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Abstract. A two-year (2020, 2022) #eld experiment on soybean was conducted in 
northeaster Italy to evaluate the e'ect of irrigation (drip irrigation vs. rainfed), soil 
amendment (compost vs. digestate) and a cover crop (triticale vs. no cover crop) on 
grain yield and quality. Highly di'erent rainfall amounts (627 mm and 258 mm in 
2020 and 2022, respectively) and similar ET0 (578 mm and 581 mm in 2020 and 2022, 
respectively) were recorded during the growing seasons. Irrigation was managed using 
the web platform Irriframe suppling 51 mm in 2020 and 157 mm in 2022. Irrigation 
was the only experimental factor with signi#cant e'ects on soybean grain yield and 
quality, except soil amendment on aboveground biomass production. In 2020, drip 
irrigation had no signi#cant e'ect on grain yield (4.6 Mg ha-1 on average), while it 
increased it by 157% in 2022 compared to the rainfed control (1.0 Mg ha-1). !e grain 
protein content was reduced by irrigation (43.2 ± 1.3% and 42.6 ± 0.9% under rainfed 
and irrigation managements, respectively). No treatment e'ect was observed on the 
grain oil content. A positive e'ect of irrigation was observed on water use e"ciency, 
with values ranging from 0.40 ± 0.19 kg m-3 to 0.71 ± 0.12 kg m-3. !e balance of the 
economic sustainability of drip irrigation was negative in both years: this irrigation 
method was not sustainable for soybean within the economic framework of the study 
area at the time. However, the results also con#rmed that irrigation is a key agronomic 
technique to reduce production variability and dryland vulnerability of soybean.

Keywords: Glycine max L., drip irrigation, economic sustainability, soil organic 
amendment, cover crop, grain yield.

1. INTRODUCTION

Climate change is causing a shi% in the distribution and quantity of pre-
cipitations, with an increase of the intensity and frequency of extreme events 
(droughts and &oods). Variability in precipitations is occurring at both intra-
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annual and inter-annual levels. !is variability has a 
strong impact on the agricultural sector (Todorovi? et 
al., 2021; Ehsan et al., 2022), especially for herbaceous 
crops with a spring-summer cycle that are cultivated in 
areas where rainfall used to almost fully meet the crop’s 
evapotranspiration demand. In this context, irrigation 
is now an indispensable agronomic technique to achieve 
sustainable yield levels (Tran et al., 2020).

The accessibility of water resources for human 
uses (household, industrial, agricultural, etc.) is highly 
dependent on their spatio-temporal distribution and the 
spatial water balance (Milly et al., 2005; Oki and Kanae, 
2006; Konapala et al., 2020). As a result, ongoing climate 
change may severely reduce the volumes of available 
water, with a spectacular increase of competition among 
the various sectors of use (drinking, industrial, and agri-
cultural). Considering that the agricultural sector is the 
largest user of the water resource (about 70% of all fresh-
water withdrawals; Wisser et al., 2008), greater e'orts 
are required to reduce the volumes being used. !is 
can be pursued at several scales – from the territorial to 
the farm scale – through e"cient distribution networks 
managed by Reclamation Consortia at the territorial 
scale, and by adopting irrigation systems characterized 
by low irrigation volumes and high irrigation e"ciency 
at the farm scale. Among irrigation systems, drip irriga-
tion has also been proposed for open-#eld herbaceous 
crops. !is technique o'ers a number of advantages 
over traditional irrigation systems (Lamm, 2002; Shah-
rokhnia and Zare, 2022), chief among them the supply 
of small volumes of water directly to the root zone of 
the crop, under the canopy. !is minimizes evaporation 
losses from the soil and increases water use e"ciency 
(WUE). Its adoption has to be supported by good eco-
nomic results. At present, only few studies conducted in 
particular contexts have been published, and have given 
contrasting indications (Narayanamoorthy, 1997; Maisiri 
et al., 2005; Möller and Weatherhead, 2007; Khor and 
Feike, 2017). !erefore, the economic impact of drip irri-
gation should be further analyzed.

Soybean (Glycine max L.) is the fourth most wide-
spread crop worldwide (FAOSTAT, 2021). It provides 
more than 25% of total proteins for human and animal 
feed, and its global production increased about 13-fold 
between 1961 and 2017 (Liu et al., 2020). It is a spring-
summer crop characterized by high water requirements 
that can exceed 600 mm. It is frequently grown in rain-
fed conditions, but it also greatly bene#ts from irriga-
tion, especially in light of climate change (Karges et al., 
2022). In Italy, soybean is cultivated on about 324,000 
ha, 40% of which in the Veneto Region, where this study 
was conducted (ISTAT, 2023). 

The Living Labs (LL), a collaborative and user-
centred open innovation approach (Beaudoin et al., 
2022), has been applied to design the experiment. In the 
experimental area soybean is irrigated on about 16,000 
ha, served by the Veneto Orientale Reclamation Con-
sortium (CBVO). Farmers together with CBVO devel-
oped a strong interest on drip irrigation, to manage 
the open-#eld summer season herbaceous crops (corn 
and soybean), soil organic amendment and cover crop 
introduction in the crop rotation. In this frame an On-
Farm Experimentation (OFE) has been set up to evaluate 
the e'ect of drip irrigation and its interaction with soil 
organic amendment and the use of cover crops (CC) on 
the yield, quality and economic performance of soybean.

2. MATERIALS AND METHODS

2.1. Experimental site

!e on-farm experimentation was conducted at the 
“Podere Fiorentina” of the CBVO located in San Donà 
di Piave (45°38’13.10”N, 12°35’55.00”E, 1 m a.s.l.) dur-
ing the 2020 and 2022 soybean growing seasons. !e 
area falls into the Cfa climatic class (Köppen’s classi#-
cation), with rainfall mainly in spring and autumn, and 
frequent thunderstorms in hot and humid summers. Cli-
mate data collected by the Veneto Regional Agency for 
Environmental Protection (ARPAV) from 1992 to 2022 
show an average annual rainfall of 966 mm and an aver-
age temperature of 13.7 °C (with average maximum and 
minimum temperatures of 19.1 °C and 8.9 °C, respec-
tively); the mean ET0 is higher than rainfall from June 
to August. 

2.2. Experimental layout

!e experimental area covered 4.85 ha, and the lay-
out included 8 plots of 0.3 to 0.9 ha (Figure 1). !e studied 
variables were i) irrigation: drip irrigation (I) vs. no irriga-
tion (R); ii) soil amendment: compost from pruning waste 
(C) vs. digestate solid fraction from anaerobic digestion of 
manure (D); iii) presence (CC - x triticosecale) or absence 
(No CC) of a CC during the winter period. 

!e soil was characterized by a sandy clay loam tex-
ture (USDA classi#cation). Table 1 summarizes its main 
physical and hydrological characteristics obtained from 
54 uniformly distributed sampling points in the experi-
mental area. As showed by the low standard deviation, 
the soil pro#le was pretty uniform. We noted a low 
transversal variability and in view of this, the sub-plots 
(paragraph 2.3) were distributed along the longitudinal 
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transect of each main plot to represent all the spatial 
variability of the experimental site.

Soybean (Group 1) was sown on May 9th 2020 and 
May 11th 2022 with an interrow of 0.75 m, and har-
vested on October 19th 2020 and October 7th 2022. !e 
organic amendments (together with the CC or weed bio-
mass) were incorporated into the soil by plowing (0.30 m 
depth) carried out one week before sowing and followed 
by harrowing for seedbed preparation. The organic 
matrices were supplied yearly; their dry matter and OC 
content are reported in Table 2.

Soybean irrigation was carried out through surface 
drip irrigation by positioning one polyethylene drip line 
every two soybean rows (distance between two drip lines 
= 1.5 m) (Figure 2). !e drip lines (16 mm diameter) had 
in-line drippers inserted along the pipe at 0.5 m spac-
ing, with a discharge of 1.1 L h-1. Irrigation was managed 
through the IRRIFRAME platform, which is a decision 
support system that integrates cloud data obtained from 
di'erent sources (meteorological, farm and GIS data) in 
a water balance model set to simulate the soil water con-

tent at di'erent soil depths. !e irrigation volumes are 
reported in Table 3. Weeds were controlled chemically 
during the growing seasons.

2.3. Soybean sampling and analysis

Soybean was sampled at harvest from three perma-
nent 4 m2 sub-plots per plot by measuring total aerial 
biomass and grain yield. !e sub-plots were distributed 
along a longitudinal transect at regular intervals from 
the #eld borders and between two consecutive #elds; they 
were identi#ed with the only purpose of sampling but 
were managed with the same #eld operation occurring 
in the relative #eld (Giannini et al., 2023). !e dry mat-
ter content of the two fractions was determined in a ther-
moventilated oven at 65 °C. !e oil and protein contents 
of soybean grains were determined by NIRS technology 
(Infratec-1241, Foss Analytical, Hillerød, Denmark).

!e harvest index (HI) was calculated a%er grain 
yield and aerial biomass determination, using the fol-
lowing equation:

Figure 1. Experimental layout: eight plots with a combination of 
irrigation (drip irrigation vs. rainfed), cover crops (triticale vs. no 
CC), and organic amendments (compost vs. digestate solid fraction).

Table 1. Soil physical characteristics and hydrological properties 
(0-0.40 m depth) (average ± SD).

Variable Value
Clay (%) 24.7 ± 3.4
Silt (%) 25.1 ± 2.3
Sand (%) 50.2 ± 5.4
Bulk density (Mg m-3) 1.26 ± 0.09
Field capacity (% v/v) 27.3 ± 2.1
Wilting point (% v/v) 8.3 ± 2.0

Table 2. Composition of compost and digestate solid fraction in 
each 2020 and 2022.

Year Amendment
Quantity 
supplied 

(Mg ha-1)1

Dry Matter
(% DM)

Organic Carbon
(% DM)

2020 Compost 39.7 71.0 29.0
Digestate 20.2 23.1 52.8

2022 Compost 43.1 55.4 31.0
Digestate 21.6 20.2 52.8

1 Fresh weight.

1.5 m

0.75 m 0.75 m 0.75 m

1.5 m

Figure 2. Installation and layout of drip lines.
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Water use e"ciency (WUE) was calculated using the 
following equation:

2.4. Meteorological data

Meteorological data and reference evapotranspira-
tion (ET0), calculated by the FAO Penman Montieth 
equation (Allen et al., 1998), were acquired from the 
Noventa di Piave regional weather station belonging to 
ARPAV, located about 5 km from the experimental site. 
Considering the rain variability during the spring-sum-
mer season, the rain volume was measured with a rain 
gauge positioned within the experimental site.

!e thermal sum was calculated as growing degree 
days (@GDD) for the whole growing season, using the 
following equation:

GDD = [(Tmax + Tmin)/2 ] – Tbase

Where Tbase is the temperature below which the 
growing process does not progress, set at 7 °C (Boote 
et al., 1998). GDD was set at 0 when [(Tmax+Tmin)/2] was 
lower than Tbase. When Tmax was higher than the optimal 
temperature (35 °C) (Boote et al., 1998), it was set at 35 °C.

2.5. Economic pro#tability of irrigation

!e contribution of drip irrigation to economic sus-
tainability was assessed using an approach of marginal 
pro#tability introduced by the innovation and by apply-
ing the following formula:

Irrigation marginal pro#tability (€ ha-1) = Arevenue – 
Irrigation costs

Where Arevenue (€ ha-1) was calculated as follows:

[Grain yield with irrigation (Mg ha-1) – Grain yield rain-
fed (Mg ha-1)] * Grain value (€ Mg-1)

using a grain value of 385,00 € Mg-1 in 2020 and 610,50 
€ Mg-1 in 2022, as in the o"cial price list of commodi-
ties exchange of Bologna.

The irrigation costs were calculated considering 
the depreciation costs of durable components [(pump 
7,500.00 € and #lter 8,000.00 € with a depreciation time 
of 10 years) + (other system components 4,000.00 € with 
a depreciation time of 5 years)], the direct costs for the 
purchase of irrigation equipment (drip lines) (350.00 € 
ha-1 in 2020; 740.00 € ha-1 in 2022) and fuel needed for 
the engine used to put the drip irrigation system under 
pressure (10.00 € ha-1 in 2020; 40.00 € ha-1 in 2022) as 
retrieved from a market survey, equipment and labor 
needed to set up and remove the irrigation system (115.00 
€ ha-1), and the costs of labor during the irrigation season 
(0.25 h ha-1 equal to 2.50 € ha-1 for each irrigation event). 

2.6. Statistical and data analysis

!e variables were statistically analyzed by three-
way ANOVA with irrigation, soil amendment and cov-
er crop presence as experimental variables. Prior to the 
ANOVA, data were checked for normality by Shapiro-
Wilk test and equal variance test. All statistical analyses 
were performed using R so%ware (R Core Team, 2021) 
with the emmeans package for post-hoc comparisons 
(Lenth, 2021) at p < 0.05.

!e variability of the e'ects of irrigation, costs and 
product prices observed during the two years was used 
to simulate di'erent economic scenarios.

3. RESULTS

3.1. Meteorological conditions and irrigation management

!e two seasons showed a similar trend in air tem-
perature, with maximum values recorded in July and 
August (Figure 3). However, di'erent absolute values 
were measured. !e monthly average temperature was 
higher in 2022 than in 2020, except in September (Table 
4). As a consequence, the 2022 growing season was 
shorter (-8.5 %) than the #rst one (164 days) and it accu-
mulated more GDD (+4.3 %) than the 2020 growing sea-
son (2,317 GDD) (Figure 4).

Evaluating the hydroclimatic balance of the experi-
mental area for the last 31 years (1992-2022) in the May-

Table 3. Number of irrigation events and total volumes applied 
(mm) in 2020 and 2022.

Year
Number of 
irrigation 

events 

Total 
irrigation 
volume 
(mm)

Irrigation season

2020 3 51 6 days (from July 24th to July 31st)
2022 20 157 51 days (from June 20th to August 10th)





26 Arianna To!anin et al.

to harvesting (627 mm in 2020; 258 mm in 2022) (Fig-
ure 3). Conversely, similar ETmax values were calcu-
lated (372.3 mm in 2020; 381.0 mm in 2022) (Table 5). 
In addition to the low rainfall, the 2022 growing sea-
son was characterized by a non-optimal distribution for 
production purposes since 53.6% of cumulative rainfall 
(138.4 mm) were recorded in September. Rainy days 
with rain higher than 10 mm were 125% more frequent 
in 2020 than in 2022 (8 days). 

