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Agronomic Performance, Nutritional Value, and Simulation of the Impacts of
Climate Change on Growth and Yield of four Brachiaria (Trin.) Griseb. (Syn.

Urochloa P. Beauv.) Species Under Two Locations in Central and Western Ethiopia
Abstract

Ethiopia has the largest livestock population in Africa, yet productivity is limited by
chronic feed shortages, largely due to shrinking pasturelands, poor-quality crop residues,
and the increasing impacts of climate change. Improved forages like Brachiaria grass offer
a promising solution. However, adaptation must prioritize not only biomass yield but also
nutritional quality and climate resilience. This study aimed to evaluate the agronomic
performance, feeding value, and simulate the growth and yield of Brachiaria species under
future climate scenarios in central and western subhumid agroecology of Ethiopia. Four
Brachiaria (syn. Urochloa) species—B. mutica, B. brizantha, B. decumbens, and B.
humidicola— was compared with Rhodes and Desho grasses (2020-2022). Results showed
significant effects of species, year, and interactions. B. mutica revealed the highest DM
yield, followed by B. brizantha and Desho grass. CP yield showed a similar pattern. The
highest CP content was in B. humidicola, followed by B. mutica and B. brizantha, while
Desho grass had the lowest. No significant differences were observed in NDF and lignin.
Rhodes grass had the highest ADF, while B. humidicola had the highest ash content.
IVDMD was highest in B. humidicola and B. brizantha, and lowest in Rhodes grass. B.
mutica and B. brizantha emerged as the most promising forages for subhumid areas. In the
feeding value trial, Arsi-Bale rams were fed B. mutica hay supplemented with 100, 200,
300, or 400g/day of concentrate (noug seed cake and wheat bran). Higher
supplementation significantly improved DM intake, digestibility, and growth rates. Rams
fed 300 g and 400 g showed the highest gains, with no significant difference between them.
Carcass traits, including carcass weight, dressing percentage, and rib-eye area improved
with increased supplementation. Economic analysis showed that 200-300 g/day
supplementation offered the best cost-performance balance. Thus, supplementing B.
mutica hay with 300 g/day of concentrate optimizes growth and return, while 200-
300 g/day is recommended for cost-effective feeding. Further research is needed to
validate these findings under small-holder farmer conditions. The CROPGRO-PFM

XXiii



simulation model predicts that B. brizantha showed increases in shoot (9%,), herbage
(11%), and stem (25%) biomass, but a 7% reduction in leaf biomass and CP content. B.
humidicola followed a similar trend. In contrast, B. mutica showed projected biomass
reductions of up to 34% by the end of the century and a 14-20% drop in CP content.
Overall, B. brizantha and B. humidicola appear more resilient to climate change, while B.
mutica is more vulnerable. Further research is recommended to refine adaptive strategies,

improve crop management, and support sustainable livestock production in Ethiopia.

Keyword: Brachiaria, CROPGRO-PFM, Climate change impact, Digestibility, Dry matter

yield, Nutritional value, Supplementation
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CHAPTER 1. General Introduction
1.1. General Background and Justification of the Study

Ethiopia possesses the largest livestock population in Africa, with an estimated population
of 66.26 million cattle, 38.01 million sheep, 45.72 million goats, 2.14 million horses, 10.02
million donkeys, 0.36 million mules, and 41.35 million chickens (CSA, 2022). The sector
contributes substantially to both households and the national economy, accounting for
approximately 49 percent of agricultural gross domestic product (GDP) and up to 21
percent of the national GDP (Shapiro et al., 2017). Livestock supports the livelihoods of
more than 80 percent of rural communities by providing income, milk, meat, manure, and
draught power while also generating foreign exchange earnings (Behnke, 2010; ICPALD,
2013; Asresie & Zemedu, 2015). Moreover, the sector is evolving, driven by a rapidly

growing demand for livestock products.

Despite its economic significance, this sector has underperformed relative to expectations
(Bachewe et al., 2018). Supply has not kept pace with demand, primarily because of low
productivity, with feed shortages being the foremost bottleneck (FAO, 2018). In Ethiopia,
the major feed resources include natural pasture (57.77%) and crop residues (29.75%),
whereas improved forage contributes less than 1% (CSA, 2022). However, the availability
of natural pastures has declined over time due to poor management and the expansion of
crop farming (Hassan et al., 2020). Crop residues, although increasing over time, are
characterized by high fiber content (>55%) and low crude protein content (<7%) (Fekadu
et al., 2010). Overall, feed shortages, particularly of grasses and fodder, continue to limit
livestock productivity (Assefa et al., 2016). Furthermore, climate change has intensified
feed challenges, highlighting the urgent need for high-quality drought-resilient forage
technologies that can be integrated into existing feeding systems (Wheeler & Reynolds,

2013).

Improved forage species have a significant potential to enhance feed availability and
productivity in ruminant farming, especially when nutrient-rich, high-biomass varieties are
utilized. Efforts to introduce improved forage crops in Ethiopia began in the mid-1960s

with the intention of increasing high-quality roughage availability in mixed farming
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systems (Assefa et al., 2016; Feyissa et al., 2022). However, adoption rates remain low,
with less than 1 percent of farmers participating (CSA, 2022; Tesfaye & Tessema, 2023).
Adoption of improved pastures is notably higher in market-oriented systems such as
crossbred dairy production and livestock fattening, where economic returns are greater

(Kebebe, 2015; Tesfaye & Tessema, 2023).

Forage research programs have been going on over the past decades for selecting suitable
forage grass species that have identified several species that are adapted to Ethiopia’s
diverse agro-ecological zones (Feyissa et al., 2022; Zeleke et al., 2022). Evaluations of
various species have led to the release of promising forage varieties assessed for ease of
establishment, biomass yield, and resistance to pests and diseases. Among these,

Brachiaria grass stands out as a promising option for alleviating ruminant feed shortage.

Brachiaria originates from tropical Africa, particularly East Africa, including Ethiopia
(CIAT, 1992; Renvoize et al., 1996; Tegegn et al., 2019). Outside Africa, it has been
commercially adopted and has significantly enhanced livestock industries in Latin
America, the Caribbean, Asia, and Australia (Jank et al., 2014; Schiek et al., 2018).
Brachiaria offers high herbage biomass, superior nutritional value, drought tolerance,
adaptability to low-fertility soils, carbon sequestration, and enhanced nitrogen use
efficiency through the inhibition of biological nitrification (IBN) (Arango et al., 2014;
Moreta et al., 2014; Rao et al., 2014). Moreover, several initiatives are promoting
Brachiaria as a climate-smart forage species to support East Africa’s growing livestock

industry (Gonzalez et al., 2016; Muinga et al., 2016; Schiek et al., 2018).

Selecting forage species with high adaptability, nutritional quality, and climate resilience
is essential in Ethiopia. However, past programs have primarily focused on environmental
adaptation and biomass yield, with limited attention paid to nutritional quality, animal
performance, and the impacts of climate change. Thus, establishing a comprehensive
database of forage quality, feeding value, and productivity under future climate scenarios
across Ethiopia's agro-ecological zones is vital to support the adoption and effective

utilization of improved forage.



Brachiaria grass, recognized for its adaptability and nutritional value, offers a promising
solution for enhancing livestock feeding systems in Ethiopia (Feyissa et al., 2022; Zeleke
et al., 2022; Dereje et al., 2024). Its integration into feeding programs can significantly
improve growth performance and carcass characteristics, particularly when supplemented
with protein-rich diets (Adnew et al., 2021). Studies have shown that strategic
supplementation of forage significantly improves feed conversion efficiency, growth rates,

and carcass quality (McDonald et al., 2010; Huang et al., 2023; Osman et al., 2023).

A major challenge in forage development lies in assessing the long-term climate change
impacts on forage production, despite the availability of a range of forage options and their
nutritional profiles (Santos et al., 2022). This concern arises because forage growth and
grass characteristics are highly sensitive to climatic variables such as rainfall, temperature,
and solar radiation (Taiz & Zeiger, 2002; Zarei et al., 2021). The effect of climate change
on forage crop production can be assessed by agro-climatic zoning methods, which link
plant productivity with weather conditions using either mechanistic or empirical agro-
meteorological models. In response, various crop models have been developed to simulate
the long-term influence of environmental changes and management practices on plant
growth (Andrade ef al., 2015). Among these, the CROPGRO-Perennial Forage model has
been effectively utilized to evaluate the growth and biomass yield of Brachiaria grass and
other tropical perennial forage species (Lara et al., 2012; Pedreira et al., 2011; Pequeno et

al., 2014; Brunetti et al., 2021).

CROPGRO-PFM, incorporated into the Decision Support System for Agrotechnology
Transfer (DSSAT) software, simulates the growth and yield of forage crops based on
climate, soil, and management inputs (Hoogenboom et al., 2019, 2024). It is useful for
projecting the long-term sustainability and resilience of forage species amid anticipated
climate challenges (Santos et al., 2022). Originally, the CROPGRO model was developed
for annual crops and has been adapted for perennial forage, allowing simulations of
defoliation and regrowth cycles (Rymph et al., 2004; Pequeno et al., 2017). Recent
refinements have enhanced the accuracy of the model for estimating forage growth and
yield for various species, including Brachiaria (Pequeno et al., 2017). Studies also indicate

that minimal parameterization is required when extending this model to new species within



the same genus, as internal code features and the modular template system allow for
efficient customization (Pequeno et al., 2017). Implementing this model in Ethiopia could
provide critical insights into sustainable forage management under changing climatic

conditions.

In general, there is a real need to investigate the agronomic performance and nutritive and
feeding value of Brachiaria, and simulating/projecting the impacts of climate change on

the growth and yield of Brachiaria grass in Ethiopia.
1.2. General Objective

The general objective of this study was to evaluate biomass yield, nutritional quality, and
feeding value and to simulate the impacts of climate change on the growth and yield of

Brachiaria species grown in central and western sub-humid environments.

