwot, T. & van der Veen, A. Climate change vulnerability in Ethiopia: Disaggregation of Tigray Region. J. East. Afr. Stud. 

7, 607–629 (2013).
	43.	 Gebrehiwot, T. & van der Veen, A. Assessing the evidence of climate variability in the northern part of Ethiopia. J. Dev. Agric. Econ. 

5, 104–119 (2013).
	44.	 Peter, B. G., Messina, J. P., Lin, Z. & Snapp, S. S. Crop climate suitability mapping on the cloud: A geovisualization application for 

sustainable agriculture. Sci. Rep. 10, 1–17 (2020).

http://www.fao.org/3/I8271EN/i8271en.pdf
http://www.fao.org/3/a-i7347e.pdf
https://www.iucn.org/sites/dev/files/content/documents/resilence2.pdf
https://www.iucn.org/sites/dev/files/content/documents/resilence2.pdf
http://www.fao.org/3/ca1718en/CA1718EN.pdf
https://cgspace.cgiar.org/bitstream/handle/10568/68037/lmp_roadmaps.pdf?sequence=1
http://www.fao.org/fileadmin/templates/agphome/images/iclsd/documents/wk2_c6_gerard.pdf
http://www.fao.org/fileadmin/templates/agphome/images/iclsd/documents/wk2_c6_gerard.pdf
https://tradingeconomics.com/ethiopia/arable-land-percent-of-land-area-wb-data.html
https://tradingeconomics.com/ethiopia/arable-land-percent-of-land-area-wb-data.html
https://doi.org/10.1098/rstb.2010.0134
https://www.ilri.org/publications/opportunities-forage-improvement-through-ilri-genebank
https://www.ilri.org/publications/opportunities-forage-improvement-through-ilri-genebank
https://edepot.wur.nl/461254
https://edepot.wur.nl/461254
https://edepot.wur.nl/504124
https://web.archive.org/web/20170120044942/http://www.fao.org/ag/AGP/AGPC/doc/GBASE/default.htm
https://web.archive.org/web/20170120044942/http://www.fao.org/ag/AGP/AGPC/doc/GBASE/default.htm
https://www.bdu.edu.et/sites/default/files/publication/10-%20Rhodes%20grass%20manual_0.pdf
https://www.tropicalforages.info/text/intro/index.html
https://doi.org/10.1029/2019gl085378
https://media.africaportal.org/documents/Mapping-Vuln-Africa.pdf
https://media.africaportal.org/documents/Mapping-Vuln-Africa.pdf


15

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20512  | https://doi.org/10.1038/s41598-022-23461-w

www.nature.com/scientificreports/

	45.	 Yakob, G. et al. Changes in soil properties following the establishment of exclosures in Ethiopia: A meta-analysis. Front. Ecol. Evol. 
35 (2022).

	46.	 Berhanu, B., Melesse, A. M. & Seleshi, Y. GIS-based hydrological zones and soil geo-database of Ethiopia. CATENA 104, 21–31 
(2013).

	47.	 Ayalew, D., Tesfaye, K., Mamo, G., Yitaferu, B. & Bayu, W. Variability of rainfall and its current trend in Amhara region, Ethiopia. 
Afr. J. Agric. Res. 7, 1475–1486 (2012).

	48.	 Kaya, Y. & Yokobori, K. Environment, Energy, and Economy: Strategies for Sustainability (United Nations University Press Tokyo, 
1997).

	49.	 Gashaw, T., Tulu, T., Argaw, M. & Worqlul, A. W. Evaluation and prediction of land use/land cover changes in the Andassa water-
shed, Blue Nile Basin, Ethiopia. Environ. Syst. Res. 6, 17. https://​doi.​org/​10.​1186/​s40068-​017-​0094-5 (2017).

	50.	 Pielke, R. Jr., Burgess, M. G. & Ritchie, J. Plausible 2005–2050 emissions scenarios project between 2 °C and 3 °C of warming by 
2100. Environ. Res. Lett. 17, 024027. https://​doi.​org/​10.​1088/​1748-​9326/​ac4ebf (2022).

	51.	 Jones, P. G. & Thornton, P. K. Representative soil profiles for the Harmonized World Soil Database at different spatial resolutions 
for agricultural modelling applications. Agric. Syst. 139, 93–99 (2015).