Focusing on the irrigation season (June-August), 
2020 and 2022 were the fourth wettest (344.4 mm) and 
the fourth driest (107.4 mm) year in the last 31 years, 
respectively (Figure 6). !e opposite cumulative rainfall 
values in the two years re&ect a long-lasting trend (1992-
2022) showing cumulative rainfall between 100 and 200 
mm in 38.7% of the years and between 250 and 350 mm 
in another 38.7%. In 2020, June rainfall was the highest 
(206.6 mm) recorded in the last 31 years, whereas only 
15.8 mm were recorded in June 2022 (Table 5). July was 

a dry month in both years (34.0 mm rainfall in 2020; 
27.4 mm in 2022; values usually exceeded with a proba-
bility of 77.4%). However, maximum temperatures great-
ly di'ered in July, and even in August (Figure 4): they 
were much higher in 2022 than in 2020, and rainfall was 
lower (-38.2%) (Table 5). Cumulatively (rain + irriga-
tion), soybean received 678 mm vs. 412 mm during the 
growing seasons of 2020 and 2022, respectively. !e irri-
gation volume represented 7.5% of the cumulative water 
supplied in 2020 vs. 37.4% in 2022.

3.2. Soybean yield and quality

Soybean grain yield was signi#cantly a'ected by the 
year, irrigation, and their interaction (Table 6). Irrigation 
had no signi#cant e'ect on grain yield in 2020 (mean 
4.6 Mg ha-1), while it increased it by 157% in 2022 com-
pared to the rainfed treatment. !e mean values across 
the two years showed a linear correlation between grain 

Figure 5. Cumulative frequency of the May-October hydroclimatic 
balance (mm) over the 1992-2022 period.

Table 5. Rainfall, maximum crop evapotranspiration (ETmax)* and irrigation volumes in the 2020 and 2022 growing seasons.

Month

2020 growing season 2022 growing season

Rainfall
(mm) 

(1)

Number 
of rainy 

days

Rainy 
days

(> 10mm)

Irrigation
(mm) 

(2)

ETmax
(mm) 

(3)

Water 
balance
(mm) 

(1+2-3)

Rainfall
(mm) 

(1)

Number 
of rainy 

days

Rainy 
days

(> 10mm)

Irrigation
(mm) 

(2)

ETmax
(mm) 

(3)

Water 
balance
(mm) 

(1+2-3)
May 41.0 10 1 0 37.8 +2.9 12.0 8 0 0 37.4 -25.4
June 206.6 13 6 0 86.7 +119.9 15.8 8 0 30 89.5 -43.7
July 34.0 10 0 51 134.0 -49.0 27.4 8 0 79 141.5 -35.1
August 103.8 10 3 0 73.2 +30.6 64.2 10 3 34 79.4 +18.8
September 129.0 9 5 0 31.6 +97.4 138.4 15 5 0 28.7 +109.7
October 112.2 11 3 0 9.0 +103.2 0.6 3 0 0 4.4 -3.8
@ 626.6 63 18 51 372.3 +305.0 258.4 52 8 154 381.0 +20.5

ETmax = Maximum possible water loss through evapotranspiration under ideal conditions without water limitations

Figure 6. Cumulative frequency of June-August cumulative rainfall 
(mm) over the 1992-2022 period.
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4. DISCUSSION

Irrigation was the sole factor with signi#cant e'ect 
on grain yield in relation to the amount and distribu-
tion of rainfall among the factors studied in the present 
work, except for the e'ect of soil amendments on above-
ground biomass production. Irrigation increased grain 
yield only in the less rainy year (2022), with a recur-
rence time of 12.9%. !is points to the need to plan for 
possible irrigation in relation to the course of rainfall 
throughout the year and con#rms the results of a study 
conducted by Ray et al. (2015) aimed at globally estimat-
ing the contribution of weather conditions to the yield 
variability of major extensive #eld crops: weather con-
ditions have a signi#cant in&uence on soybean yield in 
67% of the regions where it is grown. 

Considering the inter-annual yield variation, a yield 
reduction was observed under both rainfed and irri-
gated treatments. However, the yield variation between 
the two years was lower under irrigation management, 

con#rming that irrigation contributes to increase and 
stabilize yield over time (Grassini et al., 2014). !e low-
er grain yield observed in the second year, even though 
irrigation was supplied, is attributable to heat stress 
because temperature exceeded the optimal maximum 
temperature for ten days in July and August. As recently 
observed by Jumrani and Bhatia (2019), the seed yield 
of soybean plants under drought stress at the reproduc-
tive stage decreased with the increase of day/night tem-
peratures (30/22 °C -55%, 34/24 °C -59%, 38/24 °C -62% 
and 42/28 °C -65%) compared to the seed yield of well-
watered plants. In our experiment, the irrigated treat-
ment (where full crop water requirement was supplied) 
showed a yield decrease of 42.1% in 2022 (the year with 
higher temperature stress conditions) compared to 2020. 
In the same years, the seed yield decreased by 76.8% 
under rainfed conditions. !erefore, our data con#rm 
that temperature stress further increases the detrimental 
e'ect of drought stress.

A positive correlation between grain yield and water 
availability during the &owering and grain #lling stages 
has been observed by various authors (Brevedan and 
Egli, 2003; Chen and Wiatrak, 2010; Sobko et al., 2020). 
Our results con#rm what is reported in these studies. In 
the less rainy year, rainfall was mainly concentrated in 
the late part of the crop cycle (August-September), and 
the soil water content maintained by irrigation between 
the &owering and grain #lling stages increased the yield 
by 157%. Limited precipitation and a reduced soil water 
content have also been identi#ed as main limiting fac-
tors for soybean seed yields (Gaji? et al., 2018). Looking 
at the water requirements to maximize grain production, 

Table 7. Balance of the economic sustainability (€ ha-1) of the drip irrigation system.

Balance items
Growing season

2020 2022
Revenue (€ ha-1) = yield (Mg ha-1) * price (€ Mg-1)
Irrigated treatment (drip irrigation) 1,780.94 1,634.11
Rainfed treatment 1,722.88 636.45

Δrevenue 58.07 997.66
Irrigation costs (€ ha-1)
Depreciation costs of durable components 235.00 235.00
Direct costs for irrigation equipment purchase 350.00 740.00
Equipment and labor needed to set up and remove the irrigation system 90.00 90.00
Costs of labor during the irrigation season 7.50 50.00
Fuel needed for the engine used to put the drip irrigation system in pressure 10.00 40.00

Σcosts 692.50 1,155.00
Economic sustainability of irrigation (€ ha-1) = DRevenue (€ ha-1) - Irrigation costs (€ ha-1) -634.43 -157.34

NB: Irrigation costs refer to an irrigation system serving 20 ha.

Table 8. Economic scenario analysis.

Grain Price Irrigation Costs Low Dyield High Dyield

Low Low -634.43 -64.95
High -1,097.25 -527.45

High Low -600.93 +302.62
High -1,063.43 -157.34

NB: 2020 was characterized by a low price of soybean, low costs 
and a low Dyield; 2022 was characterized by a high price of soy-
bean, high costs and a high Dyield. 
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Abstract. Cassava is a crop that stands out in the Amazon region of Brazil, due to its 
regional scope and substantial production at the national level. However, the average 
yield of cassava in Amazonian environments is still considered low. !e introduc-
tion of new varieties and the development of appropriate techniques for the cultiva-
tion of cassava under the edaphoclimatic conditions of the Amazon can improve its 
yield in the region. !e objective of this research was to evaluate the agronomic per-
formance and energy potential of six cassava varieties (BRS Mari, BRS Poti, BRS For-
mosa, Manivão, Jurará and Coraci) cultivated under Amazonian edaphoclimatic condi-
tions. !e study was conducted in Juruti, PA, Brazil and a randomized block design 
was used, with six blocks and six treatments (varieties), totaling 36 experimental units. 
!e agronomic performance was evaluated based on the emergence index (EI), sur-
vival index (SI), plant height (PH), stem diameter (SD), above-ground biomass (Yab), 
yield of storage roots (Ysr), and harvest index (HI). !e energy potential was evaluated 
based on reducing sugars (RS) and total soluble sugars (TSS). All studied varieties pre-
sented satisfactory agronomic performances. !e Jurará and Coraci varieties stood out 
in terms of EI and SI, with average values above 0.9. !e Manivão variety showed the 
highest average values of PH and SD, 2.7 and 0.023 m, respectively, at the end of the 
evaluation period. !e BRS Mari variety had the highest RS content among the stud-
ied varieties, while the BRS Formosa variety had the highest TSS, with average values 
of 2.91 and 2.66%, respectively. All varieties showed an HI above 50%, a Ysr ampli-
tude between 15 and 26 Mg·ha-1, and a Yab between 8 and 21 Mg·ha-1, indicating good 
adaptation to Amazonian edaphoclimatic conditions.

Keywords: adaptability, Amazonian environments, bioenergy, Manihot esculenta 
Crantz, yield.
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HIGHLIGHTS

1) !e Jurará and Coraci varieties stood out in the 
emergence and survival indices.

2) !e cassava varieties evaluated showed a harvest 
index >50%.

3) !e BRS Mari variety had the highest reducing 
sugar content, while the BRS Formosa variety had the 
highest total soluble sugar content.

4) !e BRS Mari variety had the highest storage root 
yield with an average of 26 Mg·ha-1.

5) !e above-ground biomass yield ranged from 8 to 
21 Mg·ha-1.

1. INTRODUCTION

Cassava (Manihot esculenta Crantz) is the main food 
source for more than 800 million people, making it the 
sixth most important crop globally a%er wheat, rice, 
maize, potatoes and barley. World production is esti-
mated at around 315 million tons. Globally, about 63% 
of cassava is produced in Africa, 28% in Asia and 9% 
in the Americas. Brazil is the fourth largest producer of 
cassava in the world, with Nigeria in #rst place due to 
its own consumption, followed by !ailand and Indo-
nesia, which export almost all production in the form 
of starch, pellets and various derivatives to Europe and 
Asia (FAOSTAT, 2023).

Cassava is used to produce a wide range of products, 
including starch, starch products, bioethanol and ani-
mal feed. !e plant is considered one of the crops with 
the greatest potential to #ll the world’s food supply gap 
in the coming years. In addition, cassava can be grown 
with minimal labor on marginal lands with inconsistent 
rainfall under low intensity management. In Brazil, cas-
sava performs well in low-fertility soils and in a variety 
of climates. It has become one of the most popular items 
in the Brazilian diet since the beginning of colonization. 
!e main cassava product is &our, which can be used 
by all individuals in the population in various ways, 
from the simplest everyday dishes to the most sophisti-
cated and re#ned national cuisine, playing a key role in 
building cultural identity. It is one of the staple items 
of the diet of virtually the entire Brazilian population, 
and arguably the most important food crop, especially 
for low-income communities (Alves-Pereira et al., 2011; 
Fiorda et al., 2013; Figueiredo et al., 2014; Somavilla et 
al., 2022).

The Amazon region that includes the Pará State 
stands out as one of the largest producers in the national 
ranking, and 96% of the cassava produced there comes 

from family farming, which is necessary to guarantee a 
subsistence living for the families involved in produc-
tion. However, the average yield of the cassava crop in 
Amazonian environments is still considered low, less 
than 15 Mg·ha-1. Cassava is one crop that has a very high 
productive potential, which can reach up to 90 Mg·ha-1. 
!e technological level of the local producers is still very 
low and relatively common practices of soil correction 
and fertilization are rarely followed. !e genetic make-
up of the cultivar used o%en does not reach the produc-
tive potential of the region, and the farmers engage in 
monoculture on a small scale (Silva et al., 2012; Rosa et 
al., 2014; Filgueiras and Homma, 2016; Brito et al., 2019; 
Lima et al., 2020).

Some of the factors that contribute to the low yield 
of the cassava crop are the use of genetic material with 
low productive potential, inadequate soil management, 
and lack of e'ective pest control, as well as prevention 
of disease and invasive plant takeover. One of the best 
ways to increase the yield is to choose improved varieties 
that are productive, resistant to pathogen attacks, and 
that allow for proper soil management. !erefore, know-
ing the cassava varieties with the best agronomic perfor-
mance in a particular region contributes to a better crop 
yield (Kizito et al., 2007; Farias Neto et al., 2013; Streck 
et al., 2014; Adiele et al., 2021).

!e introduction of new varieties and the develop-
ment of appropriate techniques for the cultivation of 
cassava under the edaphoclimatic conditions of each 
mesoregion constitute the challenges that have to be 
overcome to improve productivity and quality. !e 
goal is to change farming practices so cassava cultiva-
tion stops being just a subsistence crop and becomes 
a pro#table business venture. Such a farm would be 
capable of supplying not only local demands, but also 
those of other regions, in addition to generating jobs 
in the labor market and enhancing the quality of life 
of the workers. Cassava varieties di'er in productiv-
ity, both forage and roots, which will allow selection, 
according to the desired purpose. !e regional evalu-
ation of new varieties is necessary since, in the case of 
cassava, the interaction between the genotype and the 
environment is very pronounced. Genetic materials 
already known in other regions are used, which reduc-
es the average time to obtain varieties that meet the 
speci#c needs of farmers, as well as cassava processing 
industries.

!us, the objective of this research was to evaluate 
the agronomic performance and energy potential of six 
cassava varieties, BRS Mari, BRS Poti, BRS Formosa, 
Manivão, Jurará and Coraci, cultivated under Amazo-
nian edaphoclimatic conditions.







37Agronomic performance and energy potential of cassava varieties under Amazonian edaphoclimatic conditions

ations within the analysis period. !e monthly maximum 
temperature was around 28 °C and the monthly minimum 
temperature was around 24 °C. !e small variation in 
monthly average values of maximum and minimum tem-
perature throughout the year is common in equatorial or 
low-latitude regions. !e geographic location of the region 
of Juruti-PA, Brazil implies a minimization of the e'ects 
of the inclination of the Earth’s axis in relation to the sun, 
characterizing a climate pattern in which there are no sig-
ni#cant environmental variations between the seasons.