1.3. Specific objectives

1. To evaluate agronomic performance, dry matter (DM) yield, and nutrient quality of
Brachiaria species grown at Bishoftu and Bako and identify promising species for
further promotion.

2. To evaluate the production performance (feed intake, digestibility, and body weight
change) of Arsi-Bale sheep fed Brachiaria mutica hay basal diet supplemented with
graded concentrate mixtures.

3. To simulate the growth and yield of Brachiaria species using the CROPGRO-Perennial
Forage Model under present and future climate change scenarios in central and western

Oromia, Ethiopia.



CHAPTER 2: Herbage Yield and Nutritive Value of Selected Grasses in Sub-humid

Agro-ecological Environments in Ethiopia

Paper 1: Published in the International Journal of Agronomy

Volume 2024, Article ID 6170361
Abstract

The availability of improved forage, such as Brachiaria grass, is less than 1% in Ethiopia.
This could be crucial for livestock farming to meet the growing demand for livestock and
livestock products. Different grass cultivars performed differently. Therefore, this study
compared the performance of Brachiaria cultivars with that of other grass cultivars in two
sub-humid agro-ecological areas of Ethiopia, represented by Bishoftu and Bako areas. Four
Brachiaria (B. brizantha (DZF-13379), B. humidicola (DZF-9222), B. decumbens (DZF-
10871), and B. mutica (var. DZF-483), and two grass cultivars, Rhodes grass (Chloris
gayana var. Massaba) and Desho grass (Pennisetum glaucifolium var. kindu kosha), were
evaluated at Bako and Bishoftu for three years during the rainy season. The experiment
was carried out using a randomized complete block design (RCBD), with 3 replications.
Cultivars and years had significant (P < 0.001) effects on herbage dry matter (DM) yield,
crude protein (CP) yield, and plant height, whereas location affected (P < 0.01) only DM
yield. Cultivar x year interaction had significant (P < 0.05) effects on DM yield, CP yield,
and plant height, while cultivar % location had significant effects on all parameters except
CP yield. Additionally, cultivars significantly (P < 0.001) impacted the in vitro dry matter
digestibility (IVDMD) as well as the nutritional content (CP, ash, acid detergent lignin
(ADL), neutral detergent fiber (NDF), and ADF). Thus, all cultivars had potential as
alternative ruminant feeds, whereas B. mutica, followed by B. brizantha, was superior,

yielding cultivars in the subhumid agro-ecological areas of Ethiopia.

Keywords: Brachiaria cultivars, crude protein yield, dry matter yield, nutritive value, plant

height



2.1. Introduction

There is substantial evidence that the livestock sector significantly contributes to Ethiopia's
national economy and livelihood system. According to Shapiro et al. (2017), the sector
accounts for approximately 49 percent of agricultural GDP and up to 21 percent of national
GDP. This sector serves multiple functions, including food and nutritional security, as a
source of milk and meat, income, manure, and draught power for smallholder farmers.
However, it contributed far less than expected, mainly because of feed shortages (Fantu et
al., 2018; FAO, 2018). The availability of feed in Ethiopia’s crop and livestock systems
depends mainly on natural pastures and crop residues, while improved forage, such as
Brachiaria grass, is only 0.57 % (CSA, 2021). However, these feed resources are
threatened by overexploitation and lack of high-quality feed (FAO, 2018; Mengistu ef al.,
2017). Furthermore, pressures arising from climate change and variability exacerbate these
long-standing feed problems (Habte et al., 2022). These drawbacks highlight the
importance of introducing improved forage for inclusion in the existing feeding systems

(Feyissa et al., 2022).

Brachiaria (syn. Urochloa) are among the potential grasses that are important for
sustainable forage production and are resilient to the detrimental effects of climate change
(Njarui et al., 2021; Wheeler & Reynolds, 2013). The genus contains the most productive
tropical forage grass species that originate in Africa and are widely grown in tropical Latin
America and South Asia (Cheruiyot et al., 2020). Consequently, there has been a surge of
interest in Brachiaria grass in East Africa (Gonzalez et al., 2016; Muinga et al., 2016;
Schiek et al., 2018). This is due to its adaptability to a wide range of soils, climates, and
growing conditions in both the tropics and subtropics (Cheruiyot et al., 2018). Moreover,
Brachiaria grasses have shown promising results in improving livestock productivity as
they have better nutritional quality and biomass production (Maina et al., 2020).
Furthermore, Brachiaria grasses have several environmental benefits, such as the ability
to sequester carbon, increase nitrogen use efficiency through biological nitrification
inhibition (BNI), effective as cover crops to control soil erosion, and control crop pests
through push—pull pest management (Arango et al., 2014; Moreta et al., 2014; Rao et al.,
2014).



Desho grass (Pennisetum glaucifolium) is an indigenous forage grass species in Ethiopia
(Kebede et al., 2023). In addition to its use as animal feed, Desho grass conserves soil
water and serves as a means of income generation for smallholder farmers. Desho thrives
well in different soil types, has the potential to produce large amounts of biomass per unit
area, is suitable for different forage production strategies, is acceptable for different
livestock species, and increases livestock productivity (Atumo, 2022). Morphologically, it
is closer to the genus Brachiaria, which shares the acidic and wetter areas of Ethiopia
(Yirgu et al., 2017). Rhodes grass (Chloris gayana) is a tropical grass widely used in
grazing and cut and carry systems in warm areas. Chloris gayana is best suited to areas
with 600-1200 mm of rainfall. It is moderately drought tolerant, grows best at high

temperatures, and is relatively frost tolerant (Sollenberger ef al., 2020).

To capitalize on these potential forages and close the feed deficit gap, the comparative
evaluation of Brachiaria with other important grass species should be the main research
approach to demonstrate the suitability of forage for greater adoption in Ethiopia (Feyissa
et al., 2022). Forage production and grass characteristics are highly sensitive to climatic
factors, such as rainfall, temperature, and incoming solar radiation (Hart et al., 2022;
Izaurralde et al., 2011), and their productivity can differ significantly and be influenced by
a variety of factors, such as cultivar, location, soil type, and management options (Budiman
et al., 2012; Changshun et al., 2014). Information regarding these factors is critical for
optimizing feed production and utilization to increase animal productivity. According to
(Gebremariam & Belay, 2021), it is important to document information on the nutritional

value of feeds for their inclusion in livestock feeding programs.

This study aimed to compare the growth, herbage accumulation, and nutritive value of four
Brachiaria cultivars, Brachiaria mutica (DZF-483), Brachiaria decumbens (DZF-10871),
Brachiaria brizantha (DZF-13379), and Brachiaria humidicola (DZF-9222), and two
grass cultivars, Desho grass (Pennisetum glaucifolium var. kindu kosha) and Rhodes grass
(Chloris gayana var. Massaba) in two sub-humid agro-ecological in Ethiopia. The
information generated is believed to be valuable to identify promising grass cultivars for

further utilization under the sub-humid agro-ecological conditions of Ethiopia.



2.2. Materials and Methods

2.2.1. Study sites

The experiment was carried out at Debre Zeit Agricultural Research Center (Bishoftu),
(08°44°N, 38%38’E; elevation: 1900 m asl), and the Bako Agricultural Research Center,
(09°06°N, 37°09°E; elevation: 1650 masl), in the sub-humid agro-climatic zone of central
and western Ethiopia, respectively, during the main rainy season from 2020 to 2022. The
soil type at the Debre Zeit center is predominantly Eutric vertisol, Vertic andosols, and
Haplic andosols (Tafesse & Esayas, 2003). The experimental plots were laid out on Eutric
vertisol with a clay texture and a neutral to slightly alkaline. The dominant soil type in the

Bako center is Alfisols, which are clay in texture and acidic (Negassa et al., 2007).

2.2.2. Plant materials, experimental design and treatments

Vegetative root split planting materials were collected from the Debre Zeit Agricultural
Research Center (DZARC) and transplanted in mid-June 2020 under rain fed conditions
without supplementary irrigation. Six grass cultivars were used: four Brachiaria cultivars:
(B. brizantha (DZF-13379), B. humidicola (DZF-9222), B. decumbens (DZF-10871), and
B. mutica (var. DZF-483)) and two other grass cultivars, Desho grass (Pennisetum
glaucifolium var. kindu kosha) and Rhodes grass (Chloris gayana var. Massaba).
Brachiaria cultivars were selected based on their superior performance in previous trials
in DZARC (unpublished data), while a recently released grass variety, Desho grass

(Feyissa et al., 2022), and a popular grass species, Rhodes grass, were used as controls.

Experiments were conducted in each location using a randomized complete block design
(RCBD) with three replications. A well-prepared 12 m? plot (3m long and 4m wide) was
used to plant the materials. The planting spaces between rows and within plants were 50
cm and 25 cm, respectively. The transplanted materials were of the same age and 2-3 plants
were placed in each hole at a depth of 10 cm. Nitrogen and phosphorus fertilizers were
applied at a rate of 18N and 46P kg/ha (DAP), and 46N kg/ha as urea at transplanting and
soon after harvesting in a band along the planting furrow. Hand weeding management

practices were performed when appropriate.



2.2.3. Data collection and measurement

Dry matter (DM) yield and plant height were measured during the rainy season. The first
harvest was carried out three months after the establishment period; in the following year,
after clipping at the early onset of the rainy season, it was harvested at an interval of 60
days until the end of the rainy season, leaving a stubble height of 10 cm above the ground
by hand using a sickle. The fresh herbage yield was weighed in the field immediately after
the entire plot was mowed for each harvest. Plant height (cm), which is the distance from
the soil surface to the uppermost point of the stem as the mean of five randomly selected
plants (one per crown) from the middle row of each plot, was measured immediately before
each mowing. A sample of 300 g of freshly harvested biomass from every replication of
the treatments was cut into small pieces and dried at 65 ° C for 72 h in an oven to determine
the dry matter yield. DM yield (t/ha) = (10xTFWxSDW)/ (HAXSFW), where 10 is a
constant for the conversion of yield (kg/m2) to tons/ha, TFW is the total fresh weight of
the harvested area (kg), SDW is the sample dry weight (g), HA is the harvest area (m?),
and SFW is the subsample fresh weight (g). Simultaneously, a composite sample of 400 g

for each treatment was collected and dried in the shade for laboratory analysis.