	52.	 Jones, P. G. & Thornton, P. K. Generating downscaled weather data from a suite of climate models for agricultural modelling 
applications. Agric. Syst. 114, 1–5. https://​doi.​org/​10.​1016/j.​agsy.​2012.​08.​002 (2013).

	53.	 Taylor, K. E., Stouffer, R. J. & Meehl, G. A. An overview of CMIP5 and the experiment design. Bull. Am. Meteorol. Soc. 93, 485–498 
(2012).

	54.	 McSweeney, C., Jones, R., Lee, R. W. & Rowell, D. Selecting CMIP5 GCMs for downscaling over multiple regions. Clim. Dyn. 44, 
3237–3260 (2015).

	55.	 Fick, S. E. & Hijmans, R. J. WorldClim 2: New 1-km spatial resolution climate surfaces for global land areas. Int. J. Climatol. 37, 
4302–4315 (2017).

	56.	 Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G. & Jarvis, A. Very high resolution interpolated climate surfaces for global 
land areas. Int. J. Climatol. 25, 1965–1978. https://​doi.​org/​10.​1002/​joc.​1276 (2005).

	57.	 Navarro-Racines, C., Tarapues, J., Thornton, P., Jarvis, A. & Ramirez-Villegas, J. High-resolution and bias-corrected CMIP5 projec-
tions for climate change impact assessments. Sci. Data 7, 1–14 (2020).

	58.	 Hawkins, E., Osborne, T. M., Ho, C. K. & Challinor, A. J. Calibration and bias correction of climate projections for crop modelling: 
An idealised case study over Europe. Agric. For. Meteorol. 170, 19–31 (2013).

	59.	 Gelayenew, B., Tamir, B., Assefa, G. & Feyissa, F. Effects of spacing of elephant grass and vetch intercropping on agronomic per-
formance and herbage yield of elephant grass. Ethiop. J. Agric. Sci. 30, 13–30 (2020).

	60.	 Rowell, D. P. & Chadwick, R. Causes of the uncertainty in projections of tropical terrestrial rainfall change: East Africa. J. Clim. 
31, 5977–5995. https://​doi.​org/​10.​1175/​Jcli-D-​17-​0830.1 (2018).

	61.	 Craine, J. M. The importance of precipitation timing for grassland productivity. Plant Ecol. 214, 1085–1089 (2013).
	62.	 Hijmans, R. J., Guarino, L. & Mathur, P. DIVA-GIS Version 7.5 (2012).
	63.	 Ramirez-Villegas, J., Jarvis, A. & Läderach, P. Empirical approaches for assessing impacts of climate change on agriculture: The 

EcoCrop model and a case study with grain sorghum. Agric. For. Meteorol. 170, 67–78 (2013).
	64.	 ILRI. Buffel grass (Cenchrus ciliaris) for livestock feed on small-scale farms. ILRI Forage Factsheet (2013).
	65.	 Heuzé, V., Tran, G., Baumont, R. & Lebas, F. Buffel grass (Cenchrus ciliaris). https://​www.​feedi​pedia.​org/​node/​482 (2016).
	66.	 Genesis reversed: Climate change impacts on agricultural and livelihood systems in mixed crop livestock systems of Africa, https://​

www.​ilri.​org/​resea​rch/​proje​cts/​genes​is-​rever​sed-​clima​te-​change-​impac​ts-​agric​ultur​al-​and-​livel​ihood-​syste​ms-​mixed.
	67.	 Research Boosts the transition to climate smart Livestock management in East Africa. https://​www.​ilri.​org/​news/​resea​rch-​boosts-​

trans​ition-​clima​te-​smart-​lives​tock-​manag​ement-​east-​africa.
	68.	 Kadkhodazadeh, M., Valikhan Anaraki, M., Morshed-Bozorgdel, A. & Farzin, S. A new methodology for reference evapotranspi-

ration prediction and uncertainty analysis under climate change conditions based on machine learning, multi criteria decision 
making and Monte Carlo methods. Sustainability 14, 2601 (2022).

	69.	 Pan, S. et al. Responses of global terrestrial evapotranspiration to climate change and increasing atmospheric CO2 in the 21st 
century. Earth’s Future 3, 15–35 (2015).

	70.	 Schimel, D., Stephens, B. B. & Fisher, J. B. Effect of increasing CO2 on the terrestrial carbon cycle. Proc. Natl. Acad. Sci. 112, 436–441 
(2015).