Monthly precipitation was higher in February and 
November 2022, with totals of 385 and 406 mm, respec-
tively. !e months with the lowest values of monthly 
precipitation totals were August and October 2022, with 
83 and 108 mm, respectively. Accumulated precipitation 
during the research period was 2582 mm, which was 
higher than the normal annual average for the region. 
The monthly averages of relative air humidity were 
around 90% throughout the research period. !e regis-
tered environmental conditions were characteristic of 
the predominant climate in the Amazon region, which is 
classi#ed as humid equatorial.

3.2 Emergence and survival indices, plant height and main 
stem diameter

!e cassava varieties that showed the lowest EI were 
Manivão and BRS Formosa with values of 0.49 and 0.61, 

respectively (Fig. 3). !e other studied varieties had EIs 
>0.75, with the Jurará variety showing an EI of 0.99. As 
for the SI values, the lowest performance was found for 
the Manivão and BRS Formosa varieties, with values 
of 0.41 and 0.59, respectively. !e other varieties stud-
ied had SIs >0.70, again highlighting the Jurará variety, 
which had a SI of 0.98.

PH values varied according to the variety (Table 2). 
In the #rst month of the evaluation period, BRS Poti had 
the highest PH value at 0.12 m. At the end of the evalu-
ation period, the Coraci, BRS Mari and Manivão varie-
ties showed the highest PH values at 2.15, 2.40 and 2.70 
m, respectively. !e BRS Formosa, BRS Poti and Jurará 
varieties showed PH values < 2 m at the end of the eval-
uation period. PH is an important variable for deter-

Figure 2. Monthly averages of meteorological variables (maximum 
and minimum temperature, relative humidity) and total month-
ly precipitation obtained in the region of Juruti-PA, Brazil, from 
December 2021 to November 2022.

Figure 3. Emergence and survival indices of cassava varieties culti-
vated in the Juruti-PA region, Brazil. Di'erent letters indicate sig-
ni#cant di'erences between experimental means at the 5% prob-
ability level by Tukey’s test.

Table 2. Plant heights (meters) of cassava varieties throughout the 
growing season.

Date
Variety

BRS Mari BRS Poti BRS 
Formosa Manivão Jurará Coraci

Jan 19 0.07 b 0.12 a 0.08 b 0.07 b 0.08 b 0.08 b
Feb 19 0.19 a 0.21 a 0.18 a 0.19 a 0.19 a 0.20 a
Mar 27 0.52 a 0.52 a 0.50 a 0.65 a 0.61 a 0.56 a
Apr 24 0.79 a 0.74 a 0.72 a 0.96 a 0.82 a 0.83 a 
May 21 1.03 a 0.94 a 0.93 a 1.29 a 1.03 a 1.08 a
Jun 19 1.22 ab 1.09 b 1.12 b 1.64 a 1.18 ab 1.33 ab
Jul 24 1.54 ab 1.25 b 1.23 b 1.94 a 1.40 b 1.58 ab
Aug 20 1.78 ab 1.41 b 1.37 b 2.14 a 1.57 b 1.78 ab
Sep 24 2.04 ab 1.59 bc 1.53 c 2.40 a 1.75 bc 1.92 abc
Oct 22 2.24 ab 1.75 bc 1.60 c 2.56 a 1.85 bc 2.06 abc
Nov 19 2.40 ab 1.91 bc 1.67 c 2.70 a 1.94 bc 2.15 bc

Different letters on the same line mean significant differences 
between varieties using Tukey’s test (p < 0.05).
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mining spacing, for choosing varieties that can be used 
in a consortium and for weed management (Rós et al., 
2011). !us, the Coraci, BRS Mari and Manivão varie-
ties showed excellent soil coverage, which reduced takeo-
vers by invasive plants. In addition, these varieties were 
promising as suppliers of cuttings for mechanized plant-
ing, since the larger the branch, the greater the opera-
tional yield of the planting machine (Vidigal Filho et al., 
2000; Borges et al., 2002; Azevedo et al., 2006). !e BRS 
Formosa, BRS Poti and Jurará varieties showed a low 
yield of stem cuttings, in addition to hampering cultiva-
tion practices such as weeding and fertilization.

Stem diameter values did not show signi#cant dif-
ferences between the cassava varieties studied until 
the sixth month of evaluation (Table 3). A%er the sixth 
month, signi#cant di'erences were observed between 
the cassava varieties studied. At the end of the evalua-
tion period, the BRS Mari and Manivão varieties had 
the highest SD values at 0.021 and 0.023 m, respectively. 
At the end of the evaluation period, the BRS Poti, BRS 
Formosa, Jurará and Coraci varieties had SD values that 
were <0.02 m.

3.3. Yield and energy potential of cassava varieties

The cassava varieties studied showed significant 
di'erences in above-ground biomass yield (Yab). !e 
Manivão variety had the highest average Yab at 21 
Mg·ha-1, while BRS Poti showed the lowest average Yab, 8 
Mg·ha-1. !e BRS Mari, BRS Formosa, Jurará and Coraci 
varieties showed average Yab values of 15, 14, 10 and 15 

Mg·ha-1, respectively (Fig. 4). !e Yab performance of the 
Manivão variety revealed its potential for use in animal 
feed and to minimize costs for the acquisition and trans-
port of propagation material.

With regard to the storage root yield (Ysr), the cas-
sava varieties studied did not show signi#cant di'erenc-
es. !e average values of Ysr for the BRS Mari, BRS Poti, 
BRS Formosa, Manivão, Jurará and Coraci varieties were 
26, 17, 26, 22, 15 and 19 Mg·ha-1, respectively. !e Ysr of 
these varieties was greater than or equal to the average 
yield recorded in Brazil in 2021, which was 15 Mg·ha-1 
(FAOSTAT, 2023). !e results showed a range of Ysr of 15 
to 26 Mg·ha-1for the genetic materials evaluated, showing 
that the replacement of varieties in use by farmers could 
increase the cassava crop yield in the Amazon region.

Considering the harvest index, the cassava varieties 
studied showed signi#cant di'erences between them (Fig. 
5). !e varieties that presented the highest average HI val-
ues were BRS Mari (0.64), BRS Poti (0.68) and BRS For-
mosa (0.64). !e varieties that presented the lowest average 
HI values were Manivão (0.52), Jurará (0.56) and Coraci 
(0.57). !e HI re&ects the e"ciency of the varieties in root 
production, identifying those with the greatest capacity to 

Table 3. Stem diameters (meters) of cassava varieties throughout 
the growing season.

Date
Variety

BRS Mari BRS Poti BRS 
Formosa Manivão Jurará Coraci

Feb 19 0.002 a 0.003 a 0.003 a 0.003 a 0.004 a 0.003 a
Mar 27 0.007 a 0.008 a 0.008 a 0.010 a 0.010 a 0.009 a
Apr 24 0.010 a 0.010 a 0.011 a 0.013 a 0.012 a 0.011 a
May 21 0.012 a 0.011 a 0.013 a 0.015 a 0.013 a 0.013 a
Jun 19 0.014 a 0.012 a 0.014 a 0.016 a 0.014 a 0.014 a
Jul 24 0.015 ab 0.012 b 0.015 ab 0.018 a 0.014 ab 0.015 ab
Aug 20 0.016 ab 0.013 b 0.015 ab 0.019 a 0.015 ab 0.016 ab
Sep 24 0.018 ab 0.013 b 0.017 ab 0.021 a 0.016 ab 0.017 ab
Oct 22 0.020 a 0.014 b 0.017 ab 0.022 a 0.017 ab 0.018 ab
Nov 19 0.021 ab 0.015 c 0.018 abc 0.023 a 0.017 bc 0.018 abc

Different letters on the same line mean significant differences 
between varieties using Tukey’s test (p < 0.05).

Figure 4. Above-ground biomass and storage root yields of cassava 
varieties cultivated in the Juruti-PA region, Brazil. Di'erent letters 
indicate signi#cant di'erences between experimental means at the 
5% probability level by Tukey’s test.
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E!ect of di!erent soil moisture regimes on yield 
and water use e"ciency of groundnut at Kobo 
irrigation scheme, Kobo Ethiopia
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Abstract. In the arid and semi-arid part of Eastern Amhara, water is the most impor-
tant yield-limiting factor for agricultural production. Application of the right amount 
of irrigation water at a right time helps to optimize water loss and increases crop yield. 
!erefore, a #eld experiment was conducted at Kobo irrigation scheme to determine 
the optimal crop water requirement and irrigation frequency for yield and water use 
e"ciency of groundnut. !e CROPWAT model could generate the 100% irrigation 
scheduling as 40 mm irrigation water with 8 days. Field base validation and ground 
truthing is vital. !erefore, the treatments were formulated by the factorial combina-
tions of the three crop water levels as 75% ETc (30 mm), 100% ETc (40 mm), 125% 
ETc (50 mm) with three irrigation intervals (6 days, 8 days and 10 days). !e treat-
ments arranged in randomized complete block design with three replications. !e sta-
tistical analysis was carried out using Genstat 15.0 so%ware and the mean comparison 
was done using least signi#cant di'erence (LSD) test. !e analysis revealed that the 
crop water use e"ciency was signi#cantly (p<0.05) a'ected by the main e'ects of crop 
water levels, irrigation interval and by their interaction, whereas the grain yield does 
not show a signi#cant (p>0.05) response. As the water levels declined and the irri-
gation intervals varied, the grain yield tends a fairly constant trend. However, based 
on the commerciality of the crop, application 75% ETc (30 mm) with 8 days irriga-
tion interval gave numerically maximum grain yield of 3466.9 kg/ha and it has nearly 
more than 200 kg relative yield advantage over most treatments. !e highest water use 
e"ciency (0.9 kg/m3) was recorded from the combination 75% ETc (30 mm) with 10 
days; while it was statistically at par with 75% ETc with 8 days interval (0.8 kg/m3) 
applied treatment. From the result, it could be concluded that the maximum yield and 
maximum water productivity were simultaneously achieved by combined application 
of 75% ETc with 8 days interval and saves 4600 m3 water to irrigate an additional 1.2 
ha compared with 125% (50 mm) ETc with 6 days interval applied treatment. 

Keywords: crop water level, crop water use e"ciency, grain yield, irrigation interval.

1. INTRODUCTION

Groundnut (Arachis hypogaea L.) is an important monoecious annual 
legume to make oils and animal feed all over the world (Upadhyaya et al., 
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stage, critical depletion level (p) and maximum e'ective 
rooting depth) and soil data’s (#eld capacity, permanent 
wilting point, and soil type) were needed by the model 
to compute the 100% irrigation scheduling of groundnut. 
!e FAO Penman-Monteith modeling used as a prelimi-
nary study for irrigation planning and design purposes. 
!e modeling approach has always certain deviations for 
under or overestimates of scheduling. During irrigation 
scheduling, the researcher should always pay attention 
and consider the simulated ETc and irrigation interval 
(100%) as the initial starting point. Field evaluations and 
ground-truthing should be utilize to #ne-tune the estima-
tions used in irrigation system planning (USDA, 1993).

!e irrigation requirement at each event was com-
puted by monitoring daily actual rainfall data through-
out the experimental season (Kobo meteorological sta-
tion 2016 and 2017). It estimated as:

Figure 1. Map of the study area.
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3. RESULTS AND DISCUSSION

3.1. Soil properties of the experimental site

Based on the soil analytical result the textural class-
es of the three soil layers (0-30 cm, 30-60 cm and 60-90 
cm) categorized as silty clay loam (Table 4). !e clay 
content shows an increasing tendency down the depth 
from 52% to 62.5% for 0-30 cm and 60-90 cm respec-
tively. Buol et al., (2003) reported that the increasing of 
clay content down the depth indicates the presence of 
eluviation and illuviation processes or translocation of 
clay particles within the layers. !e soil water content at 
FC shows increasing tendency from 31% to 33% for 0-30 
to 60-90 cm depths respectively (Table 4). It indicates 
that, the relative proportion of higher clay content pro-
vides for su"cient moisture retention. !e study agreed 
with many #ndings reported that soils with a relatively 
higher clay content could enhance a greater water reten-
tion capacity and lower permeability than sandy soils 
(Rengasamy, 2006; Seita et al., 2011). !e bulk density 
varies within the range of 1.28 and 1.14 gm cm-3 for 0-30 
to 60-90 cm depth respectively (Table 4). It classi#ed as 
“well aggregated soil” (White, 2006).

3.2. E'ect of crop water levels and irrigation frequency on 
yield-related parameters

A signi#cant di'erence (p<0.05) was exhibited for 
mean plant height due to the interaction e'ect of water 
application depth and irrigation frequency in each year 
and combined over years (Table 5). !e highest mean 
combined plant height (50.7 cm) was noted by the uni-
form application of 125% (50 mm) ETc with 8 days 
interval followed by 100% (40 mm) ETc with 8 days 
interval applied treatment as 48 cm. As the crop water 
level varied with the increasing trend the plant height 
tends to increase. !is indicates that the application of 
moisture depth (50 mm) in the optimal scheduling (8 
days) can enhance leaf production, root penetration 

and stem elongation, which agreed with the #ndings of 
Firake and Shinde (2000). “However, application of 50 
mm crop water depth with a closer frequency (6 days) 
could decrease the plant height”. In fact, the applica-
tion of relatively larger crop water depth (50 mm) in 
a short irrigation interval promote surplus moisture, 
which in&uence aeration, plant growth and nutrients 
through leaching. On the other hand, the crop height 
was restricted as a maximum crop water level (50 mm) 
applied in a wider frequency (10 days) due to the rela-
tive moisture stress compared with 50 mm with 8 days 
applied treatment. !e study agrees with the #ndings of 
MALLIC et al. (2018) state that uniform application of 
50 mm depth through the growth period has a greater 
response in the plant height of groundnut.  

Application of crop water levels with variable irri-
gation interval (Table 5) showed non-signi#cant inter-
action e'ects (p>0.05) on the number of pods per plant 
in 2016 and combined over years. Nevertheless, during 
2017 there was an interaction e'ect (p<0.05). Based on 
the combined result the numerically higher number of 
pods per plant (25) was obtained by the applications of 
50 mm and 40 mm crop water depth with 8 days, and 
40 mm in 6 days intervals. !is implies that the number 
of pods per plant has not been much a'ected by varia-
ble irrigation scheduling. Similar experiences have been 
reported as the application of a slightly variable depth of 
water does not signi#cantly a'ect the number of pods of 
groundnut (Aruna, 2017). 