Chemical analyzes of the feed samples were performed at the Debre Zeit and Holetta
Agricultural Research Centers Feed and Animal Nutrition Laboratory. The grass samples
were dried at 105 °© C overnight and ground to pass through a 1 mm sieve. The total DM
was then determined. The nitrogen (N) content was determined using the Kjeldahl method,
and CP was calculated as N x 6.25. The total ash content was determined by igniting the
samples in a muffle furnace overnight at 550 ° C. Neutral detergent fiber (NDF), acid
detergent fiber (ADF), and acid detergent lignin (ADL) were determined according to (van
Soest & Robertson, 1985). The dry matter yield (DMY) was multiplied by the CP content
of the feed samples to determine the crude protein yield (CPY). In vitro dry matter
digestibility (IVDMD) was determined using the modified Tilley and Terry method (Tilley
& Terry, 1963).



2.2.4. Statistical analysis

All data were analyzed using a linear mixed model approach through the Lmer function in
R, v. 4.1.2 (R Foundation for Statistical Computing, http://www.r-project.org). For mean
comparisons, cultivars, location, year, and their interactions were treated as fixed factors.
In all cases, the block, the interaction of location, and the year were treated as random
factors. Mean comparisons of the effect were performed using the ‘Ismeans’ package in R
(Lenth, 2016). Nutritive value parameters were analyzed using one-way ANOVA for the
significant difference among the grass cultivars. Tukey’s honestly significant difference
post hoc test was used to separate significant differences between cultivars. The statistical
model used for the analysis of DM yield and other related agronomic traits was as follows.
Yijkx = p + Cj+ Lk + Yx + (Cj*Lk) + (Cj*Yx) + (Cj*Lk*Yx) + eijkx, where Yijkx is the
response variable, | is the overall mean, Cj is the effect of the j*" grass cultivar, Lk is the
effect of the k™ location, Yx is the effect of x™ year, Cj*Lk is the interaction between
cultivars and locations, Cj*Yx is the interaction between cultivar and year, Cj*Lk*Yx is

the interaction among cultivar, location, and year, and eijxk is the random error.

2.3. Results
2.3.1. The climate condition of experimental sites

Long-term weather information (1990-2022) and test years (2020-2022) at the Debre Zeit
and Bako Agricultural Research Center are summarized in Table 2.1. The rainy season
covers April to December, and maximum rain is received in the Kiremt season (June to
September) in both locations. Compared with the long-term climatic data, the test years
were characterized by higher rainfall at both sites. As expected from its normal climatic
characteristics, the western sub-humid location received more rainfall and temperatures

than the central (Bishoftu) location.

10


http://www.r-project.org/

Table 2.1. Rainfall and mean daily temperature variations over the experimental period and

the long term (1990-2022 years).

Bako Bishoftu

Variables Test year hong fest hong

term year term
Rainfall (mm) 1494.95 1281.4 853.8 473.2
Rainfall (Kiremt seasons) (mm) 1077.2 894.2 681.9 345.1
Temp. minimum (%) 14.35 13.8 9.2 11.2
Temp. minimum (Kiremt seasons) (°c) 14.8 14.7 10.9 13.0
Temp. maximum (°c) 28.65 28.5 26.55 27.1
Temp. maximum (Kiremt seasons) (°c) 26.2 25.2 24.75 25.7

NB. The Kiremt seasons include months from June to September (Ehsan et al., 2021)

2.3.2. Effects of cultivars, location, year, and their interactions on yield and yield

components

Table 2.2 displays a combined analysis of variance for plant height, dry matter (DM) yield,
and crude protein (CP) yield of the four cultivars of Brachiaria, Rhodes grass, and Desho
grass that were studied throughout a three-year period (2020-2022) in both the central and
western environments. Variations among cultivars and years were significant (P < 0.001)
for all tested parameters, while location was significant (P < 0.01) for DM yield. Cultivar
x year interactions were significant (P < 0.001) for all tested parameters, while cultivar x

location interactions were significant (P < 0.05) only for the DM yield and plant height.
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Table 2.2. Plant height (PH), dry matter yield (DM) and crude protein (CP) yield
(combined analysis over three years (2020-2022) and two locations: central and western

sub-humid environments (Bishoftu and Bako, respectively).

Plant DM vyield CP yield

Source of variation D.F  Height(cm) (tha') (tha™)
F-values

Cultivar (C) 5 114.71°" 17.58"™" 34.43™
Location (L) 1 1.19 13.517 3.01
Year (Y) 2 19.99" 174.54™ 196.27™"
C*L 5 10.41" 2.72" 0.93
L*Y 2 10.417 2.39 3.89"
C*Y 10 9.05™ 14.3™ 16.87°"

D.F. = degrees of freedom; PH = plant height; DM = dry matter; CP = crude protein. t ha’

! = tonnes per hectare. *, ** and ***: significance at P <0.05, 0.01, and 0.001. respectively.

2.3.3. Growth and yield performance

Combined analyses showed that B. mutica was a significant (P < 0.05) top-ranking cultivar
in terms of dry matter yield (Table 2.3). B. brizantha and Desho grass ranked the second
and third highest DM yields, respectively, but they did not differ (P > 0.05) from all
cultivars except B. humidicola. Low DM yield was observed for B. humidicola but did not
differ (P > 0.05) from B. decumbens and Rhodes. In Bishoftu, B. mutica showed
numerically the highest DM yield but statistically it did not differ (P > 0.05) from all other
cultivars except B. humidicola. Similarly, although a low DM yield was observed for B.
humidicola, it did not differ (P > 0.05) from Rhodes and B. decumbens. B. mutica, followed
by B. brizantha, had the highest DM yield in Bako. However, B. brizantha did not differ
(P > 0.05) from Desho and B. decumbens. Low DM yield was observed for environments

but did not differ (P > 0.05) from B. humidicola and decumbens Rhodes and Desho.

Compared to the experimental year, a relatively low dry matter yield was obtained during

the year of establishment (2020) for all cultivars. Desho grass, followed by B. mutica and
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Rhodes grass, showed significantly (P < 0.05) the highest DM yield in 2020. Brachiaria
(humidicola and brizantha) showed the lowest DM yield during the establishment year,
although they didn’t differ (P > 0.05) from B. decumbens. In 2021, all cultivars showed
their own maximum DM yield, except B. brizantha, which had shown the highest in 2022.
B. mutica showed the highest DM yield in 2021 but did not differ (P > 0.05) from
Brachiaria (decumbens and brizantha) or Desho. B. humidicola, which exhibited the
lowest DM vyield, did not differ (P > 0.05) from Rhodes, Desho and B. brizantha. In 2022,
B. brizantha, followed by B. mutica, showed significantly (P < 0.05) the highest DM yield.
Low DM yield was observed for Rhodes, while it did not differ (P > 0.05) from Brachiaria

(humidicola and decumbens) and Desho grass.

Table 2.3. DM vyield (t ha™') (LS means) of grass cultivars tested for three years in two

locations.
Location Year Combined
Cultivar
Bishoftu Bako 2020 2021 2022 analysis

B. mutica (var. DZF-483) 13.57% 12.84%  6.82%  17.28 15.59% 1328
B. brizantha (DZF-13379) 11.46% 11.23% 2,59 14.64%¢  16.8? 11.34%
Desho grass (var. kindu kosha) 12.94% 9.67°¢  8.78% 14.66%¢ 10.48°  11.30%
B. decumbens (DZF-10871) 11.2% 9.57°  4.04* 15.01®® 12.11° 10.39%
Rhodes grass (var. Massaba) 11.11%  8.31¢ 7.87%  12.24* 9.03° 971
B. humidicola (DZF-9222) 8.57° 8.19°¢ 2.2° 11.38°  11.56° 8.38°
Mean 11.5 9.97 5.38 14.21 12.6 10.72
SEM 0.68 0.68 0.83 0.83 0.83 0.48
P-level <0.01 <0.01 <0.001 <0.001 <0.001 <0.001

*d means with different letters are significantly different.

Like for DM yield, B. mutica attained the highest plant height but did not differ (P > 0.05)
from B. brizantha and Rhodes grass (Table 2.4). In contrast, B. humidicola achieved a
lower plant height. B. mutica showed significantly (P < 0.05) the highest plant height in
both locations. B. brizantha had the second highest plant height but did not differ (P > 0.05)

from Rhodes grass in Bishoftu, while vice versa in Bako. Throughout the years, the highest
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plant height was observed for B. mutica, although it did not differ significantly (P > 0.05)

from that of B. brizantha in 2022. Low plant height was observed in B. humidicola

throughout the experimental period.

Table 2.4. Plant height (cm) (LS means) of grass cultivars (combined analysis over three

years and two locations).

Location Year Combined

Cultivars

Bishoftu Bako 2020 2021 2022 analysis
B. mutica (var. DZF-483) 11628 127.7° 136*  123? 106.8°  121.9°
B. brizantha (DZF-13379) 96.5° 104.3> 94.8° 1032° 103.2*  100.4®
Rhodes grass (var. Massaba) ~ 98.2° 99.8> 111°  97.2° 88.8°  99.0%
B. decumbens (DZF-10871)  91.1**  93.7¢ 89.8«¢ 89g«d 863>  924°
Desho grass (var. kindu kosha) 85.8%¢ 7949  82.7¢¢ 798¢ 85.3° 82.4¢
B. humidicola (DZF-9222) 79.2¢ 70.4° 7754 79.8° 67.2° 74.8°
Mean 94.5 959  98.63 9547  89.6 94.63
SEM 0.87 087 334  3.34 3.34 6.02
P-level <0.001  <0.001 <0.001 <0.001 <0.001 <0.001

a-d

means with different letters are significantly different.