	71.	 Bhatt, R., Baig, M. & Tiwari, H. Growth, biomass production, and assimilatory characters in Cenchrus ciliaris L. under elevated 
CO2 condition. Photosynthetica 45, 296–298 (2007).

	72.	 Ksiksi, T. & Youssef, T. Effects of CO2 enrichment on growth partitioning of Chloris gayana in the arid environment of the UAE. 
Grassl. Sci. 56, 183–187 (2010).

	73.	 Reich, P. B., Hobbie, S. E., Lee, T. D. & Pastore, M. A. Unexpected reversal of C3 versus C4 grass response to elevated CO2 during 
a 20-year field experiment. Science 360, 317–320 (2018).

	74.	 Habermann, E. et al. Stomatal development and conductance of a tropical forage legume are regulated by elevated [CO2] under 
moderate warming. Front. Plant Sci. 10, 609 (2019).

	75.	 Taylor, S. H. et al. CO2 availability influences hydraulic function of C3 and C4 grass leaves. J. Exp. Bot. 69, 2731–2741 (2018).
	76.	 Dalling, J. W. et al. Two tropical conifers show strong growth and water-use efficiency responses to altered CO2 concentration. 

Ann. Bot. 118, 1113–1125 (2016).
	77.	 Meyerholt, J., Zaehle, S. & Smith, M. J. Variability of projected terrestrial biosphere responses to elevated levels of atmospheric 

CO2 due to uncertainty in biological nitrogen fixation. Biogeosciences 13, 1491–1518 (2016).
	78.	 Liu, K. et al. The state of the art in modeling waterlogging impacts on plants: What do we know and what do we need to know. 

Earth’s Future 8, e2020EF001801 (2020).
	79.	 Hunter, D., Guarino, L., Spillane, C. & McKeown, P. C. Routledge Handbook of Agricultural Biodiversity 710 (Taylor & Francis, 

2017).
	80.	 Teklay, Y. & Teklay, Z. Assessment on farmers’ willingness to adopt improved forage production in South Tigray, Ethiopia. J. Econ. 

Sustain. Dev. 6, 15 (2015).
	81.	 Melese, W., Assefa, A. & Dehninet, K. Improved forage production practice and challenges in Libokemkem District, Ethiopia. 

Agric. Sci. Dig. 38 (2018).
	82.	 Lukuyu, B., Franzel, S., Ongadi, P. & Duncan, A. J. Livestock feed resources: Current production and management practices in 

central and northern rift valley provinces of Kenya. Livest. Res. Rural Dev. 23, 112 (2011).
	83.	 Vordermeier, M. et al. The influence of cattle breed on susceptibility to bovine tuberculosis in Ethiopia. Comp. Immunol. Microbiol. 

Infect. Dis. 35, 227–232 (2012).
	84.	 Lee, M. A., Davis, A. P., Chagunda, M. G. & Manning, P. Forage quality declines with rising temperatures, with implications for 

livestock production and methane emissions. Biogeosciences 14, 1403–1417 (2017).
	85.	 McGranahan, D. & Yurkonis, K. Variability in grass forage quality and quantity in response to elevated CO2 and water limitation. 

Grass Forage Sci. 73, 517–521 (2018).
	86.	 Habermann, E. et al. Warming and water deficit impact leaf photosynthesis and decrease forage quality and digestibility of a C4 

tropical grass. Physiol. Plant. 165, 383–402 (2019).

https://doi.org/10.1186/s40068-017-0094-5
https://doi.org/10.1088/1748-9326/ac4ebf
https://doi.org/10.1016/j.agsy.2012.08.002
https://doi.org/10.1002/joc.1276
https://doi.org/10.1175/Jcli-D-17-0830.1
https://www.feedipedia.org/node/482
https://www.ilri.org/research/projects/genesis-reversed-climate-change-impacts-agricultural-and-livelihood-systems-mixed
https://www.ilri.org/research/projects/genesis-reversed-climate-change-impacts-agricultural-and-livelihood-systems-mixed
https://www.ilri.org/news/research-boosts-transition-climate-smart-livestock-management-east-africa.
https://www.ilri.org/news/research-boosts-transition-climate-smart-livestock-management-east-africa.