3.3. E'ect of crop water levels and irrigation interval on 
grain yield 

!e interaction e'ect of crop water levels and irri-
gation frequency in Table 6 revealed a non-signi#cant 
di'erence (p>0.05) on grain yield of groundnut in each 
year and combined of two years (2016 and 2017). Where-
as the stand count of the treatments were similar. A 
comparatively yield reduction of treatments that receive 
the maximum amount of water (50 mm) with a rela-

Table 4. E'ects of irrigation scheduling on yield related parameters of groundnut (p<0.05).

Depth (cm)
Particle size distribution (%)

Textural class ρ
(gm cm-3)

Soil moisture content

Clay Silt Sand FC (%v) PWP (%v) TAW (mm)
0-30 52 28.6 19.4 SCL 1.28 31 19 36
30-60 57.5 26.5 16 SCL 1.21 32..2 19.8 47.2
60-30 62.5 22.5 15 SL 1.14 33 20.4 37.8
Average 57.3 25.9 16.8 SCL 1.2 32.1 19.7 Q111

Where, SCL- silty clay loam; SL- silty loam; ρb – bulk density; gm- gram.
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tively closer frequency (6 days) could be due to a result 
of poor aeration and nutrient leaching. This implies 
that the application of the right amount of water at the 
right time optimizes water stress, water loss and nutrient 
uptake to attain comparatively higher yield. !e study 
in line with the #nding of Aruna (2017) states that the 
availability of the right amount of water enhances the 
development and #nal yield of groundnut as reduction 
imposes stress thus making use of available nutrients for 
growth and yield.

3.4. E'ect of crop water levels and irrigation frequency on 
water use e!ciency

!e interaction of crop water levels and irrigation 
interval (Table 7) showed a signi#cant e'ect (p<0.05) 
for water use efficiency in each year and combined 
over years. Based on the combined result, application 
of 75% (30 mm) crop water depth with 10 days irriga-
tion interval gave the highest mean water use e"ciency 
(0.9 kg/m3) followed by 75% (30 mm) crop water depth 
with 8 days irrigation interval (0.8 kg/m3). Especially, 
maximum yield and maximum water productivity were 
simultaneously achieved by the application of 75% crop 
water depth with 8 days. !is treatment saves 4600 m3 
water and can be irrigated an additional 1.2 ha com-
pared with 50 mm crop water depth with 6 days inter-
val applied treatment. In comparing with the full irriga-
tion (100%) which generated by the CROPWAT model 
(40 mm with 10 days interval) application of 30 mm 
crop water depth with 8 days interval has a comparative 
advantage to save 1400 m3 water for 0.33 ha groundnut 
production. 

Based on the result as indicated in Table 8, applica-
tions of crop water levels in a variable rate were signi#-
cant impact on water use e"ciency. As the water levels 
increased from 75 to 125% the water use e"ciency also 
linearly decreased from 0.79 to 0.48 kg/m3. !e maxi-
mum water use e"ciency of 0.79 kg/m3 was recorded 
from the 75% ETc applied treatment.

!e e'ect of irrigation interval on crop water use 
e"ciency was exhibited a signi#cant di'erence (Table 9). 

Table 5. E'ects of irrigation scheduling on yield related parameters 
of groundnut using least signi#cant di'erence test (p<0.05).

Treatments
Plant height (cm) Number of pods per plant

2016 2017 Combined 2016 2017 Combined
30 mm-6 41.8ab 42.1bc 42.1cde 27.0 18.0b 23.0
40 mm-6 44.9ab 45.6b 45.2bcd 28.0 22.0ab 25.0
50  mm-6 46.9ab 44.7bc 45.8bc 23.0 21.0ab 22.0
30 mm-8 44.3ab 44.3bc 44.8bcde 24.0 23.0ab 23.0
40 mm-8 45.9ab 50.9a 48.0ab 24.0 23.0ab 25.0
50 mm-8 47.9a 53.6a 50.7a 25.0 25.0a 25.0
30  mm-10 41.3ab 42.6bc 42.0de 24.0 20.0b 22.0
40 mm-10 40.7b 41.5c 41.1e 27.0 20.0b 24.0
50 mm-10 43.9ab 44.9bc 44.3bcde 26.0 18.0b 24.0
CV (%) 9.3 4.4 7.31 16.4 10.9 17.1

Where, ns: non-signi#cant di'erence, CV (%): coe"cient of varia-
tion in percent, 30, 40 and 50 mm are crop water levels, 6, 8 and 10 
days are irrigation intervals.

Table 6. E'ects of water application depth and irrigation frequency 
on grain yield using least signi#cant di'erence test (p>0.05).

Treatments
Grain yield (kg/ha) Combined over 

years2016 2017
30 mm-6 2889.8 3383.6 3110.7
40 mm-6 3265.9 3283.1 3274.5
50 mm-6 2978.6 3080.7 3029.7
30 mm-8 3435.5 3308.1 3466.9
40 mm-8 3361.1 3571.9 3464.4
50 mm-8 3228.0 3468 3348.0
30  mm-10 3094.5 3022.4 3058.4
40 mm-10 3117.4 3427.3 3272.4
50 mm-10 3070.8 3371.1 3209.9
CV (%) 19.0 12.9 15.3
LSD (5 %) ns ns ns

Where, ns: non-signi#cant di'erence, CV (%): coe"cient of varia-
tion in percent, 30, 40 and 50 mm are crop water levels, 6, 8 and 10 
days are irrigation intervals.

Table 7. E'ects of crop water depth and irrigation frequency on 
water use e"ciency using least signi#cant di'erence test (p<0.05).

Treatments
Crop water use e"ciency (kg/m3)

2016 2017 Combined
30 mm-6 0.60cd 0.70bc 0.60de

40 mm-6 0.50cd 0.50de 0.45fg

50 mm-6 0.40d 0.40e 0.30g

30 mm-8 0.90ab 0.70ab 0.80ab

40 mm-8 0.65c 0.70bc 0.60bc

50 mm-8 0.50cd 0.50cd 0.50ef

30 mm-10 1.03a 1.01a 0.90a

40 mm-10 0.80bc 0.90a 0.85ab

50 mm-10 0.60c 0.70bc 0.60de

CV (%) 20.71 12.89 16.4
LSD (0.05)    

CV (%): coe"cient of variation in percent, LSD: list signi#cant dif-
ference, 30, 40 and 50 mm are crop water levels, 6, 8 and 10 days 
are irrigation intervals.
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Abstract. Global warming projected to have a signi#cant impact on agricultural water 
availability for crops in Africa in particularly in Ethiopia. !erefore, the study was con-
ducted to analyze the projected change of temperature and rainfall in sorghum grow-
ing semi-arid ri% valley of Ethiopia. !e weather data for 11 stations were generated 
using AgiMP5 technique for RCP 4.5 and 8.5 and for the period of 2050s and 2080s. 
MAKESENS employed for the detection of trend of extreme indices.  InStat v3.37 were 
used for the analysis of start, end, and length of growth season. Under RCP 4.5, the 
projected mean annual minimum air temperatures in CRV, ERVE and NRVE could 
increase respectively by 1.9 °C (2050s) and 2.6 °C (2080s), 1.8 °C (2050s) and 2.5 °C 
(2080s) and 1.88 °C (2050s) and 2.69 °C (2080s). Under RCP 8.5, however, with same 
location it will projected to increase in both time frames (2050s and 2080s) in all 
studied sites. !e mean annual maximum air temperature, projected under RCP 4.5 
in the CRV, ERV and NRVE will increase by 1.59 °C (2050s) and 2.18°C (2080s),1.42 
°C (2050s) and 2.08 °C (2080s) and 1.46 °C (2050s) and 2.09 °C (2080s) respective-
ly. However, under the RCP 8.5, at same regions it projected to rise in both periods 
(2050s and 2080s). !is will be convoy with increase of the hot and cold extremes’ 
indices in regions. !e mean percentage change of annual rainfall is projected to  
decrease insigni#cantly in (0.6-5.5% and 2.6%) and increase (0.85-12.3% and 22.3%)  
in half of the stations located in CRV and ERVE, whereas, in NRVE it will projected 
to increase (6.1-14.6%) under RCP 4.5 in all stations in 2050s. !ough the annual pro-
jected rainfall under RCP 4.5 in 2080s will decline in range of 2.1-10.1%, 3.12-4.5% 
and 0.9-4.6% at CRV, ERVE and NRVE respectively. In most of the location in CRV 
and ERVE stations growing season rainfall will projected to decline from 1.45% to 
53.8% and 0.8 to 8.8%, whereas, in NRVE it will projected to increase in 9.2 to 19% 
under RCP 4.5 in period of 2050. !e projected SOS will be changed in mixed pattern, 
whereas and LGP will prolonged in most locations. !e #ndings indicated that there 
has been a change of projected climate change in semi-arid RV, which will be alter the 
agricultural practices in depletion of soil moisture. !erefore, in adjusting planting 
timing and using early/medium maturation sorghum varieties, may be necessary for 
farmers in the region. Soil and water management needs attention.

Keywords: climate change, air temperature and rainfall change, extreme indices, SOS, 
EOS and LGP.
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1. INTRODUCTION

According to the United Nations Framework Con-
vention on Climate Change (UNFCCC, 2017), develop-
ing nations are greatly susceptible to the consequences 
of climate change since they possess fewer resources to 
facilitate adaptation. Niang et al. (2014) and the Intergov-
ernmental panel on Climate change (IPCC 2014, 2019) 
point out that Africa is among the continents that are 
signi#cantly in&uenced by climate change and variabil-
ity. In recent years, several global proceedings, such as 
the IPCC (2014) and the World Bank (2019), have raised 
concerns about the exacerbation of food security and 
economic insecurity. !ese concerns are particularly rel-
evant in Sub-Saharan Africa (SSA), which has the highest 
prevalence of undernourishment according to Sonwa et 
al. (2017), OECD/FAO (2016). Furthermore, key econom-
ic sectors in SSA are highly vulnerable to climate change 
and variability, as depicted in various studies, including 
Mahoo et al. (2013), Ceci et al. (2021), and Sonwa et al. 
(2017). !e resulting economic consequences have been 
signi#cant as reported by Sonwa et al. (2017) and the 
OECD and FAO (2016). Sub-Saharan Africa (SSA) is a 
key concern in region food security (FAO, 2011). Within 
the SSA region, Eastern Africa and Ethiopia, in particu-
lar, are identi#ed as being the most vulnerable to climate 
inconsistency and change by USAID (2015) and NAP 
(2019). !is vulnerability is due to the region’s reliance 
on rain-based agriculture (Schlenker and Lobell, 2010; 
IMF, 2020; World Bank, 2019). Additionally, the relatively 
limited capacity of the region to absorb shocks further 
exacerbates the situation (Schlenker and Lobell, 2010; 
World Bank, 2019). In the coming #%y years and subse-
quent periods, it is projected that climate change will sig-
ni#cantly a'ect the agricultural sector of Ethiopia and its 
overall societal progress (Arndt et al., 2011; !omas et al., 
2019), highlighting the urgent need for proactive meas-
ures to address this concern.

According to various scholarly sources, it has been 
projected that during the 21st century, the rate of tem-
perature increase in Africa will exceed the global aver-
age (Joshi et al., 2011; Sanderson et al., 2011; James and 
Washington, 2013). According to the Intergovernmental 
Panel on Climate Change (IPCC, 2007), Africa has expe-
rienced an excessively substantial in&uence from climate 
change compared to other continents. !e continent is 
poised to face signi#cant vulnerability arising from its 
geographical location, characterized by a notably dimin-
ished adaptive capacity that is further compounded by 
the prevalence of poverty and a preexisting shortage of 
development (IPCC, 2007). Due to climate change the 
East African region, speci#cally Ethiopia, is projected 

to experience a rise in temperatures with increase by 
1.8 °C in the mid-century and 3.7 °C in the end-centu-
ry, as reported by the IPCC (2019), Irish Aid (2018), and 
the CCKP (2020). Various climate models produce only 
slightly varying projections for temperature increase 
while presenting di'ering anticipations for changes in 
rainfal patterns. !e accuracy of Ethiopia’s projected 
rainfall remains uncertain. Nevertheless, projection sug-
gest a marginal increase in the country’s cumulative 
rainfal (USAID, 2015; IPCC, 2019; CCKP, 2020). !e 
high-emission scenarios: projected to result in a relative-
ly low mean annual rainfall rate, which increase signi#-
cantly by the end of the century (CCKP, 2020).

!e phenomenon of climate change has already had 
a signi#cant adverse impact on various aspects of peo-
ple’s livelihoods, with projected future exacerbations as 
posited by the IPCC, (2019). According to Mahoo et al. 
(2013), there is a signi#cant susceptibility of Ethiopia’s 
economy to the impacts of climate change and variabil-
ity. !e projected posits that by the year 2050, the gross 
domestic product (GDP) of Ethiopia may experience a 
decline ranging from 8% to 10%. (CIAT; BFS/USAID, 
2017; World Bank, 2021) !is decline is mainly attrib-
utable to the impact of climate change on agricultural 
productivity, with drought serving as a major contribut-
ing factor (CIAT; BFS/USAID, 2017). !e nation’s gross 
domestic product (GDP) has been negatively impact-
ed by up to 4% as a result of recent severe droughts 
(USAID, 2016) Furthermore, it has been projected that 
rain-induced soil erosion may lead to an additional 
decrease in GDP by approximately 1% (CGIAR, 2018). 
However, the #nancial consequences of these environ-
mental factors are primarily contingent on the levels of 
rainfall received annually, as well as the variations and 
extremes of temperature (CGIAR, 2018). 

Furthermore, global warming is projected to have 
a signi#cant impact on agriculture water availability in 
Africa.in particularly in Ethiopia Agriculture. !e litera-
ture suggests that there will be a reduction in growing 
periods and an increase in water stress in many parts 
of the continent (World Bank, 2021). Speci#cally, stud-
ies have shown that the expected warming patterns in 
Ethiopia may exacerbate current rainfall de#cits, leading 
to elevated levels of water scarcity (MoFE, 2015; USAID, 
2016). Moreover, research indicates that there exists a 
negative correlation between annual rainfall and the 
productivity of important crops such as millet, sorghum, 
and maize in the northern region of Ghana (Ndamani 
and Watanabe, 2015). Additionally, there is evidence that 
rising temperatures, coupled with an increase in the fre-
quency and intensity of droughts, have had a signi#cant 
impact on Ethiopia’s grain yield (WFP, 2014; USAID, 

http://Africa.in
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2015; World Bank, 2019). According to Shanahan et al. 
(2013), it is anticipated that there will be an increase in 
&ooding and extreme rainfall, causing substantial det-
rimental impacts on Ethiopian production output and 
environmental conditions. Low temperature extremes 
are a critical determinant of the pace of plant growth 
and development, and the distribution of plant geno-
types in diverse geographic localities across the globe 
(Ramankutty et al., 2008; Yadav, 2009). !e research 
conducted by Maulana and Tesso (2013) indicates that 
the impact of cold extremes on the growth rate and 
duration of &owering of sorghum plants di'ers across 
various genotypes in the semi-arid region of Ethiopia.