2.3.4. Crude protein yield

The crude protein yields of perennial grass cultivars over three years in the two locations

are shown in Table 2.5. The results of the combined analysis showed that the crude protein

yield was significantly (P < 0.001) influenced by the cultivars. B. mutica had the highest

crude protein yield but did not differ (P > 0.05) from B. brizantha. Similarly, the highest

crude protein yield was observed for B. mutica, followed by B. brizantha, at both locations.

In the establishment year (2020), B. mutica had the highest crude protein yield but did not

differ from Desho and Rhodes grass. Low CP yield was observed for B. humidicola but did
not differ (P > 0.05) from B. brizantha, B. decumbens and Desho. Similarly, in 2021, B.
mutica, followed by B. brizantha, and B. humidicola, showed the highest (P < 0.05) crude

protein yield. In 2022, B. brizantha, followed by B. mutica, had the highest crude protein
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yield, while B. humidicola ranked as the third crude protein yield, but the other cultivars

did not differ significantly (P > 0.05).

Table 2.5. Crude protein yield (t ha™) (LS means) of the cultivars tested for three years at

two locations.

Location Year Combined

Cultivar

Bishoftu Bako 2020 2021 2022  analysis
B. mutica (var. DZF-483) 1.67° 1.62*  0.92° 2.02¢ 2% 1.64%
B. brizantha (DZF-13379) 1.43% 1.41% 0.33¢ 1.75% 2,18  1.42%
B. humidicola (DZF-9222) 1.19°¢ 1.19%¢ (.25 1.63%¢ 168>  1.19*
B. decumbens (DZF-10871) 1.1 1¢ 0.43%  1.5% 1.22°  1.05¢
Desho grass (var. kindu kosha) 1.09° 0.84° 0.63%c  1.27° 1€ 0.97°

Rhodes grass (var. Massaba) 1.06° 0.98° 0.78% 1.3¢ 0.97¢ 1.02°¢

Mean 1.26 1.18  0.57 1.59 1.5 1.21
SE 0.09 0.09 0.11 0.11 0.11 0.06
P-level <0.08 <0.08 <0.001 <0.001 <0.001 <0.001

*d means with different letters are significantly different.

2.3.5. Nutritional content

The combined analysis of the nutritive composition of the forage grass cultivars grown for
three years in two locations is presented in Table 2.6. The crude protein content (CP%) was
significantly (P < 0.01) influenced by cultivar. A higher CP content was observed in
Brachiaria (humidicola, mutica, and brizantha). A low CP content was observed for Desho
grass. The NDF content did not differ (P > 0.05) in any of the grass cultivars tested. The
ADF content was significantly (P < 0.01) influenced by cultivar. The highest ADF value
was observed for Rhodes grass, but it did not differ significantly (P < 0.05) from all

cultivars tested except B. mutica.

The ash content was significantly (P <0.01) influenced by cultivar (Table 2.6). The highest
ash content was observed in B. humidicola, followed by Brachiaria (brizantha and

decumbens). Low Ash content was observed for Desho grass and Rhodes grass but did not
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differ significantly (P > 0.05) except for B. mutica. The lignin concentrations of the tested
cultivars did not differ significantly (P > 0.05). In vitro dry matter digestibility was
significantly (P < 0.001) influenced by the cultivar (Table 2.6). B. humidicola was superior
to all investigated grass cultivars in terms of in vitro dry matter digestible content but did
not differ (P < 0.05) from B. brizantha. B. mutica showed the third in vitro dry matter
digestibility content but did not differ (P > 0.05) from Desho and B. decumbens. Rhodes

grass had a low in vitro dry matter digestibility content.

Table 2.6. Nutrient composition (%) of grass cultivars tested in central and western sub-

humid areas.

Cultivar DM CP NDF ADF  Ash ADL IVDMD
B. humidicola (DZF-9222)  93.52 13.3*  72.1  41.5® 11.32* 844 592°
B. mutica (var. DZF-483) 93.51 12.7° 753 398> 8.82° 881 53.9°
B. brizantha (DZF-13379) 9337 12.5° 722 449® 827°  10.55 56.2%
Rhodes grass (var. Massaba) 93.85 10.5> 77 472*  8.62°> 924  50°
B. decumbens (DZF-10871) 93.58 10.5>  73.7 42.9® 979 962 50.4°
Desho grass (var. kindu 93.54 8.6° 723 442®  869° 83 55.5°
kosha)

Mean 93.56 1135 7373 4342 925 9.16  54.19
SEM 0.16 0.51 1.9 1.3 0.49 163 0.92
P-level 041 <0.001 0.15 <0.001 <0.001 058 <0.001

#d Means with different letters are significantly different; CP = crude protein; NDF =
neutral detergent fiber; ADF = acid detergent fiber; ADL = acid detergent lignin; [IVDMD
= In vitro dry matter digestibility.

2.4. Discussion

The test locations represent the diversity of rainfall, temperature patterns, and soil types
that characterize the sub-humid environments of central and western Ethiopia. The amount
of rainfall that covers more than 70% during the main rainy season (kiremt) and the higher

temperatures that occurred in the test years relative to the long-term data are consistent
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with the predicted effects of climate change in the region (IPCC, 2022) and add interest to

our results from the perspective of future climate scenarios on forage grasses.

Because growing circumstances varied between test sites and years, it was hypothesized
that cultivar X location and cultivar x year interactions would show up in forage yield
attributes. Indeed, the patterns of microclimate (rainfall and temperature) and soil differed
slightly between the experimental sites and years, which affected the yield of the grass
cultivars. This implies a change in the ranking order of cultivars over location and year.
The significant interaction of the yield traits in the present study was in agreement with the
report by Wassie et al. (2018), which showed a significant effect of the interactions
(cultivar x altitude and cultivar x harvest date) on Brachiaria brizantha in northwest

Ethiopia.

Our findings supported earlier reports of Brachiaria mutica (var. DZF-483)'s high forage
yield in sub-humid conditions (Assefa et al., 2016; Bantihun et al., 2022). In addition to
DM vyield, B. mutica had the highest CP yield, ranking as the highest yield among the
cultivars tested. Furthermore, the dry matter yield of forage Brachiaria mutica (DZF-483)
obtained in our results (13.2 t ha'!) was almost similar to the result (13.3 t ha™') reported
during this same variety registration (Assefa et al., 2016) and also higher than the result of
11.8 t ha'! that was reported in the northwest highlands of Ethiopia by Bantihun et al.
(2022).

Brachiaria brizantha (DZF-13379) ranked second and showed an increasing trend from
year to year in forage dry matter yield in our study, which indicated the potential and
importance of this cultivar. The Debre Zeit Agricultural Research Center Forage program
team chose this cultivar as a candidate variety for registration, and our results validate and
complement their earlier work (unpublished data). The average yield of 5.4 t ha-1 reported
for Brachiaria brizantha ecotypes cultivated at low and mid altitudes in northwest Ethiopia
was less than the dry matter yield of B. brizantha, which was 11.34 t ha-1 in the present
study (Wassie et al., 2018).

In contrast, the dry matter yield of Desho grass (P. glaucifolium cv. Kindu kosha) varied
with location (altitude) from high in Bishoftu to moderately low in Bako, from 12.94 to

9.67 t ha'!, respectively. The current results for the dry matter yield of Desho grass were
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also lower than those reported in other studies conducted at higher altitudes in Ethiopia
(Asmare et al., 2017; Jabessa et al., 2021; Faji et al., 2022). This is in agreement with
Mengistu et al. (2019), who indicated that highland environments were more ideal for the

growth and development of Desho grass species.

The dry matter yield obtained for Brachiaria decumbens (10.39 t ha'') in our study was
lower than that reported for U. decumbens (11.40 t ha'!) under supplementary irrigation
conditions in Holetta, Ethiopia, by Faji et al. (2022), which might be due to irrigation
supplementation. Rhodes grass (Chloris gayana cv. Massaba) forage dry matter yield in
our study, 9.71 t ha'!, was much lower than that reported by Faji et al. (2022), which was
14.93 t ha! that was grown under irrigation supplementation in Holetta, Ethiopia. On the
other hand, although the dry matter yield of Brachiaria humidicola was the lowest, this
cultivar has higher CP and IVDMD. It ranked third in CP yield, indicating better nutritional
importance. Other researchers also confirmed that, in addition to its good forage, this
cultivar is known for its restoration ability when established on degraded land (Damene et

al., 2020).

In this study, all cultivars had CP concentrations >7%, which met the minimum crude
protein requirements (7%) for the synthesis of microbial proteins in the rumen that can
support at least the maintenance requirements of ruminants (Van Soest, 1994). The CP
concentration for Brachiaria mutica in our study was slightly higher than that (11.6%),
reported by Bantihun et al. (2022). The significantly (P > 0.05) except B. decumbens,
Desho and Rhodes cultivars were also higher in CP than the that reported by Faji et al.
(2022) in Holetta under irrigation supplementation. On the contrary, the CP concentration
of Rhodes grass is much lower than the result reported by Jayasinghe et al. (2022).
Furthermore, as Faji ef al. (2022) cited Lonsdale (1984), the feeds were classified based on
their CP concentration as low, medium, and high protein sources with percentages of
<12%, 12-20%, and >20% CP, respectively. According to this classification, Brachiaria
humidicola and B. mutica can be classified as a medium- protein feed source, whereas the

other tested cultivars classified as low-protein feed sources.