16

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20512  | https://doi.org/10.1038/s41598-022-23461-w

www.nature.com/scientificreports/

	87.	 Giri, A., Armstrong, B. & Rajashekar, C. B. Elevated carbon dioxide level suppresses nutritional quality of lettuce and spinach. Am. 
J. Plant Sci. 7 (2016).

	88.	 Hummel, M. et al. Reduction in nutritional quality and growing area suitability of common bean under climate change induced 
drought stress in Africa. Sci. Rep. 8, 16187 (2018).

	89.	 Abdalla Filho, A. L. et al. CO2 fertilization does not affect biomass production and nutritive value of a C4 tropical grass in short 
timeframe. Grass Forage Sci. (2019).

	90.	 Intended Nationally Determined Contribution (INDC) of the Federal Democratic Republic of Ethiopia. https://​www4.​unfccc.​int/​
sites/​ndcst​aging/​Publi​shedD​ocume​nts/​Ethio​pia%​20Fir​st/​INDC-​Ethio​pia-​100615.​pdf (2017).

	91.	 Kent, C. et al. Using climate model simulations to assess the current climate risk to maize production. Environ. Res. Lett. 12, 054012 
(2017).

	92.	 Giller, K. E. Nitrogen Fixation in the Tropical Systems 2nd edn, 150–300 (CABI, 2001).
	93.	 Mapiye, C. et al. A review of forage legumes research for rangeland improvement in Zimbabwe. Trop. Grassl. 40, 145–149 (2006).
	94.	 Thomas, R. J. Role of legumes in providing N for sustainable tropical pasture systems. Plant Soil 174, 103–118 (1995).
	95.	 Hassen, A., Talore, D. G., Tesfamariam, E. H., Friend, M. A. & Mpanza, T. D. E. Potential use of forage-legume intercropping 

technologies to adapt to climate-change impacts on mixed crop-livestock systems in Africa: A review. Reg. Environ. Change 17, 
1713–1724 (2017).

Acknowledgements
CS, KK, PMK and GB acknowledge support from the CGIAR Research Program on Climate Change, Agricul-
ture and Food Security, with which the National University of Ireland Galway is a strategic research partner. CS 
and GB acknowledges the support of the European Uion DeSIRA LEG4DEV program, and Science Foundation 
Ireland grant 13/AI/2830. KK and the MScCCAFS program (CS, PMcK, GB) at NUI Galway acknowledge sup-
port to KK from an Irish Aid Fellowship program. PKT acknowledges the support of CGIAR Fund Donors and 
through bilateral funding agreements as part of the CGIAR Research Program on Climate Change, Agriculture 
and Food Security. For details please visit https://​ccafs.​cgiar.​org/​donors.

Author contributions
G.B. and K.K. conducted the studies described herein and contributed equally to this publication. J.H. and C.J. 
participated in scenario development. G.B., P.C.M., P.T. and C.S. wrote and edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​23461-w.

Correspondence and requests for materials should be addressed to P.T. or C.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Ethiopia%20First/INDC-Ethiopia-100615.pdf
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/Ethiopia%20First/INDC-Ethiopia-100615.pdf
https://ccafs.cgiar.org/donors
https://doi.org/10.1038/s41598-022-23461-w
https://doi.org/10.1038/s41598-022-23461-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Climate change and land-use change impacts on future availability of forage grass species for Ethiopian dairy systems
	Methods
	Description of the study sites. 
	Tigray region. 
	Amhara region. 
	Oromia region. 
	Southern nations, nationalities, and people’s region (SNNP). 

	Climate change-informed trajectories for livestock feed security in Ethiopia. 
	Climate modelling. 
	Evaluation of model performance and future projections. 
	Analysis of climate change effect on Ethiopia by 2050. 
	ECOCROP model. 
	Suitability mapping. 
	Prospects for meeting future livestock demand for dry matter based on land management and land availability in Ethiopia. 

	Results
	Rhodes grass and Buffel grass remain the most suitable species for forage grass production in Ethiopia under future climate scenarios. 
	Land use impacts of meeting future livestock demand for dry matter from forage grasses. 
	Increased DM demand for livestock can only be met under future climate change scenarios if forage grassland management is improved. 

	Discussion
	Growth and productivity of Ethiopian forage grasses under different conditions. 
	Impact on trends in the Ethiopian dairy sector. 
	Potential interaction with land-use patterns in Ethiopia’s regions. 

	Conclusions
	References
	Acknowledgements