Rainfed cereal production and limited livestock 
rearing support households in semi-arid Rift valley. 
High rainfall variability and drought cause crop fail-
ure and famine in the central ri% valley (Kassie et al., 
2013; Getent and Alister, 2012). !e region is a signi#-
cant land portion of the country that is environmen-
tally vulnerable to climate change (Kassie et al., 2013; 
Hadgu et al., 2013; Muluneh, 2017). In order to develop 
e'ective climate change adaptation strategies for agri-
cultural systems, an investigation into both the vari-
ability and predictability of forthcoming rainfall and 
air temperature changes is imperative (!ornton et al., 
2009; Kassie et al., 2013). !e task of monitoring chang-
es in regional climate is vital for exploiting agricultural 
advancements that could potentially heighten productiv-
ity, while concurrently steering clear of circumstances 
that may give rise to substantial stress (!ornton et al., 
2009). !e ability to accurately climate change projection 
patterns is largely contingent upon the availability of 
regional climatological data, as highlighted in previous 
research conducted by Oates et al. (2011). According to 
Ghosh and Mujumdar (2008), Global Circulation Models 
(GCMs) represent the most accurate means of modeling 
the response of the global climate system presently avail-
able. According to the Intergovernmental Panel on Cli-
mate Change’s (IPCC, 2007), General Circulation Mod-
els (GCMs) are capable of providing estimates for altera-
tions in multiple meteorological factors at grid cells typi-
cally measuring 250 km in width and 600 km in length. 
Consequently, the resolution they achieve is somewhat 
coarse. However, the results produced by General Cir-
culation Models (GCMs) are seldom in a format that is 
applicable to a regional level, and substantial analysis 
is required prior to practical usage, to assess potential 
e'ects and suitable adaptation approaches (Jones and 
!ornton, 2013). !e attainment of enhanced spatial res-
olution can be accomplished by down-sampling the out-
puts generated by coarse-scaled global climate models 
(GCMs). !e climate impact community mostly accept-

ed these methodologies that demonstrate empirical cor-
relations between the output (predictors) of coarse-scale 
GCMs and local or station scale predictands (rainfall 
and/or) (Fowler et al., 2007; Green et al., 2011). Research 
on the implications of future climate change for agri-
cultural production in the semi-arid ri% valley of Ethi-
opia is currently is not enough or even lacking in most 
sorghum producing areas. Despite the importance of 
obtaining locally-relevant information on future climate 
patterns to develop e'ective adaptation strategies, no 
more as such studies have been conducted in this region. 
!erefore, the purpose of this study was to characterize 
and analyze the rainfall and air temperature outputs at a 
local scale, derived from selected GCMs climate change 
scenarios in the semi-arid ri% valley of Ethiopia’s sor-
ghum producing region. Noteworthy, rainfed crop pro-
duction in this area has experienced substantial growth 
in recent years (Jansen et al., 2007).

2. MATERIALS AND METHODS

2.1. Description of the study areas

!e prominent geological feature of the Main Ri% 
Valley in Ethiopia is characterized by its intricate ter-
rain, which is marked by noteworthy tectonic escarp-
ments that demarcate the ri% &oor from the adjacent 
plateaus. According to Corti (2013), this area is situated 
between the topographical elevations of the Ethiopian 
and Somali Plateaus. According to Keir et al. (2005) and 
Agostini et al. (2010), it is presently postulated that the 
faults situated in the northern Ri% valley escarpment 
are in a state of quiescence. However, in the southern 
region, they are expected to remain tectonically and 
seismically active. !e Ethiopian highlands are a notable 
geographical feature, resulting from the formation of the 
Main Ri% Valley on either &ank, as observed by Agostini 
et al. (2010).

!is study focuses on the semi-arid ri% valley of 
Ethiopia, which is located from 38o.07’–41o.11’E and 
7o.85’-12o.42’N. It includes the heart and corridor of the 
Ethiopian Ri% Valley, and encompasses semi-arid low-
lands in the northwest and eastern areas. !e CRV has 
a central valley &oor at 1500-1700 m a.s.l. and is &anked 
by northern, western, and eastern escarpments exceed-
ing 4000 m a.s.l. (Jansen et al., 2007). !e CRV has a 
weak bi-modal rainfall pattern, typical for the central, 
eastern, and northern parts of Ethiopia. Valley &oor 
gets 175-358 mm rain in the short season (Mar-May) 
and 420-680 mm in the main season (Jun-Sep). Eastern 
and northern ri% valleys escarpments get 833 mm in the 
main season and 603 mm in the short season annually. 
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Andosol (orthic) is the most dominant soil, followed by 
phaeozems (ortic) and chromic luvisols (orthic) (FAO, 
1984), due to the prevalence of silt and ash (white, vol-
canic) with high-water in#ltration capacity. Due to agri-
culture and dense population, the &ora is scarce, causing 
soil erosion in sloping areas with andosols.

Cereals, including te', maize, sorghum, common 
beans, and wheat are the main crops. Past rainfall was 
analyzed for eleven stations in the CRV &oor and its 
semi-arid escapements. Studied areas: CRV &oor (Adami 
Tullu, Melkassa, Dhera, Matahara, Mieso, Melka Werer), 
Easter RV escapement (Abomsa, Gololcha), and north-
ern RV escapement (Kobo, Sirinka, Alamata). All known 
for sorghum production and similar weather.

2.2. Historical meteorological data and future climate sce-
narios analysis

National Meteorology Agency Service (NMAS) pro-
vided historical daily rainfall, maximum and minimum 
air temperature data for di'erent locations across the 
study region from 1989 to 2019. !ese climate data were 
used as baseline data to prepare local future climate sce-
narios. !e site-speci#c future climate change scenarios 
were generated following the Agricultural Model Inter 
comparison and Improvement Project (AgMIP) tech-
nique, which uses the delta statistics approach (Hudson 
and Ruane, 2015). Downscaled future climate data as 
shown in Table 1 derived from #ve ensemble representa-
tive GCMs, namely, CSIRO-Mk3.6.0, HadGEM2-ES, 
IPSL.CM5A-MR, MIROC5 and MRI.GCM3 were select-
ed out of the 20 GCMs that are available in the AgMIP 
climate scenario (Hudson and Ruane, 2015; Rosenzweig 
et al., 2015) ensembled  for two RCP’s (RCP 4.5 and RCP 
8.5) and two time periods; 2050s (2040-2069) and 2080s 
(2070-2099) including the baseline scenario (1989-2019). 
!ese #ve GCMs were selected due to their long history 
of development and evaluation, a preference for higher 
resolution, and established performance in monsoon 
regions (Rosenzweig et al., 2013b).

!e name of the global circulation models (GCM’s) 
used for this study and their institutions is presented 
in Table 1. !e projected future scenario data applied 
to analysis and characterize the future climate change 
in sorghum growing semi-arid Ri% Valley under the 
medium (4.5 W/m2) and maximum (8.5 W/m2) irradi-
ance energy striking the earth.  RCPs usually refer to 
the portion of the concentration pathway extending up 
to 2100, for which Integrated Assessment Models have 
produced corresponding emission scenarios (IPCC, 
2013). !e RCP 8.5 is a high emission scenario, corre-
sponding to projections of high human population (12 

billion by 2100), high rates of urbanization, and limited 
rates of technological change, all resulting in emissions 
approaching 30 Gt of carbon by 2100 compared with 
8Gt in 2000 (Riahi et al., 2007). !e RCP 4.5 scenario 
is an intermediate mitigation scenario characterized by 
a continuously increasing human population, but at a 
rate lower than in the RCP 8.5 scenario, intermediate 
levels of economic development and less rapid and more 
diverse technological change (Moss et al., 2010).

!e projected changes of air temperature were cal-
culated absolute di'erence (eq. 1) and the rainfall rela-
tive change of percentage(eq. 2), respectively.

AT = Tmp – Tmb (1)

RF% =  *100 (2)

where AT is the absolute change of temperature, Tmp 
= projected temperature and Tmb baseline temperature 
and RF% = relative change of percentage of rainfall, RFp 
= projected rainfall, and RFb is baseline rainfall.

2.3. Data quality check and analysis of indices

Data quality control is essential for reliable indices. 
!e data displayed for visual inspection and the detec-
tion of outliers to prevent potential issues that could 
a'ect the seasonal cycle (Abbas et al., 2013). !e Expert 
Team on Climate Change Detection, Monitoring and 
Indices (ETCCDMI) of the Climate Research Branch of 
the Meteorological Service of Canada created the data 
and the technique in the RClimDex 1.3 program was 
used to further quality check the data. Its key function is 
to detect processing errors, including manual data entry 
mistakes. An assessment was done on daily air tempera-
tures, and any values outside the user’s range are con-
sidered outliers. Zhang et al. (2005) de#ned the #ndings 
within the range of the climatological mean value and 
four standard deviation (SD). !e daily temperature was 
manually assessed and edited if it deviated from the pre-
scribed range. RClimDex (1.3) computes 27 indices for 
extreme weather conditions in temperature and rainfall. 
ETCCDMI de#ned 27 core indices that include the most 
R.ClimDex (V.1.3) indices. In the study, 8 temperature 
indices and 10 rainfall indices were analyzed (Table 2).

2.4. Analysis of rainfall and air temperature indices trends 

 Non-parametric technique in Excel, the Mann-Ken-
dall and Sen’s (MAKESEN) slope estimator test utilized 
to #nd trends in the climate variables caused by climate 
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 (4)

!e presence of a statistically signi#cant trend was 
evaluated using the Z value. A positive or negative val-
ue of Z indicates an upward or downward trend. !e 
statistic Z has a normal distribution. In a two-sided 
test for trend, the null hypothesis Ho should accept if 
|ZMK|<Z1Tα2 at a given level of signi#cance. Z1Tα2 
is the critical value of ZMK from the standard normal 
table. e.g., for 5% signi#cance level, the value of Z1Tα2 
is 1.96…

)e Sen’s estimator of slope; to estimate the true 
slope or magnitude of an existing trend (as change per 
year). !e Sen’s method can be used in cases where the 
trend can assume to be linear. !is method could be 
used with missing data and remain una'ected by out-
liers or gross errors (Karpouzos et al., 2010). !en, the 
slope magnitude (change per unit time) was estimated 
for both rainfall and temperature:

Q = Q    if N is odd number (5)

Q = (Q  + Q )   if N is even (6)

2.5 Determination of the start, end, and length of growing 
period

Various authors use di'erent threshold values to 
determine the start (SOS) and the end of the growing 
season (EOS). !e criteria used in this study were a rain-
fall of 20 mm or more accumulated over three consecu-
tive rainy days a%er a speci#ed date (in this case June 
#rst) with no dry spell greater than 9 days in the next 21 
days (Girma, 2005; Liben, 2013; Edao et al., 2018). SOS is 
calculated as (eq. 7):

SOS = D  (7)

where; D is the total number of days in the #rst month 
with e'ective rain (MER: accumulated rainfall totals 
equal or exceeds 20 mm). F (mm) is the accumulated 
rainfall total of earlier months and R is the accumulated 
rainfall within the MER. 

Moreover, the end of the season (EOS), was de#ned 
as the date when the available soil water content 
dropped to 10 mm m-1 of available water (Dodd and Jol-
lite, 2001; Tesfaye and Walker, 2004; Girma, 2005; Liben, 
2013; Edao et al., 2018) in October. Rainfall end dates 
were also calculated using (eq. 8):

EOS = b + 275 (8)

where EOS is  any day from 1st October a%er which 
there are more than 7 consecutive days of rainfall 
amounts below 50% of the soil water requirement and 
“b” denotes the number of days in which there is maxi-
mum build-up of pre-season moisture.

!e Length of the growing period (LGP): is a key 
factor in deciding on the maturity of cultivars to be 
grown in dissimilar rainfall regimes. !erefore, LGP is 
considered as the period from the SOS to the EOS. (eq 9)

LGP = EOS – SOS + 1 (9)

3. RESULTS AND DISCUSSIONS

3.1. Projected change of air temperature in the semi-arid 
ri" valley 

3.1.1. Projected change of maximum and minimum air 
temperature

!e #ndings of this study reveal that the projected 
future mean annual minimum and maximum air tem-
peratures across several locations in the semi-arid Ri% 
Valley will increase under both RCP scenarios (4.5 and 
8.5) and time frames (2050s and 2080s) based on an 
ensemble of #ve General Circulation Models (GCMs) 
namely CSIRO-Mk3.6.0, HadGEM2-ES, IPSL CM5A-
MR, MIROC5, and MRI-GCM3 (Table 3). Only in Mel-
ka Werer there is no value in 2080 for the mean annual 
maximum air temperature due to high uncertainty in 
period of RCP 8.5, while the other studied areas will 
experience an increase in air temperature. Furthermore, 
the study indicates that the average increase in mini-
mum air temperature in the CRV region could poten-
tially reach 1.91 °C and 2.56 °C under the RCP 4.5 sce-
nario in 2050s and 2080s and under the RCP 8.5 in the 
year 2050s and 2080s and 2.61 °C and 4.82 °C respective-
ly (Table 3). For RCP 4.5, the mean of the projected min-
imum air temperature increase in the Eastern(ERVE) 
and Northern Ri% Valley Escapements(NRVE) is 1.8°C 
and 2.57 °C, and 1.88 °C and 2.66 °C by mid-century 
and end of century respectively. !e projected increase 
for the RCP 8.5 in the mid and end of the century are 
much higher, up to 2.53 and 4.76 °C and 2.67 and 4.88 
°C, respectively (Table 3).