Fiber content (defined by NDF and ADF), an estimate of the amount of plant cell wall

rather than cell content, is inversely related to digestibility and forage intake. Therefore, a
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high content of NDF indicates the indigestible portion of the feed, which is an indicator of
the low quality of the feed. Our results for the NDF content for all grass cultivars fell above
65%. According to Van Soest (1994), NDF content of tropical grasses within the limit
(65% and above) is classified as low-quality roughage feed. However, our results of NDF
content are contrary to what was reported by Faji et al. (2022) who indicated that perennial
grass species varied in NDF content. Similarly, the ADF content is an indicator of low
forage intake. Forage grasses with a higher ADF content have a lower intake (Van Soest,
1994). In the present study, B. mutica (var. DZF-483) with its ADF content of 39.8% can
be considered to have a higher intake than other evaluated perennial grass cultivars. The
varied ADF content of the cultivars observed in our study could be due to the genotypic

and phenotypic characteristics of the grass cultivars.

The ash content of any feed is an indicator of the inorganic content (minerals) and an
indirect estimator of the organic matter content. Most forages had ash contents ranging
from 5 to 12%, which is in agreement with the results of Wassie ef al. (2018). According
to Van Soest (1994), a lignin content greater than 6% negatively affects the digestibility of
grass forage. The evaluated grass cultivars in the present study had higher values. In the
current study, in vitro dry matter digestibility declined slightly with an increase in NDF,
ADF, and ADL. This may be due to the fact that higher levels of NDF, ADF, and ADL
induce lignin to be deposited in the cell walls and increase the percentage of stems, which
are less digestible than the leaf fraction that has a high fiber and lignin content (Van Soest,
1994). Our results were consistent with Faji e al. (2022), who reported that IVDMD levels
of perennial grasses were inversely proportional to NDF, ADF, and ADL, which are more
slowly degraded in the rumen, affecting microbial synthesis and animal performance.
Similarly, the variation in the nutritional composition in our results is consistent with the
results of Faji et al. (2022), who reported that the nutritional composition of forage crops

can vary with genotypic characteristics and environmental conditions.

2.5. Conclusion
Our results are likely to be of great interest for the sub-humid environments of Ethiopia,

considering that they were generated from two characteristics with climatic contrasting

locations and characterized by a consistent value of the grass cultivar for production traits
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between sites. The grass cultivars evaluated in this study show promise for producing
forage with high nutritive value and can serve as viable alternatives for smallholder
farmers. These cultivars exhibited optimal organic matter digestibility and significantly
high crude protein (CP) concentrations, making them suitable forage supplements in
smallholder systems. Based on their superior biomass production and acceptable nutritive
value, Brachiaria mutica (var. DZF-483), followed by Brachiaria brizantha (DZF-13379),
are recommended for study areas and other areas with similar agroecological conditions.
Thus, our findings offer important insights into the selection of suitable grass cultivars for
adaptation and utilization. Additionally, future studies should assess the performance of
livestock fed these grass cultivars as a basal diet so as to define the concentrate

supplementation recommendations for livestock producers.
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CHAPTER 3: Agronomic Performance and Nutritive Value of Four Urochloa
Species, Desho and Rhodes Grass Grown in Sub-humid Central Ethiopia

Paper 2: Published in: Tropical Grasslands-Forrajes Tropicales (2024) Vol. 12(3):154—
161, doi: 10.17138/TGFT(12)154-161

Abstract

Improved forage grasses with high quality and biomass are a crucial additional feed source
for cereal-livestock farming systems in Ethiopia. This study compared the performance of
4 Urochloa (Syn. Brachiaria) species (U. brizantha (DZF-13379), U. humidicola (DZF-
9222), U. decumbens ‘Basilisk’ (DZF-10871) and U. mutica (DZF-483)) with other 2
commonly used grasses, Rhodes grass (Chloris gayana var. Massaba) and Desho grass
(Pennisetum glaucifolium var. Kindu kosha), over 3 years during the main rainy season in
Bishoftu in a sub-humid area of central Ethiopia. The experiment was conducted using a
randomized completel block design. There was significant variation among species for
agronomic parameters. The species X year interaction was significant for dry matter yield,
plant height, and plot cover but not significant for leaf-to-stem ratio. Nutritional value (ash,
acid detergent fiber (ADF), crude protein (CP) and in vitro dry matter digestibility
(IVDMD)) was significantly different among species with no differences for neutral
detergent fiber (NDF) and acid detergent lignin (ADL). All species showed potential as
alternative ruminant feeds, especially U. mutica and U. brizantha having the highest yield

in the sub-humid environment.

Keywords: Dry matter yield, grass species, leaf to stem ratio, plant height, quality.
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3.1. Introduction

Feed shortages in quantity and quality are a recurrent challenge to livestock production and
productivity in tropical Africa. In Ethiopia’s highland crop-livestock mixed farming
system, the availability of year-round feed is limited (FAO 2018; Feyissa et al. 2022;
Mekonnen et al. 2022). The combination of feed scarcity and low feed quality makes it
difficult to meet the maintenance requirements for livestock throughout the year (Feyissa
et al. 2022). Currently, pressures from climate change exacerbate these long-standing feed
problems (Habte et al. 2022). Introducing improved forages in such systems has been
proposed to offer alternative good-quality feeds to improve livestock productivity and close

feed gaps (Feyissa et al. 2022).

Urochloa (Syn. Brachiaria) includes many tropical grass species that originated on the
African continent and are extensively grown in tropical Latin America and South Asia
(Cheruiyot et al. 2020). Although there are over 100 species in this genus, many are
underutilized and only a few, such as Urochloa brizantha (syn. Brachiaria brizantha) (A.
Rich.) Stapf (palisade grass); U. decumbens (syn. Brachiaria decumbens) Stapf (signal
grass) and U. humidicola (syn. Brachiaria humidicola) (Rendle) Schweick (Koronivia
grass) are commercially exploited as forage crops (Miles et al. 2004). Recently, improved
Urochloa grass has been introduced and cultivated by thousands of farmers in eastern
Africa to provide alternative high-quality feed resources for livestock producers (Cheruiyot

et al. 2020; Maina et al. 2020).

In addition to providing better quality feed, Urochloa grasses show adaptability to a wide
range of agroecology and soil types (Cheruiyot ef al. 2018). Their deep root systems allow
them to extract nutrients and moisture, which helps them tolerate low soil fertility and dry
spells in tropical regions (Ndayisaba et al. 2020). They also contribute to carbon
sequestration, enhanced nitrogen use efficiency via biological nitrification inhibition
(BNI), effective soil erosion control and management of crop pests through push-pull pest
management techniques (Arango et al. 2014; Moreta et al. 2014; Rao et al. 2014).
Urochloa grasses have shown promising results in improving livestock productivity

through better quality and higher biomass (Maina et al. 2020).
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Currently, there is interest in evaluating the adaptability and performance of Urochloa
grass species under climatic conditions for the highland smallholder livestock producers of
Ethiopia. Comparative yield evaluation of Urochloa with other important grass species was
identified as the main research approach to demonstrate the suitability of forages for wider
adoption in Ethiopia (Feyissa ef al. 2022). In the present study, the agronomic performance
of 4 Urochloa species (U. mutica (DZF-483), U. decumbens ‘Basilisk’ (DZF-10871), U.
brizantha (DZF-13379), and U. humidicola (DZF-9222)), and 2 other grass species (Desho
grass (Pennisetum glaucifoliium var. Kindu kosha) and Rhodes grass (Chloris gayana
‘Massaba’) were evaluated to compare the growth, herbage accumulation, and nutritive

value in the highlands of central Ethiopia.

3.2. Materials and Methods

The experiment was conducted during the main rainy season from 2020 to 2022 at the
Debre Zeit Agricultural Research Center (Bishoftu) (08°44° N, 38°38’ E; elevation 1900
masl) in the sub-humid agroclimatic zone of central Ethiopia. The center is 47 km East of
Addis Ababa, on the road to Adama. The soil type of experimental plots is reported to be
Eutric Vertisols (Tafesse and Esayas, 2003).

Four Urochloa species (U. brizantha (DZF-13379), U. humidicola (DZF-9222), U.
decumbens ‘Basilisk’ (DZF-10871) and U. mutica (DZF-483)) were compared to Desho
grass (Pennisetum glaucifolium Var. Kindu kosha) and Rhodes grass (Chloris gayana Var.
Masaba). Urochloa species were selected based on their superior performance from earlier
trials, while a recently released local variety of Desho grass and Rhodes grass, both popular

forage grass species, were used for comparison.

The experiment was conducted using a Randomized Complete Block Design (RCBD) with
3 replicates. Vegetative root splits of 12 months of age were transplanted using 2-3 splits
per hole at a depth of 10 cm in mid-June 2020 under rain-fed conditions without
supplementary irrigation in well-prepared 12 m? plots with 50 cm between row and 25 cm
within row spacing. Nitrogen and phosphorus fertilizers were applied at the rate of 18 kg

N/ha and 46 kg P/ha (as diammonium phosphate (DAP), and 46kg N/ha as urea at
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transplanting and immediately after each harvest in a band along the planting furrow. Weed

management and regular monitoring of disease and insects were performed as appropriate.

3.2.1. Data collection

Dry matter (DM) yield, plant height, plot cover and leaf-to-stem ratio were measured
during the rainy season (June—Sept). The first harvest was carried out 3 months after
establishment in the first year (2020) and at intervals of 60 days (2 cuts/rainy season) in
2021 and 2022. Plant height from the soil surface to the uppermost point of the stem was
measured on 5 randomly selected plants/plot and expressed as a mean. Visual observation
for plot cover was rated on a 1-10 scale (where 1=poor and 10=excellent). The leaf-to-stem
ratio was determined by cutting plants from 2 randomly selected consecutive rows and
separating by hand into leaf (lamina) and stem (leaf sheath + stem). Samples of each plant
part were weighed, homogenized and subsampled and dried in a forced draft drying oven
at 65 °C for 72 h. Fresh herbage yield was sampled by cutting the entire plot at a stubble
height of 20 cm by hand using a sickle and weighing immediately. A subsample of 300 g
of freshly harvested biomass was cut into small pieces and dried at 65 °C for 72 h in an
oven to calculate dry matter yield as: DM yield (t/ha) = (10xTFWxSSDW)/ (HAXSSFW),
where: TFW is the total fresh weight of the harvested area (kg); SSDW is the subsample
dry weight (g); HA is the harvest area (m?); SSFW is the subsample fresh weight (g).