Based on the #ndings stated earlier, the minimum 
air temperature is projected to be higher in the NRVE 
followed by CRV then ERVE in both analyzed peri-
ods and scenarios (Table 3). !e end of the century, 
the minimum air temperature in both scenarios will be 
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warmer compared to the mid-century. Within the stud-
ied three locations, the highest change in minimum air 
temperature is projected in Abomsa and the lowest will 
be encountered in Adami Tullu across all stations exam-
ined, in both time frames (2050s and 2080s) and sce-
narios (4.5 and 8.5) (Table 3). Table 3 reveals that both 
emission scenarios (4.5 and 8.5) exhibit a trend of 2080s 
minimum air temperatures will be warmer compared 
to baseline period (1989-2019) during the mid-century 
across all stations examined. Speci#cally, the RCP 4.5 
displays this pattern at all analyzed stations.

For the RCP 4.5, the projected mean change in the 
maximum air temperature of the CRV &oor is projected 
to rise in 1.59 and 2.18 °C for the periods of 2050s and 
2080s, respectively (Table 3). Similarly, for the RCP 4.5, 
it found that the mean change of the projected maxi-
mum air temperature rise in the ERVE and NRVE will 
be 1.42 and 2.08 °C and 1.46 and 2.09 °C, respectively, 
for the periods of 2050s and 2080s. Furthermore, in the 
RCP 8.5 the projected changes in the maximum air tem-
perature will be identi#ed as increasing by 2.16 and 3.85 
°C in the CRV &oor, 2.04 and 3.45 °C at ERVE, and 2.08 
and 3.76 °C in the NRVE during the periods of 2050s 
and 2080s, respectively (Table 3). !e analysis indicated 
that the projected maximum air temperature towards 
2080s will be warmer than 2050s expected for CRV dur-
ing 2080s and less warm than in 2050s (Table 3). !e 
CRV will experience higher air temperatures under the 

RCP 4.5 in both 2050s and 2080s compared to the ERVE 
and NRVE areas. Additionally, during the 2050s period, 
the CRV will be even warmer compared to the baseline 
period (1989-2019), in contrast to the ERVE and NRVE 
areas for the RCP 8.5.

In the coming decades, speci#cally during the 2050s 
and 2080s, it is projected that the mean air temperature in 
the CRV, ERVE and NRVE areas will rise signi#cantly in 
both emission scenarios (4.5 and 8.5). !e projected mean 
air temperature increase will be around 1.85 °C, 1.62 °C, 
and 2.52 °C for the RCP 4.5, and around 2.55 °C, 2.33 °C, 
and 2.84 °C for the RCP 8.5 during 2050s respectively in 
CRV, ERVE and NRVE. Towards the end of the century, 
there is an expected rise in the mean air temperature in 
the CRV, ERVE, and NRVE areas to be around 2.37 °C, 
2.29, and 2.39 °C for the RCP 4.5, and around 4.19, 4.1 
and 4.34 °C for the RCP 8.5, respectively (Table 3).!is 
con#rms IPCC’s (2014) postulation that the average tem-
perature will increase by 2-3 °C by the mid-century and 
by 4-6 °C by the end of the 21st century over East Afri-
ca including Ethiopia. !e projected future temperature 
increase was also shown by Gebrechorkos et al. (2023), 
Weldegebriel and Prowse (2013) for East Africa, by World 
Bank (2022) particularly in Ethiopia, by Adem and Abebe 
(2022) in Northern Ethiopia, by  Teshoma (2022) in East-
ern Ethiopia, and by Kassie et al. (2013) in CRV.

!e change in the projected future mean air tem-
perature is more dramatic in minimum air temperature 

Table 3. Projected change of annual air temperature in CRV, &oor, ERVE, and NRVE of Ethiopia in 2050s and 2080s using #ve GCM mod-
els for RCP 4.5 and RCP 8.5 scenarios.

Locations /Sites 
LSites

Minimum Temperature change Maximum Temperature change Mean Temperature change 

2050 2080 2050 2080 2050 2080

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

CRV

AdamiTullu 1.66 2 2 3.65 1.46 2.33 2.34 4.36 1.56 2.17 2.17 4
Melkassa 1.84 2.61 2.55 4.91 1.43 2 2.05 3.61 1.63 2.3 2.3 4.26

Dhera 1.83 2.60 2.54 4.91 1.43 2 2.05 3.61 1.63 2.3 2.29 4.26
Abomsa 2.28 3.06 2.89 5.36 1.88 2.45 2.3 4.03 2.8 3.75 2.54 4.69

Matahara 1.95 2.75 2.68 5.03 1.94 2.10 2.17 3.68 1.94 2.42 2.43 4.35
Melka Werer 1,90 2.67 2.72 5.03 1.44 2.08 2.19 - 1.67 2.36 2.46 3.59

mean 1.91 2.61 2.56 4.82 1.59 2.16 2.18 3.85 1.87 2.55 2.37 4.19

ERVE
Mieso 1.78 2.46 2.6 4.78 1.42 2.09 2.03 3.61 1.6 2.32 2.27 4.19

Gololcha 1.82 2.59 2.54 4.74 1.41 2.04 2.06 3.28 1.62 2.32 2.3 4.01
mean 1.8 2.53 2.57 4.76 1.42 2.07 2.05 3.45 1.62 2.32 2.29 4.1

NRVE

Kobo 1.9 2.8 2.7 4.9 1.9 2.1 2.0 3.8 1.7 3.85 2.45 4.4
Sirinka 1.77 2.55 2.45 4.77 1.44 2.05 2.12 3.67 1.605 2.3 2.285 4.22

Alamata 1.97 2.65 2.84 4.97 1.44 2.1 2.07 3.81 1.71 2.38 2.46 4.39
mean 1.88 2.67 2.66 4.88 1.46 2.08 2.09 3.76 2.51 2.84 2.39 4.34

CRV=central ri% valley, ERVE=eastern ri% valley escapement, NRVE= northern ri% valley escapement.
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output of #ve global circulation models (GCMs), name-
ly, CSIRO-Mk3.6.0, HadGEM2-ES, IPSL-CM5AMR, 
MIROC5, and MRI -GCM3, suggests a mixed change in 
most of the stations located in the CRV &oor and ERVE. 
!e range of this decline is estimated to be between 
0.6% (Dhera)-5.5% (Melka Werer) and 0.32% (Mieso) 
during the 2050s in the RCP 4.5, relative to the base-
line period(1989-2019). Towards the 2080s, compared 
to the reference period of 1989-2019, it is projected that 
the annual average rainfall will decrease signi#cantly 
in various regions. Speci#cally, the CRV &oor, ERVE 
and NRVE are predicted to experience declines rang-
ing from 0.67% (Melkassa)-10.1% (Melka Werer), 3.1% 
(Gololcha)-4.9% (Mieso), and 0.9% (Alamata)-4.6% 
(Sirinka) under RCP 4.5. !e projected future annual 
rainfall as presented in Table 6, in some analyzed areas 
will be expected to rise in the range of 0.9 (Matahara)-
12.3%(Abomsa), 22.3% (Golocha) and 6.1 (Alama-
ta)-14.6% (Sirinka) respectively in the CRV, ERVE and 
NRVE during 2050s. In the other hands, the projected 
total annual rainfall will expected to be rise in NRVE 
in range of 6.1% (Alamata)-14.6% (Sirinka) during 2050s 
for the RCP 4.5.

!e mid-century ensembles for mean annual rain-
fall in Ethiopia suggest signi#cant uncertainty regard-
ing both the magnitude and direction of changes across 
the models, particularly with respect to the RCP 4.5 
(McSweeney et al., 2008; USAID, 2015). Various reports 
have o'ered distinct projections regarding the mean total 
rainfall in di'erent regions of Ethiopia. For instance, 
some have suggested a decrease in north-east Ethiopia 
(MoFE, 2015), while others have predicted an increase 

in north Ethiopia (Adam and Abebe, 2022) and eastern 
Ethiopia (Teshoma et al., 2022). Meanwhile, other studies 
have observed a decrease in the CRV (Kassie et al., 2013) 
as well as northern Ethiopia (MoFE, 2015). In general, 
reported by McSweeney et al. (2008), di'erent models 
projected in the ensemble are broadly consistent in indi-
cating increases in annual rainfall in Ethiopia.

In a congruent manner, the RCP 8.5 projected for 
the 2050s and 2080s exhibits a discernible pattern of 
annual total rainfall increase across all examined loca-
tions (Table 6). In the context of a RCP 8.5 during the 
2050s, the researched locations within the CRV, ERVE 
and NRVE will predicted to experience an annual 
increase in total rainfall within the ranges of 1.3-13.7%, 
7.5%, and 16-18.4%, respectively (Table 6). Conversely, 
towards the 2080s under the same RCP 8.5, substantial 
increases in total rainfall will expected, with ranges of 
9.3-40.9% for the CRV, 22.3% for the ERVE, and 31.3-
32.5% for the NRVE (Table 6). !is result is consist-
ent with the reports of CCKP (2020), the annual mean 
rainfall slightly increases by the 2080s, under RCP 8.5 
in Ethiopia and as reported by Nikulin et al. (2018) and 
Osima et al. (2018) the projected mean annual rainfall 
will be higher, particularly in the eastern parts of east 
Africa will expected.

Seasonal rainfall’s change. As presented in Table 6, 
the ensemble output of the Global Circulation Models 
(GCMs) indicates a projected decrease in the future main 
rainy season rainfall. !is reduction is expected to occur 
within the range of 1.45% to 53.8%, across more than 50% 
of locations in the CRV area. Only Mieso in ERVE exhib-
ited such a decrease in 0.83% of rainy season rainfall. !e 

Table 5. Trends in air temperature indices in the baseline period (1989-2019) and in 2050s and 2080s for the selected three stations in CRV 
&oor, ERVE, and NRVE of Ethiopia under RCP 4.5 and 8.5 scenarios.

Parameters

CRV &oor ERVE NRVE

Melkassa Miesso Kobbo

baseline RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 baseline RCP 4.5 RCP 8.5

2019 2050 2080 2050 2080 2019 2050 2080 2050 2080 2019 2050 2080 2050 2080
TXx 0.071 0.072 0.076 0.07 0.068 0.022 0.004 0.004 0.001 0.0012 0.035 -0.017 -0.013 0.05 -0.13
TNx 0.0095 0.022 0.028 0.026 0.033 0.053 0.057 0.053 0.056 0.053 0.036 0.03 0.031 0.03 0.033
TXn 0.067 0.071 0.067 0.067 0.065 0.066 0.058 0.063 0.067 0.068 0.065 0.15 0.14 0.15 0.14
TNn -0.01 0.004 0.002 0.002 0.005 0.01 0.025 0.024 0.02 0.034 0.015 -0.025 -0.02 -0.008 -0.015
TN10P -0.035 -0.05 -0.04 -0.04 -0.046 -0.39 -0.305 -0.32 0.305 0.31 0.19 0.11 0.13 0.11 0.125
TX10P -0.26 -0.18 -0.19 -0.18 -0.19 -0.15 -0.11 -0.15 -0.11 -0.15 -0.41 -0.17 -0.19 -0.17 -0.19
TN90P 0.21 0.14 0.14 0.15 0.14 0.42 0.24 0.25 0.24 0.25 0.29 0.103 0.11 0.103 0.11
TX90P 0.31 0.23 0.23 0.23 0.23 0.18 0.11 0.12 0.12 0.12 0.65 0.23* 0.22* 0.22* 0.23*

Bolds #gures  indicates statistical signi#cance at less than 5% alpha level.
CRV=central ri% valley, ERVE=eastern ri% valley escapement, NRVE= northern ri% valley escapement.



59Analysis of projected climate change in sorghum growing semi-arid ri% valley of Ethiopia

projected main rainy season in the CRV and ERVE will 
be more mixed change during mid-century in the RCP 
4.5 (Table 6). However, in the NRVE, an increase rang-
ing from 9.2% to 19.15% is expected during the 2050s in 
the RCP 4.5 compared to the base period. In contrast to 
the base period at the 2080s, it is projected that there will 
be a decrease in the amount of rainfall during the main 
rainy season across all examined regions under the RCP 
4.5 expected Abomsa increase (Table 6). According to 
the projections based on the RCP 8.5, it is projected that 
the main rainy season will experience an increase of 6.6-
16.2%, 0.8%, and 20.9-22.5% in the CRV &oor, ERVE and 
NRVE, respectively, during 2050s, relative to the baseline 
period. In the present study, it found that an increase in 
the percentage of the main rainy season is expected dur-
ing the 2080s. Specifically, the CRV floor, ERVE and 
NRVE will be expected to experience an increase in the 
range of 7.9-33.2%, 9.2-43.8%, and 34.3-55.6%, respec-
tively, in comparison to the baseline period spanning 
from 1989 to 2019. Moreover, the mean result indicated 
a decrease in the projected future main rainy season for 
Melkassa and Adami Tullu, while an increase will be 
observed for Abomsa under both time frames (2050s and 
2080s) and scenarios (4.5 and 8.5) (Table 6). !e similar 
reports indicated that (Gutierrez et al., 2021; Otieno and 
Anyah, 2013; Kent et al., 2015) the projected future main 
rainy season mean rainfall will expected to increase 
under 2080s in east Africa. 

Compared to the baseline period, it is projected that 
the mean short rainy season rainfall in the semi-arid 

Ri% Valley of Ethiopia will experience a notable increase 
in the future.in both emission scenarios (4.5 and 8.5) 
and time frames (2050s and 2080s). However, it is pro-
jected that there will be a decline in rainfall in the loca-
tions of Dhera, Melka Werer, and Mieso by 2050s in 
RCP 4.5 and decrease at Dhera, Melka Werer and Sirin-
ka by 2080s in RCP 4.5 (Table 6). !is result was con-
#rmed with the reports of Masilin et al. (2020), during 
the short rainy season, a longer rainfall projected over 
East Africa.

Regarding the local e'ects of climate variables, the 
signi#cance of seasonal values is much more relevant 
than that of annual values. !e projected mean seasonal 
rainfall will be expected to increase in the short rainy 
season than the main rainy season and more increase in 
NRVE than CRV and ERVE (Table 6). Current research 
suggests that an increase in rainfall is likely to give rise 
to a rise in crop productivity. Furthermore, it has been 
observed that crop productivity is notably more respon-
sive to variations in rainfall compared to those in tem-
perature (Kang et al., 2009). Moreover, it is crucial to 
employ moisture harvesting techniques to optimize crop 
production.in regions.

3.2.2. Projected future rainfall extremes trends

Maximum 1- and 5-days rainfall (R1xdays and 
R5xdays). !e analysis of trends in the projected future 
maximum average rainfall for R1xdays and R5xdays, 
as presented in Table 7, reveals that there will be a dis-

Table 6. Projected changes in percentage (%) of the annual and seasonal rainfall totals in CRV &oor, ERVE, and NRVE of Ethiopia in 2050s 
and 2080s under RCP4.5 and 8.5 scenarios.

Rainfall Time 
horizon Scenarios

CRV &oor ERVE NRVE

Adami 
Tullu Melkassa Dhera Abomsa Matahara Melka

Werer Mieso Gololcha Kobbo Sirinka Almata

Annual
2050 RCP 4.5 -4.9 0.86 -0.6 12.3 0.9 -5.5 -0.32 22.3 10.2 14.6 6.1

RCP 8.5 1.3 -3.5 7.9 24.4 13.7 5.04 -4.5 7.5 -2.4 18.4 16.6

2080 RCP 4.5 -2.1 -0.67 -5.9 7.3 -2.3 -10.1 -4.9 -3.12 18.4 -4.6 -0.9
RCP 8.5 9.3 -5 19.2 40.9 26.8 15.2 -55.6 22.3 32.5 31.3 32.4

Main 
Rainy
Season

2050 RCP 4.5 -53.8 -1.45 0.62 9.1 -1.7 -8.8 -0.83 43.8 14.3 19.15 9.2
RCP 8.5 -8.5 -8.01 7.9 16.2 6.6 -0.9 -13.2 0.8 -6.02 22.55 20.9

2080 RCP 4.5 -10.4 -8.16 -6.14 0.6 -7.9 -15.05 -13.46 -10.8 23.9 -4.8 -4.35
RCP 8.5 -7.2 -18.5 18.9 33.2 20.4 7.9 9.2 43.8 34.3 55.6 34.8

Short 
rainy 
season

2050 RCP 4.5 0.9 4.8 -5.1 3.1 2.5 -1.9 -0.12 28.8 10.3 4.35 3.6
RCP 8.5 14.6 23.2 9.9 36.2 25.9 15.6 0.48 14.14 15.1 8.86 14.3

2080 RCP 4.5 5.2 6.3 -3.6 16.6 6.2 -1.8 4.2 3.7 1.3 -1.3 0.43
RCP 8.5 21.8 35.6 21.8 49.8 35.3 31.7 38.9 28.8 36.9 68 33.8

CRV=central ri% valley, ERVE=eastern ri% valley escapement, NRVE= northern ri% valley escapement.

http://future.in
http://production.in
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plementary irrigation, and a'ecting groundwater poten-
tial in the semi-arid Ri% Valley region of Ethiopia.

Consecutive dry and wet days (CDD and CWD). !e 
results of the study suggest that the projected future 
trend of maximum consecutive days with less than 1mm 
rainfall (CDD) at the Melkassa, Mieso and Kobo study 
sites will exhibit an insigni#cant increase during 2050s 
and 2080s and in RCP 4.5 and 8.5 (Table 7).Alternative-
ly, the projected maximum number of consecutive days 
with rainfall greater than 1mm (CWD) at Melkassa and 
Kobo sites will reveal an increasing trend during both 
time frames (2050s and 2080s) and emission scenarios 
(4.5 and 8.5) but decrease at Mieso in all conditions. 
!e #ndings of the study reveal that the projected future 
consecutive dry days (CDD) featuring a rainfall amount 
below 1mm (CDD) will expected to exhibit an insigni#-
cant increase in trend, while the consecutive wet days 
(CWD) characterized by a rainfall quantity greater than 
1mm (CWD) will predicted to exhibit an insigni#cant 
decrease in trend speci#cally at the locality of Mieso in 
ERVE  under RCP 4.5 and 8.5, within the timeframes of 
2050s and 2080s (Table 7). According to a report by the 
World Bank (2019), it has been con#rmed that in East 
Africa, and particularly in Ethiopia, there is a probabil-
ity of increased extremity in both dry and wet periods in 
the forthcoming.

Simple daily intensity index (SDII). The analysis 
of trends for the projected future SDII reveals a reduc-
tion in trend over the Melkassa and Kobo regions, while 
indicating an upward shift in trend over the Mieso 
region. !is trend is observable across both the RCP 
4.5 and 8.5 scenarios, except for a projected decrease in 
trend at Kobo, speci#cally in RCP 8.5 during the peri-
od spanning 2050s. !e major climate extremes that 
signi#cantly a'ect various socioeconomic activities are 
drought and &oods, in which understanding the inten-
sity and frequency of extreme is actual signi#cant (Lyon 
and DeWitt, 2012). The annual projected upcoming 
rainy day with strong variability characterized with a 
signi#cant trend during the mid and end century across 
the studied locations (Table 7). Increasing in the num-
ber of CDDS and decreasing in the number of CWDS in 
the study area, especially during the main rainy season, 
could a'ect crop growth and yield, water availability for 
irrigation, animals, and municipal uses.

3.2.3. Projected future growing season 

!e changes in the projected future onset and ces-
sation of the main rainy season in the CRV, ERVE and 
NRVE in comparison with the baseline periods (1989-
2019) presented in Table 8. !e result reveals that the 

onset and cessation of the main rainy season as well 
as the length of the growing period will vary spatially 
among the stations considered in this study.

Start of the main rainy season (SOS). !e projected 
onset of the rainy season will be expected to delayed 
in half of the studied sites by 2-4 (Dhera, Melkass and 
Abomsa) days in the CRV, by 5 (Mieso) days in the 
ERVE, and by 2 days in all sites in the NRVE during 
mid-century in RCP 4.5 (Table 8). However, extended in 
some sites in the CRV by 1-7 (Adami Tullu, Melka werer 
and Matahara) days and in the ERVE by 3 (Gololcha) 
days in RCP 4.5 during 2050s. By the 2080s, the onset of 
the rainy season will be expected to be delayed by 1-14 
(Melkassa-Melka Werer). 3 (Mieso) and 1 (Kobo) days 
in the CRV, ERVE and NRVE, under RCP 4.5. In CRV 
and ERVE, the projected onset season will be extended 
by 2-4 days and by 8 days in RCP 4.5 during 2080s. In 
RCP 8.5 in more than half of the study sites, the onset of 
the rainy season in 2050s will be expected to be delayed 
by 1-13.8, 2-3 days in CRV, ERVE, and NRVE respec-
tively (Table 8). !e rainy season’s onset will be delayed 
in most of the studies by 2-16, 1-9, and 2-4 days in the 
same location in 2080s under RCP 8.5 respectively. In 
CRV and ERVE, the onset will be extended by 4-6 and 3 
days, respectively, in 2050s and 2080s. In CRV, it will be 
extended by 4-6 days in RCP 8.5. NRVE shows no delay 
in 2050s and 2080s. Moreover, the #nding depicts, these 
changes have been observed in mixed change and more 
variability in rainy season onset expected in the ana-
lyzed areas in the upcoming. !ere will be more onset 
of the rainy season variability in RCP 8.5 than RCP 
4.5. From the regions CRV is more variable followed by 
ERVE. Signi#cant changes and variations in the onset 
of high rainy seasons will expected to occur more fre-
quently in RCP 8.5 when compared to RCP 4.5.

End of the season (EOS). !e projected end of the 
season in all examined sites is expected to be extended 
in both time frames (2050s and 2080s) and scenarios 
(4.5 and 8.5) as indicated in Table 8. Speci#cally, the end 
of the season is expected to be prolonged by a range of 
1-8, 3-4, and 1-3 days in CRV, ERVE, and NRVE areas, 
correspondingly, under RCP 4.5 during 2050s. Likewise, 
in these same areas, the end of the season is expected to 
be extended by a range of 1-4, 2-3, and 1-3 days in RCP 
4.5. However, under RCP 8.5, the end of the season is 
expected to be prolonged by 1-7 and 1-15 days in both 
time frames (2050s and 2080s). !e persistence at the 
end of the season is expected to exhibit a more notice-
able manifestation in the CRV compared to the ERVE 
and NRVE a outlet.

Length of the growing season (LGS). !e expected 
length of the growing season for the CRV, ERVE, and 
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NRVE regions during the period of 2050s under the RCP 
4.5 scenario is projected to increase by 1-2, 1-8, and 3-8 
days, respectively (Table 8). However, in the CRV and 
NRVE regions, the expected extension is projected to 
be upto12 and 3 days, respectively, during 2080s, while 
ERVE is expected to remain unchanged during the same 
period. Under the RCP 8.5 in some studied sites, the 
length of the growing season is expected to be prolonged 
by 3-9, 10, and 3-5 days, respectively, in the CRV, ERVE 
and NRVE during 2050s respectively. Additionally, in 
the same regions and scenario, the projected extension is 
expected to be 3-14, 11-12, and 5-7 days in 2080s, respec-
tively. !e existing empirical evidence suggests that sig-
ni#cant heterogeneity exists regarding the length of the 
growing period in the areas under analysis. !e current 
study presents a signi#cant observation regarding devia-
tion levels, which exhibit a pronounced increase in the 
CRV when compared to the ERVE and NRVE.

The present investigation focuses on examined 
regions, wherein the projected growing season charac-
teristics including onset, end, and length exhibit nota-
ble variations and modifications within two distinct 
time frames, namely 2050s and 2080s, as well as under 
distinct scenarios: 4.5 and 8.5, when compared with the 
base period. !erefore,the #ndings suggest that altera-
tions to agricultural practices, such as adjusting plant-
ing timing and utilizing sorghum varieties with early 
or medium maturation periods, may be necessary for 

farmers in the region to address the changes observed in 
onset and cessation dates. Management measures related 
to soil, particularly those addressing &ooding and water 
logging problems, must receive considerable attention.

4. CONCLUSIONS AND RECOMMENDATIONS

!e study shows an increasing projected annual and 
seasonal minimum and maximum air temperatures in 
the Sami-arid ri% valley of Ethiopia based on both emis-
sion scenarios (RCP 4.5 and 8.5) and time frames (205 
and 2080s). !e change in the projected future mean 
air temperature is more dramatic in minimum air tem-
perature than maximum air temperature, and the mag-
nitude of the change depends on location, emission sce-
narios, and time frames. !e results of the analysis sug-
gest that, at RCP 4.5, CRV is projected to exhibit higher 
air temperatures than two other regions, namely, ERVE 
and NRVE, in 2050. However, under RCP 8.5, NRVE is 
expected to experience greater levels of warmth during 
2080 than 2050. !e result shows that, during the main 
growing season, the NRVE will be warmer followed by 
CRV in subsequent order. Hottest day and night temper-
atures and their frequencies will increase in both time 
frames (2050s and 2080s) and scenarios at Melkassa and 
Mieso stations. However, the trend for the projected hot-
test days will decrease non-signi#cantly, while the hot-

Table 8. Projected change of SOS, EOS, and LGP   the absolute di'erence between projected and baseline periods (1989-2019) at di'erent 
stations in the CRV &oor, ERVE and NRVE of Ethiopia.

Feature Scenarios Periods
CRV &oor ERVE NRVE

A/Tullu Melkassa Dhera Abomisa Matahara M/Werer Mieso Gololcha Kobo Alamata Sirinka

SOS

Baseline 189 182 169 183 191 197 200 180 198 201 186

RCP4.5 2050 3 -2 -2 -4 7 1 -5 3 -2 -2 -2
2080 4 -1 2 -2 4 -14 -3 8 -1 0 0

RCP8.5 2050 4 -1 6 -4 -3 -13 -8 3 -3 0 -2
2080 4 -2 6 -3 -2 -16 -9 -1 -3 -4 -2

EOS

Baseline 276 276 282 284 275 275 275 283 275 275 275

RCP4.5 2050 1 2 2 8 1 0 3 4 3 3 1
2080 0 2 2 4 1 0 3 2 3 2 1

RCP 8.5 2050 1 1 2 7 1 0 3 3 2 2 1
2080 1 8 5 15 2 0 4 10 4 3 3

LGP

Baseline 87 96 113 101 85 78 75 103 77 74 89

RCP 4.5 2050 -3 2 2 2 1 -1 8 1 5 4 3
2080 -4 -1 1 1 -4 12 0 -6 3 2 0

RCP 8.5 2050 -3 0 -4 3 3 9 10 0 5 -1 3
2080 -4 8 -1 10 3 14 12 11 7 7 5

CRV=central ri% valley, ERVE=eastern ri% valley escapement, NRVE= northern ri% valley escapement.
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2) Cynodon spp. had an average water productivity of 
2.70 against 2.33 kg DM m-X of Megathyrsus maxi-
mus;

3) Irrigation management treatments did not in&uence 
crude protein (CP) levels of forage grasses but did 
a'ect average dry matter (DM) yield; 

4) Cynodon spp. had a higher CP content than Megath-
yrsus maximus and lower average DM yield under 
full irrigation.

1. INTRODUCTION

Among forage grasses, Megathyrsus maximus cv. 
Tanzania and Cynodon spp. cv. Tifton 85 (Cynodon 
nlemfuensis x Cynodon dactylon) are being used in 
different regions from Brazil for animal feed. These 
species, in particular, have been used in intensive 
rotational production systems, generally with high 
levels of fertilization and irrigation, aiming high rates 
of yield and forage quality (Lemos et al., 2019; Silva et 
al., 2019).

The use of technologies such as irrigation to 
increase livestock productivity is critical for meeting the 
growing demand for animal products; however, these 
technologies must be applied sustainably to minimize 
the impact of livestock on the environment and natural 
resources. !e aim is to increase the pasture grass yield 
through rational use of irrigation, to increase milk and 
meat production. Irrigation of pasture is an e"cient 
approach to minimize productivity losses due to rainfall 
seasonality. !is strategy mitigates the e'ects of water 
stress on forages during the dry season and keeps the 
autumn/winter stocking rate close to that achieved in 
spring and summer (Neal et al., 2011; Mazzetto et al., 
2015; Gheysari et al., 2017; Legesse et al., 2018; Yan et 
al., 2018; Balazadeh et al., 2021).

!e rotational grazing method under irrigation is a 
complex practice in which the applied water depth must 
be varied according to the stage of pasture development. 
However, several studies have shown that irrigation 
practices most o%en use a constant depth for the total 
irrigated area, not taking into account the growth stage 
of the forage plants (Snyder et al., 2015; Rolando et al., 
2017; Birendra et al., 2018).