A sample of 400 g from each treatment was collected at harvest and dried under the shade
for laboratory analysis. Nutritional analyses of feed samples were performed at the
Bishoftu Agricultural Research Center Food and Nutrition Laboratory and at Holetta
Agricultural Research Center Animal Feed and Nutrition Laboratory. Grass samples were
dried at 105 °C overnight and ground to pass through a 1 mm sieve. The total ash content
was determined in a furnace at 550 °C for 6 h. Neutral detergent fiber (NDF), acid detergent
fiber (ADF) and acid detergent lignin (ADL) contents were determined according to Van
Soest and Robertson (1985). Nitrogen (N) was determined using the Kjeldahl method and
in vitro dry matter digestibility (IVDMD) was determined using the modified Tilley and
Terry method (Tilley and Terry 1963).
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3.2.2. Statistical analysis

The Linear mixed-effect model (LME) approach was used to analyze the forage yield and
nutritive value data using the ‘lme4’ package (Bates ef al. 2015) in R (statistical analysis
software). Pasture species, year and interaction of pasture and year were considered as
fixed effects and the effects of plots within replicated blocks were considered as random
effects of the model. Harvesting years were included as repeated measures because they
were measured from the same plot. Mean comparisons of the effects were performed using
the ‘Ismeans’ package (Lenth 2016) in R for the cultivar across years. Nutritive value was
separately analyzed using one-way ANOVA to determine significant differences among
the pasture species. The statistical model used was: Yijkx = p + Cj+ Yx + (Cj*Yx) + &ijkx,
where: Yijkx is the response variable; p is the overall mean; Cj is the effect of jth grass
cultivar; Yx is the effect of jth year; Cj*Yx is the interaction between cultivar and year;

eijxk is the random error.

Tukey’s honestly significant difference post hoc test was used to separate significant

differences between pasture species.

3.3. Results

Average annual rainfall for the experimental years (2020-2022) was 814.8 mm with a long-
term mean (1990-2020) of 473.2 mm (Table 3.1). Compared with the long-term climatic
data, the trial period had higher rainfall, especially during the Kiremt season (June to

September), the main rainy season in Ethiopia.
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Table 3.1. Mean rainfall and temperature variation over the trial years and long-term (1990-2020).

Months of the year Jan
Rainfall, trial years (mm) 5.9
Rainfall, long-term mean (mm) 7.5
Mean daily min temperature 7.2
trial years (°C)

Mean daily max temperature 26.6
trial years (°C)

Mean daily min temperature 9.3
long-term (°C)

Mean daily max temperature 26.7

long-term (°C)

Feb

4.8

10.7

8.5

27.7

10.4

28.0

Mar

28.3

34.6

10.3

29.2

11.8

28.9

Apr
39.2
29.6
11.7
294

13.2

28.9

May  Jun
714 117.5
294 653
11.1 11.5
28.1 264
129 12.6
292 279

26

Jul

217.9

129.9

11.5

21.3

13.5

25.0

Aug
213.9
107.4
11.1
223

13.5

24.4

Sep
96.0
42.5
10.4
23.2

12.5

254

Oct

19.4

8.2

7.0

243

9.3

29.2

Nov

0.0

3.5

5.2

243

7.8

26.2

Dec

0.4

4.6

5.1

24.6

7.5

25.8



3.3.1. Effects of species, year, and their interaction on agronomic traits.

A combined analysis of variance for DM yield, plant height, plot cover and leaf to stem
ratio of the 4 Urochloa species, Rhodes grass and Desho grass showed that there was
significant variation among species (P<0.01) for DM yield, plant height, plot cover and
leaf to stem ratio (Table 3.2). Significant (P<0.05) species X year interactions were

observed for all the parameters except for leaf-to-stem ratio.

Table 3.2. Species, year and their interaction effects on agronomic traits in Bishoftu.

Parameters Species Year Species x Year
DM yield (t/ha) ok ok * %

Plant height (cm) otk ok ok ok

Plot cover sk ok * % k%

Leaf to Stem ratio ek ns ns

ns=non-significant; *=P< 0.05; *=P<0.01; **=P< 0.001.

The combined analysis indicated significant differences in forage dry matter yield among
species (Table 3.3). U. mutica followed by Desho grass had the highest DM yield, but they
did not differ significantly from other species, except for U. humidicola. Variation among
species in experimental periods was also significant except for 2021. Low dry matter yields

were observed during the establishment year compared to 2021 and 2022.

Table 3.3. Dry matter yield (t/ha) of grass species tested for 3 years at Bishoftu.

Species 2020 2021 2022 Combined analysis
U. brizantha (DZF-13379) 2.61° 14.53 17.23*  11.46%

U. humidicola (DZF-9222) 2.13° 11.6 11.98® 8.57°
U. decumbens (DZF-10871) 4383 15.75 13.44%®  11.19%®

U. mutica (DZF-483) 6.72% 17.02 16.96*  13.57°
Rhodes grass (Massaba) 8.52% 1497  9.84° 11.11%
Desho grass (Kindu kosha) 8.66? 17.2 12,97 12,947
Mean 5.03 15.18 13.74 11.47
SEM 1.38 1.38 1.38 0.83

Means with different letters are significantly different. SEM=standard error of the mean.
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The combined analysis indicated that U. mutica was the tallest (P<0.05) followed by
Rhodes grass and U. brizantha (Table 3.4). Species varied significantly in plant height
across all the experimental periods. Low plant height was observed in U. humidicola

throughout the experimental period.

Table 3.4. Plant height (cm) of grass species tested for 3 years at Bishoftu.

Species 2020 2021 2022 Combined analysis
U. brizantha (DZF-13379) 96°¢ 99° 94.52 96.5°

U. humidicola (DZF-9222) 754 83.5¢ 79.2° 79.8¢

U. decumbens (DZF-10871) 9 bed 100.7°  80.5° 91.1%¢

U. mutica (DZF-483) 132.7*  116.5*  99.3? 116.22

Rhodes grass (Massaba) 107° 99° 88.5% 98.2°

Desho grass (Kindu kosha) 84.7°4 81.8° 90.8%° 85.8%

Mean 97.9 96.75 88.8 94.6

SEM 4.68 4.68 4.68 2.28

Means with different letters are significantly different. SEM=standard error of the mean.

The combined analysis indicated that U. mutica, Desho, U. brizantha, and U. decumbens
had higher plot cover than U. humidicola and Rhodes grass (Table 3.5). There was also

significant variation in plot cover among the cultivars across the experimental period.

Table 3.5. Plot cover and 3 year mean leaf to stem ratio of grass species tested for 3 years

at Bishoftu.
Plot cover
- mean leaf-to-
Combined i ratio!
Species 2020 2021 2022 analysis
U. brizantha (DZF-13379) 6° gab 92 7.67° 0.92?
U. humidicola (DZF-9222) 6P 78 7.3%  6.78° 0.91%
U. decumbens (DZF-10871)  6° 8.7¢ 8% 7567 0.96
U. mutica (DZF-483) 774 83*  83% 8118 0.87%
Desho grass (var. Kindu
kosha) 730 8.7¢  7.7°¢ 7.78 0.87°
Rhodes grass (var. Massaba) 7% 8.3* 7° 7.44° 0.72°
Mean 6.6 8.2 7.9 7.6 0.83
SEM 032 032 032 0.27 0.07

"Leaf stem ratio presented as 3 year mean (no species x year interaction); “*Means with

different letters are significantly different; SEM=standard error of the mean.
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3.3.2. Nutritional value

Ash, ADF, CP and IVDMD were significantly different (P<0.05) among species, while
NDF and ADL were not significantly different (Table 3.6).

Table 3.6. Nutritional value (%) of perennial forage grass species evaluated in Bishoftu.

Species DM  Ash NDF ADF ADL CP IVDMD

U. brizantha (DZF-13379)  93.18 7.96° 734 43.9% 10.58 12.73% 54.2°
U. decumbens (DZF-10871) 93.37 9.66®® 73.1  43.4%® 10.01 1023 51.4%
U. humidicola (DZF-9222) 93.43 1198 70.6 41.1* 9.18 12.93* 57.8°
U. mutica (DZF-483) 93.54 9.04* 76 38° 8.6 12.43%  52.6°

Desho grass (var. Kindu - 93.6 ¢ g1 737 4301 979 g27°  s54.6%

kosha)

Rhodes grass (var. B3 geob 771 483 979 9430 48.6°
Massaba)

Mean 93.69 937 7398 43.1 966 11 53
SEM 02 1.14 253 188 206 0.78 1.27

“dMeans with different letters are significantly different. NDF=neutral detergent fiber;
ADF=acid detergent fiber; ADL=acid detergent lignin; CP=crude protein; [IVDMD=In
vitro dry matter digestibility; SEM=standard error of the mean.

3.4. Discussion

The occurrence of species X year interactions for agronomic traits was expected because
of climatic variation between the test years. There was a change in the ranking order of
grass species over the years owing to the non-uniformity of growing conditions (rainfall,
temperature) during the experimental periods. These results agree with those of Wassie et
al. (2018), who reported significant species x accession X year interactions. All species

were able to persist through the dry season from year to year.

Given the feed supply challenges faced by smallholders in mixed crop-livestock systems,
cultivating Urochloa grasses can alleviate feed shortages (Midega et al. 2018). This study
showed that Urochloa species are capable of producing similar herbage yield to the native
Desho grass and higher yield than Rhodes grass, a fairly well adopted forage grass in
Ethiopia. Urochloa species can be easily integrated into cropping systems, providing
additional benefits such as soil conservation and land rehabilitation (Cheruiyot et al. 2018;

Horrocks et al. 2019; Damene et al. 2020). Urochloa grasses are adaptable to rain-fed
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conditions, enabling farmers to produce surplus feed during the growing season that can

be stored for use during periods of scarcity (Cezario et al. 2015).

The results confirmed the high forage yield of U. mutica (DZF-483) in subhumid
environments, as reported previously by Assefa et al. (2016) and Bantihun et al. (2022).
Dry matter yield of U. mutica (DZF-483) obtained during 2022 (16.96 t/ha) was higher
than the 13.3 t/ha reported during variety registration (Assefa et al. 2016) and also higher
than 11.8 t/ha reported in the northwest highlands of Ethiopia by Bantihun et al. (2022). U.
decumbens ‘Basilisk’ dry matter yields (11.26 t/ha) were comparable with the results of
Faji et al. (2022), who reported 11.40 t/ha in Holetta, Ethiopia. U. brizantha (DZF-13379)
displayed increasing forage dry matter yield each year, indicating the potential and
importance of this cultivar as a candidate variety for registration (unpublished data). Dry
matter yield of U. brizantha of 11.2 t/ha was higher than yields of 5.09 t/ha reported for
other U. brizantha ecotypes grown in northwestern Ethiopia (Wassie et al. 2018). U.
humidicola had the lowest yield but has additional advantages such as restoration ability

when established on degraded lands (Damene et al. 2020).

Dry matter yield of Desho grass was lower than those reported in other studies at higher
altitudes in Ethiopia (Asmare et al. 2017; Faji et al. 2022; Jabessa et al. 2021). This is
supported by Mengistu et al. (2024), who indicated that the origin of Desho grass was
highland and mid-elevation areas and that highland environments were better for the
growth and development of Desho grass. Rhodes grass (Chloris gayana var. Massaba) dry
matter yields were much lower than those reported by Faji et al. 2022 under supplementary

irrigation in Holetta. This difference could be due to weather, soil type and irrigation.

All species had CP concentrations greater than 7%, meeting the minimum crude protein
requirements for the synthesis of microbial proteins in the rumen needed to support the
maintenance requirements of ruminants (Van Soest 1994). U. humidicola, U. brizantha and
U. mutica were classified as medium protein feed sources and the remaining species were
categorized as low-protein feed sources using the classification of Lonsdale (1989). CP
concentrations of U. mutica, U. decumbens, Desho, and Rhodes grass were higher than

those reported by Bantihun et al. (2022) and Faji et al. (2022).
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Ash ranged from 8-12%, which is in agreement with the report of Wassie ef al. (2018).
NDF was higher than the values (65%) for tropical grasses reported by (Van Soest 1994),
classifying them as a low-quality roughage. The variable ADF reported may be due to the
different grass genotypes and species. Faji et al. (2022) reported that nutritive value can
vary with genotype, harvesting stage and environment. U. humidicola is more digestible
than the other perennial grass species evaluated, although IVDMD showed a decline with
an increase in NDF, ADF and ADL. This could be attributed to lignin deposition in the cell
wall and an increased proportion of stem in the forage with ageing. Results for nutritive
value of U. decumbens, Desho grass and Rhodes grass in the current study were higher
than those reported by Faji et al. (2022). Differences between these results and those of
other studies are probably due to the differences in the edaphic, climatic, and biotic
conditions of the study environment as well as the maturity stage at harvest, management

and supplementary irrigation.

3.5. Conclusion

The Urochloa grasses compared well with other grasses evaluated in this study with the
potential to produce forage with good nutritive value and serve as alternative options for
smallholders in rain-fed sub-humid environments in Central Ethiopia. These grasses
demonstrated optimal organic matter digestibility and remarkably high crude protein (CP)
concentration, making them excellent forage supplements in systems where crop residues
are the primary feed resource. U. mutica, followed by U. brizantha, may be particularly
recommended due to their higher biomass production and adequate forage nutritive value.
Further studies should be conducted on the performance of animals fed these grasses as a

basal diet to make recommendations to livestock producers in the area.
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CHAPTER 4: Feed Intake, Digestibility, Growth, Carcass Characteristics, and
Economic Benefits of Yearling Arsi-Bale Rams Fed B. Mutica Hay Supplemented
With a Graded Level of Concentrate Feed.

Abstract

This study evaluated the effects of supplementing B. mutica hay with graded levels of a
concentrate mixture (noug seed cake and wheat bran) on intake, digestibility, growth
performance, carcass characteristics, and economic return in yearling Arsi-Bale rams.
Twenty-eight rams, averaging one year of age and an initial weight of 16.79 +1.74 kg, were
randomly assigned to one of four dietary treatments. The rams were fed a basal diet of B.
mutica hay supplemented with 100 g, 200 g, 300 g, and 400 g of concentrate per day,
designed as treatments T1, T2, T3, and T4, respectively. The experiment was laid out in a
randomized complete block design (RCBD) with seven blocks. The results showed
significant improvements (p < 0.05) in dry matter intake, nutrient digestibility, and feed
conversion efficiency (FCE) with increasing concentrate levels. Rams fed T3 and T4
exhibited the highest body weight gain and carcass yields, though differences between
them were not statistically significant (p > 0.05), suggesting 300 g as economically optimal
level. Additionally, Meat chemical compositions such as crude protein and fat contents has
increased with higher concentrate levels. The partial budget analysis revealed higher
economic returns with moderate supplementation levels (200300 g). In conclusion,
supplementing B. mutica hay with 300 g of concentrate optimizes growth, carcass yield,
and economic efficiency in Arsi-Bale sheep, providing a viable strategy for smallholder
sheep production. Nonetheless, on-farm validation is necessary to tailor this strategy for
different breeds and production environments, improving the sustainability of sheep

feeding systems.

Keywords: Arsi-Bale sheep, B. mutica, Carcass, Digestibility, Dry matter intake,
Profitability, Growth, Nutrient intake.
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4.1. Introduction

In Ethiopia, smallholder farmers' livelihoods heavily depend on agriculture, with the
livestock sector playing an integral role. Livestock is essential for poverty alleviation,
national income growth, and foreign exchange earnings while also enhancing food security
and contributing to climate change mitigation and adaptation (AGP-LMD, 2013; Shapiro
et al., 2017). Among livestock, sheep (Ovis aries) are extensively raised in mixed farming
systems across diverse agro-ecological zones (Gebremichael, 2008; Gizaw et al., 2010),
with a population of approximately 38 million heads (CSA, 2022). Despite their
adaptability and significant population, the contribution of sheep to the national economy

remains underwhelming (Behnke, 2010; AGP-LMD, 2013; Jemberu et al., 2022).

A major constraint to the productivity of Ethiopian livestock, including sheep, is
inadequate nutrition (FAO, 2018; McNamara & McKune, 2018; Management Entity,
2021; Assefa et al., 2024). The primary feed sources for sheep in Ethiopia are natural
pasture and crop residues (Tolera et al., 2012; Assefa et al., 2016; Mengistu et al., 2017).
However, these feeds often fail to meet the optimal nutritional requirements necessary for
maintenance, growth, and milk production (Van Soest, 1994; NRC, 2007; McDonald et
al., 2010; Desta, 2024). Nutrient deficiencies, particularly in protein or nitrogen, impair
rumen microbial activity, reduce feed intake, and result in poor body conditions. As a
result, sheep are marketed with average hot carcass yields of only 10 kg, reportedly the
lowest in the world (Legese & Fadiga, 2014). This limited productivity translates to low
per capita meat consumption and minimal income, impacting both household and national
levels and falling below the average for Sub-Saharan African countries (Eshetie et al.,

2018).

Enhancing livestock production and productivity is critical to meet the growing demand
for livestock products in Ethiopia. Given the persistent feed shortages, introducing
improved forage varieties like B. mutica offers a promising solution for sustainable and
efficient feeding strategies (Feyissa et al., 2022). This recently released forage variety has
been recognized for its high biomass yield and good nutritional profile (Zeleke et al., 2022;

Dereje, et al., 2024). However, realizing its full potential requires a comprehensive
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evaluation beyond biomass production and adaptability, including assessments of nutrient

composition, intake, and digestibility.

Basal diets like grass or roughage feed such as Brachiaria require supplementation with
protein concentrate feeds to meet the nutritional needs of growing animals (Da Silva et al.,
2020; Osman et al., 2023). Proper supplementation enhances nitrogen availability to rumen
microbes, thereby improving feed intake, digestion efficiency, and animal productivity
(Rufino et al., 2020; Mwangi et al., 2024). Although previous research has demonstrated
the positive effects of concentrate supplementation with other forage bases, limited studies
have investigated the integration of concentrate feeds with B. mutica hay, particularly for

small ruminants.

Among the key factors affecting sheep productivity and efficiency, forage quality and
availability play a crucial role. Feed intake, particularly dry matter (DM) intake, is a critical
determinant of growth performance, directly affecting weight gain, carcass yield, and meat
quality. Animal characteristics such as breed, age, and physiological stage further influence
feed intake and growth. According to NRC (2007), the recommended DM intake for 30 kg
sheep is 780 g/day, equivalent to 2.6% of body weight. Feeding trials in various parts of
Ethiopia have also shown that the DM intake of some indigenous sheep ranged between
480 and 843 g/day (Asmare et al., 2016; Diba et al., 2018; Yadete, 2019). Furthermore,
strategic feeding practice can significantly enhance feed intake; for example, indigenous
sheep supplemented with protein- and energy-rich diets show marked improvement in feed

intake and growth rates (Ayele & Urge, 2019; Gadissa et al., 2021).