When the irrigation depth is calculated using data 
collected from only one rotational grazing plot (refer-
ence plot), one can underestimate or overestimate the 
water consumption of pastures that present a leaf area 
index (LAI) di'erent from the reference plot (Tapparo 
et al., 2022). !e application of incorrect irrigation depth 
can increase the operational cost of the system, reduce 

the net revenue, and in&uence the quality of the grasses 
(Tapparo et al., 2019; Liao et al., 2021).

Measuring the yield and quality of irrigated forage 
grasses is important for improving irrigation manage-
ment (IM), yet there have been no controlled studies on 
the e'ects of irrigation management treatments based 
on di'erent soil depths (SD) on the yield and quality of 
Tanzania and Ti%on 85 forage crops in irrigated savanna 
areas of Brazil.

!us, this study aimed to evaluate the yield (dry 
matter) and quality (crude protein, neutral and acid 
detergent #ber) of irrigated Megathyrsus maximus cv. 
Tanzania and Cynodon spp. cv. Ti%on 85 forage grass-
es, subjected to four irrigation management treatments 
based on four di'erent soil depths. !e e'ects of irriga-
tion management treatments on yield were veri#ed as 
irrigation water productivity (IWP).

2. MATERIALS AND METHODS

2.1. Description of the experimental area

!e experiments were carried out in a rain out shel-
ter at the University of São Paulo, Brazil (22°46’39”S, 
47°17’45”W, altitude of 570 m). !e rain out shelter had 
160 mY of internal area, and 48 pots with a volume of 0.1 
mX and dimensions of 0.60 W 0.40 W 0.45 m were used 
(Tapparo et al., 2019; Chaves et al., 2021; Almeida et al., 
2022; Tapparo et al., 2022).

!e soil in pots was characterized as Oxisol Typic 
Ustox with a sandy loam texture (17% clay, 8% silt and 
75% sand). A drip irrigation system was used to apply 
water. !e experimental design was randomized with 
eight treatments (two forage grasses and four irriga-
tion management) and six replications. Irrigation man-
agement treatments were based on soil depth of 0.10 
m (IM10), 0.20 m (IM20), 0.30 m (IM30), and 0.40 m 
(IM40). Soil depth was de#ned by vertical dimension in 
the pots, to simulate di'erent conditions of soil fertility 
along the soil pro#le.

!e meteorological data obtained over the entire 
period of the experiment is given in Figure 1. !e maxi-
mum temperature ranged from 32.7 °C in July to 42 °C 
in March; the minimum temperature ranged from 12.3 
°C in July to 20.5 °C in January. !e monthly average 
of solar radiation ranged from 12.6 to 21.9 MJ m-2 day-1. 
!e relationship between the meteorological conditions 
inside a rain out shelter and the meteorological condi-
tions outside the rain out shelter are discussed in Costa 
et al. (2015) and Chaves et al. (2021).
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2.2. Grass planting and experimental conditions

Before planting the forage grasses, soil samples were 
taken for liming and fertilization. Flow uniformity tests 
were also carried out on the drippers in the experimen-
tal area, and the system provided an excellent uniformi-
ty of water distribution to the plants (93%). Four months 
before beginning the evaluation, pots were planted with 
two types of grass: Megathyrsus maximus cv. Tanzania 
and Cynodon spp. cv. Ti%on 85 (Cynodon nlemfuensis 
x Cynodon dactylon). Early planting was done so grass-
es could become well-established and cover the whole 
area of each pot. Pots were planted with Tanzania grass 
seeds, while seedlings were used for Ti%on 85 grass.

Chemical analysis of the soil from the 0-0.40 m 
layer showed that there was no need for fertilization at 
planting; but a%er establishment, a soil analysis showed 
need for fertilization. Foliar chemical analysis was also 
performed to verify the nutritional status of the plants. 
!e equivalent of 405 kg ha-1 of N, 190 kg ha-1 of K2O, 
115 kg ha-1 of P2O5 and 29 kg ha-1 of MgO was applied 
to each crop in #ve applications (three during summer 
and two in winter). Soil acidity correction and nutrition-
al management were conducted according to Van Raij 
(1997) recommendations for grasses forage based on soil 
analysis results.

Tensiometers were installed at depths of 0.10, 0.20, 
0.30 and 0.40 m, in the reference pots of each block. !e 

irrigation management was based on soil matric potential, 
using the van Genuchten model (Van Genuchten, 1980) 
according to Eq. (1) to calculate the irrigation depth:

Z ([m) = 0.246 +  (1)

where Z ([m) is the soil volumetric water content (cm3 
cm-3) as a function of the matric potential ([m) (kPa).

Irrigation management calculations were performed 
in a spreadsheet developed in Microso% Excel and used 
in other studies (Costa et al., 2020a; Costa et al., 2020b; 
Quiloango-Chimarro et al., 2021; Chaves et al., 2022). 
Treatments were kept at a moisture level correspond-
ing to a reading of -5 kPa, the value chosen as the #eld 
capacity soil without drainage (Costa et al., 2018; Costa 
et al., 2019).

!e irrigation depths applied in the di'erent irriga-
tion management treatments (IM10, IM20, IM30, and 
IM40) were based on soil depths di'erent of 0.10, 0.20, 
0.30, and 0.40 m, which a'ect the amount and frequen-
cy of water applied to each plot. !e experiments were 
conducted over eleven months (December/2016 to Octo-
ber/2017), and involved eleven cuts of each forage grass 
(approximately 30 days of growth cycle) to simulate rota-
tional grazing utilization.

2.3. Leaf water potential (LWP)

A Scholander chamber (model 3005) was used. Leaf 
samples were taken to the laboratory packed in ice to 
prevent necrosis or destruction of tissues and cells (Cos-
ta et al., 2018; Costa et al., 2020a; Costa et al., 2020b). 

Six to eight leaves were collected from each pot 
between 6h00 and 6h30. !e Ti%on 85 grass samples 
included the entire tiller, while only leaves of Tanzania 
grass were collected. Before reading LWP, the leaves 
were standardized as follows: for Tanzania grass, the 
central part of the leaf was used without the central rib, 
as it was veri#ed that pressing on the central rib caused 
pressure leakage; for Ti%on 85 grass, only the 2+ or 3+ 
leaves were used.

2.4. Biomass production

Grass cutting in each pot was performed manually. 
Samples were taken from 0.18 to 0.24 m and 0.06 to 0.10 
m for Tanzania and Ti%on 85, respectively. !is cut-
ting height is the lowest for these species in rotational 
grazing systems with irrigation. Plant height (PH) was 
non-destructively measured using a ruler and a sheet 
of transparent acetate #lm placed next to each plant. 

Figure 1. Monthly averages and standard deviations of weather data 
during the period of the experiment inside the rain out shelter.
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ence plot of the area under simulated grazing conditions 
was su"cient to maintain optimal levels of DM yield in 
the other irrigated plots with variable soil depth.
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est normalized root mean square error (nRMSE). Con-
sequently, the study evaluates the performance of the 
GCMs in predicting precipitation and temperature in 
the Iraq region by generating 2958 models, derived from 
the 29 models, 102 stations. !e detail of the method 
can be found in Keskin and Terzi (2006)

3.3. Assessment of the GCM models

In order to determine the success of the downscaled 
GCMs in predicting precipitation observed with ANN-
based models, four quantitative performance evaluation 
criteria were applied. As explained in Equations 1-4, 
these are Nash coe"cients (NSE), normalized root mean 
square errors (nRMSE), Kling-Gupta e"ciency (KGE), 
and !e Modi#ed Index of Agreement (md) (McMahon 
et al. 2015). As a result, the most successful method of 
model determination has been !e Comprehensive Rat-
ing Index (CRI) method (Equation 5), which allows for 
ranking among the models by making a joint evaluation 
of all methods involved. Among these coe"cients, NSE, 
KGE, and md are close to 1, and md to zero indicates 
that the model’s success has increased. A CRI value of 1 
indicates that a model is most successful.

 (1)

 (2)

 (3)

 (4)

 (5)

Where, Pobs,i and are the observed and simulated 
values, respectively,  and  are the average observed 
and simulated values, respectively, and N is the number 
of data

4. RESULTS

4.1. Performance evaluation of GCMs

A compatibility analysis is conducted between the 
observed total precipitation data from 1979-2005 in the 
Iraq region and the predicted precipitation data derived 
from the CMIP5 model. Based on four statistical per-
formance criteria, Figure 3 evaluates the predicted and 
observed precipitation values using 29 di'erent GCMs 
of the CMIP5 model. !ese results indicate that the suc-
cess of the models varies depending on the criteria. For 
example, a successful model is found to be FGOALS-g2 
based on the NSE, KGE, and nRMSE values, whereas 
NorESM1-ME is successful based on the MD value. Due 
to this, it would be more realistic to determine the most 
successful models based on the CRI value, which evalu-
ates the model performance by considering all criteria. 
!e distribution of the calculated CRI values for each 
of the models used is shown in Figure 4. Further, Fig-
ure 5 shows the ranking of each model based on the CRI 
values. !erefore, nine GCM models have an acceptable 
CRI value (CRI>0.5). Furthermore, two of these models 
have an average CRI value above 0.6. !ese models are 
NorESM1-ME and FGOALS-g2.

!e numbers in the heat map represent the rank 
of models. For example, the most successful model 
rank value in this is 1, while the worst is 29. !e CRI 
results show that the NorESM1-ME, FGOALS-g2, and 
NorESM1-M models generally perform well in estimat-
ing the historical precipitation of the region. Figure 5 
shows that NorESM1-ME is the most accurate model 
according to average ranks. !is model was the most 
successful at 15 stations and among the top #ve most 
successful models at 57 stations.

On the other hand, the FGOALS-g2 model was the 
most accurate at more stations (17 stations) than the 
NorESM1-ME model. However, this model was among 
the top #ve most successful models at 44 stations. In 
addition, the third-best model, NorESM1-M, was the 
most successful model at only four stations and was 
among the list of the #ve most successful models at 29 
stations. While the NorESM1-ME model can be consid-
ered the best-representing model for Iraq in general, it 

Table 3. List of used predictors.

Predictor variables Units Pressure level Number of 
Variable

Air temperature K 200,300,500 ,850 4
Air pressure at sea level Pa Sea level 1
Relative humidity % 200,300,500 ,850 4
Jeopatential height M 200,300,500 ,850 4
Near-surface temperature K Surface 1
Precipitation Kg m-2 s-1 Surface 1
Air pressure Pa Surface 1
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Figure 5. !e heat map of 29 CMIP models based on the CRI ranking.
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for spring, autumn, and winter, respectively. While 
the highest percentage of the decrease occurred in the 
autumn in the southern region, it is noteworthy that an 
increase occurred in the spring and winter in the moun-
tainous northern regions. Additionally, spring precipita-
tion was slightly increased in the eastern partially desert 
region. However, in the previous section, it was stated 
that NorESM1-ME did not produce successful results in 
northern regions. !erefore, to evaluate the future pro-
jections for the northern regions, spatial maps of the 
changes based on FGOALS-g2 and NorESM1-M, two 
successful models, are shown in Figures 7 (b) and (c). 
!is map indicates that precipitation will increase sig-
ni#cantly in the northern region during the spring and 
winter but decrease in the autumn months.

4.3. Projection of precipitations for RCP8.5 scenario

Based on the RCP8.5 scenario, future seasonal pre-
cipitation for Iraq stations will decrease in all seasons’ 
average precipitation (Figure 8). According to NorESM1-
ME, FGOaLS-g2 and NOrESM1-M, the average seasonal 
decreases were 33.52%, 36.69%, and 28.06%, respectively, 
in the spring season. !e autumn season represented 
29.93%, 29.41%, and 24.30%, whereas the winter season 
represented 11.76%, 15.16%, and 12.06%. !erefore, the 
maximum decrease is observed to be associated with 
the spring season, as indicated by all models. In this sce-
nario, precipitation decreased more than in RCP4.5, as 
expected.

Based on the RCP8.5 scenario, Figure 9 shows 
the spatial distributions of the station-based changes 
in Iraq according to historical precipitation using the 
three most accurate CMIP5 models. !e spatial distri-
bution of precipitation changes for the most accurate 

model, NorESM1-ME, is shown in Figure 9 (a). !is 
model determined that the maximum decreases could 
be as high as -71.39% in spring, -84.54% in autumn, and 
-77.57% in winter, respectively. Precipitation increases 
in the region’s east relative to RCP4.5 in spring were not 
observed in this scenario. On the contrary, the decrease 
in precipitation is seen at almost all stations except the 
northern region in spring. In autumn and winter, all 
regions except a few stations in the middle and south 
regions follow this. !erefore, when the FGOALS-g2 and 
NorESM1-M model results for the northern regions are 
evaluated, it is understood that there is an increase in 
the north only in spring, but a decrease in precipitation 
will occur in the northern regions in other seasons.

5. DISCUSSION

Climate change projections for historical (1979-2005) 
and future (2006-2100) time periods were made for 102 
stations with 29 GCM outputs published in CMIP5 for 
the Iraq region. In the study, the ability of the mod-
els to simulate historical data was evaluated, and future 
projections were made based on the three most success-
ful GCMs. According to the results of the present study, 
NorESM1-ME, FGOALS-g2, and NorESM-M ranked the 
#rst three based on the CRI value, a common evaluation 
criterion for the ability of GCMs to simulate historical 
data. It is observed that the models have an acceptable 
ability to predict precipitation in the region with moder-
ate to low accuracy. It was also found that although the 
models provide reliable precipitation predictions, they 
have weak prediction capabilities in some cases. In the 
study conducted by Abbas et al. (2022) to simulate the 
historical precipitation data of CMIP5 models with bias 
correction method over the Iraqi region, it is seen that 
the success of NorESM1-ME and NorESM1-M models 
is not parallel. In the studies conducted by Homsi et al. 
(2019) in Syria and Abbasian et al. (2018) in Iran, which 
are neighbouring border countries with similar climatic 
conditions, the ability of the NorESM1-M model to simu-
late historical precipitation data is at a good level, which 
supports the #ndings of the present study.

Although the precipitation in the region in this 
study changes partially from model to model, it is seen 
that, on average, there is a general decrease in all mod-
els. It is noted that the change in precipitation is greater 
in the RCP8.5 scenario compared to the RCP4.5 scenar-
io. It can be seen that the decreases in the southern parts 
of the region are more pronounced than in the north-
ern parts. For example, in the projection study carried 
out by Mohammed and Hassan (2022) in a local region 
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Figure 6. !e box plot of observed and future precipitation for sea-
sons according to the RCP4.5 scenario.
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