Carcass yield and meat quality depend heavily on feeding regime, along with breed, age,
and sex. Although indigenous sheep typically produce lower carcass weights, concentrate-
based diets significantly enhanced slaughter weight, dressing percentage, and overall
carcass quality (Tibebu et al., 2019; Worku et al., 2020; Atsbha et al., 2021). Improved
feeding practices also enhance key meat characteristics such as fat composition, water-
holding capacity, and tenderness, which are factors that drive consumer preference and
marketability (Da Silva et al., 2020; Ponnampalam et al., 2024). Feeding systems

incorporating high-quality forage, such as Brachiaria grass, have been shown to improve
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these metrics. Additionally, supplementing such forage with protein rich diets produces

higher-quality meat (Wang et al., 2021).

Existing studies have shown that Farta sheep fed a diet of Brachiaria spp. supplemented
with a concentrate mixture containing equal proportions of noug seed cake and wheat bran
(300 g/day) achieved a daily weight gain of 82.7 g in Ethiopia (Adnew et al., 2021). Seid
et al. (2021) reported that Arsi-Bale Sheep breed fed Desho grass hay supplemented with
up to 400 g/day of concentrate feed attained a daily weight gain of 97.2 g. Similarly,
Kebede ef al. (2020) found that roughage feed (partial substitution hay with sugar cane
tops silage and hay) supplemented with a concentrate mix (350 g/day) resulted in daily
weight gains ranging from 81 to 91 g. Nevertheless, a significant knowledge gap exists
regarding the performance of Arsi-Bale sheep fed a basal diet of B. mutica grass

supplemented with varying levels of concentrate mixtures.

This study hypothesizes that feeding a basal diet of B. mutica hay supplemented with
graded levels of concentrate mixtures will result in varying responses in feed intake,
digestibility, growth performance, and carcass traits in Arsi-Bale rams. Identifying the
optimal supplementation level is expected to maximize nutritional value, animal
productivity, and economic profitability for growing Arsi-Bale rams. Therefore, the
objective is to determine the optimal concentrate supplementation level for B. mutica hay
basal diets by assessing feed intake, digestibility, growth performance, carcass

characteristics, and the profitability for yearling Arsi-Bale rams.
4.2. Materials and Methods
4.2.1. Animal care and ethical issues

Animal care and ethical issues, with regard to this study, were carefully evaluated, and the
experiment was carried out according to animal care protocols approved by the Animal
Research Ethical Review Committee of the Addis Ababa University, College of Veterinary
Medicine and Agriculture with approval number VM/ERC/06/01/15/2023. Directive
2010/63/EU of the European Union guidelines (2010) concerning the treatment and use of

animals for research and development purposes were also employed.
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4.2.2. Experimental site

The experiment was conducted at Debre Zeit Agricultural Research Centre (DZARC) 47
km southeast of the capital, Addis Ababa. The center is located between 08°44°N latitude
and 38°58’E longitude at an altitude of 1900 m a.s.l in sub-humid areas of Ethiopia. The
area receives a mean annual rainfall of 473 mm, having a bimodal pattern and the average
maximum and minimum air temperatures are 27.1 and 11.2 °C, respectively. The soil type
at the Center is predominantly Eutric vertisols, Vertic Andosols, and Haplic Andosols

(Tafesse & Esayas, 2003), whereas the feeding grass was established on Eutric vertisols.
4.2.3. Feeds and feeding management

Recently released Brachiaria grass, B. mutica (DZF-483 variety), was established on 0.5
ha of land at DZARC in June 2022. It was fertilized at a rate of 100 kg ha' urea
(H2NCONH:) (46% N) and 100 kg ha™! DAP (diammonium phosphate (NH4),HPO4),
which is composed of 18% N, 46% P20s), to maximize biomass production, weed control
was carried out manually. The following year, it was harvested 2 months after the onset of
the main rain season (June - July) and again at the end of September (2 months after the
first harvest) (August — September). The harvested grass was chopped manually into pieces
1-10cm, dried under shade, and stored in a dry cool place until the commencement of the
feeding trial. This chopped grass could facilitate the intake of animals. Supplemental feeds,
including noug (Guizotia abyssinica) seed cake, wheat bran, and salt, were purchased and

stored in a cool and dry place until the beginning of the feeding trial.

Table 4.1. Chemical composition of feed ingredients.

Feed ingredients DM% Nutrients (%DM)

OM Cp NDF ADF ADL
B. mutica hay 93.18 91.3 12.3 75.3 48.4 9.0
Wheat bran 89 83 15.5 55 46 4.5
Noug seed cake 93 78 36 40.5 35.8 16.5

Abbreviations: ADF = acid detergent fiber; ADL = acid detergent lignin; CP = crude
protein; DM = Dry matter; NDF = neutral detergent fiber; OM = organic matter.
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4.2.4. Experimental animals and their management

Twenty-eight yearling intact Arsi-Bale ram lambs with 16.79 +1.74 kg (mean + SD) initial
body weight were purchased from local markets around Bishoftu. Soon after arrival at the
experiment station, they were quarantined for twenty-one days in a separate house. During
this time, all animals were ear-tagged and vaccinated against ovine pasteurellosis and sheep
pox and treated with a broad-spectrum anti-parasitic agent (Ivermectin). The lambs were
offered treatment diets for fourteen days for acclimatization. The acclimatization period
was followed by 10 days of digestibility trial. After five days of free access to feed, the
actual 90 days of the feeding period followed. During these periods, the lambs were housed
in individual pens equipped with feeding and watering troughs. The pens and troughs were

cleaned every day before offering feed. Tap water was provided for all animals ad libitum.
4.2.5. Research design and treatments

The feeding trial was arranged in a randomized complete block design (RCBD) with four
treatments and seven replications. Initial body weights, taken after overnight fasting on two
consecutive days at the end of the acclimatization period, were used as a blocking factor.
Lambs were then grouped into 7 blocks. Subsequently, all animals within the block were
randomly assigned to each dietary treatment. The basal diet consisted of B. mutica (var.
DZF-483) hay, supplemented with a concentrate mixture (CM) of 100, 200, 300, and 400
g DM/day was used as T1, T2, T3, and T4, respectively which were considered as
treatments. The concentrate mixture was composed of 49.5% noug seed cake, 49.5% wheat
bran, and 1% common salt. The proportion of feed ingredients in the concentrate mixture
was based on the recommended range for growing indigenous lambs (Kebede, 2015;
Gadissa et al., 2021; Ebrahim & Alemayehu, 2024). The concentrate supplements also fit
the recommendations of the National Research Council (NRC, 2007) for protein (12%) and
energy requirements (10 MJ/kg) of growing ram at least to guarantee 50 g/d average daily

weight gain as cited by Roba et al. (2022).
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4.2.6. Digestibility trial

The digestibility trial was carried out prior to the growth performance trial. Each sheep was
equipped with fecal collection plastic bags and allowed a 3-day acclimatization period,
followed by a 7-day feces collection period. Fecal samples were collected in the morning,
placed in plastic sheet bags, weighed, and stored at —20°C. At the end of the collection
period, the fecal samples from each animal were pooled, and 10% of the pooled samples
were dried at 60°C for 72 hours; ground to Imm and then analyzed. Throughout the trial,
daily feed offers, and refusals were recorded for each animal, and dry matter intake was

calculated by subtracting refusals from feed offers.

The apparent dry matter (DM) and nutrient digestibility were calculated using the method
described by McDonald et al. (2010), as follows.
DMI - Fecal DM

Apparent DM digestibility (%) = DMI * 100

) _ o Nutrient Intake - Fecal nutrient output
Apparent nutrient digestibility (%) = T ————— * 100

4.2.7. Feed intake and body weight change

Throughout the experimental period, daily feed offers and refusals were weighed and
recorded for each animal to determine daily feed intake. The basal diet was provided ad
libitum, with a 20% refusal rate adjusted every week based on individual animal intake
from the previous days. Supplements were offered twice daily in equal portions at 8:00
AM and 2:00 PM to each experimental lamb. Any unconsumed feed was discarded and
weighed the following morning before fresh feed was added. Sample offers and refusals,
pooled per treatment over the experimental period, were thoroughly mixed and sub-

sampled to determine chemical composition analysis.

The live body weight of each animal was recorded at the start of the feeding trial and every
15 days thereafter, following an overnight fast to eliminate the effect of gut fill. Total body
weight gain (TBWG) was calculated as the difference between final and initial body weight
(IBW). Average daily gain (ADG) was determined by dividing TBWG by the number of
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feeding days. Feed conversion efficiency (FCE) was calculated as the ratio of ADG to daily
feed intake, providing an indication of feed utilization and how efficiently the lambs

converted feed into body mass.

4.2.8. Carcass evaluation

At the conclusion of the experimental period, twelve lambs (three from each dietary
treatment) were randomly selected for slaughter. Prior to slaughter, the lambs were fasted
for 14 hours, with free access to water. The animals were weighed just before slaughter to
obtain their slaughter body weight (SBW). They were euthanized by severing their jugular
veins and carotid artery with a knife. During slaughter, the skin, forefeet, hind feet, head,
and all the viscera and fat depots (scrotal, kidney, pelvic, and gut fat) were removed to

determine the hot carcass weight (HCW).

Data on total edible offal components (TEOC) were carefully recorded, including the
weight of the heart, liver with gall bladder, tail, kidneys, empty gut, and fat (kidney and
heart). Total non-edible offal components (TNEOC) were also recorded, consisting of the
weight of the head, lung with trachea, skin and leg, spleen, testis, penis, bladder, and gut
contents. The difference between SBW and gut content was used to determine the empty

body weight (EBW) of slaughtered animals.

Dressing percentage (DP) was calculated by dividing the HCW by SBW and/or dividing
HCW by EBW. Both the left and right rib-eye muscle area (REMA) were measured by
cutting between the 12" and 13" ribs perpendicular to the backbone. The REMA was first
traced on transparency paper, and the traced areas were then transferred to square paper.
The area of the squares (0.25 cm? each) that fell within the traced region was counted. For

partial square paper, the sum of the two sides was used as the REMA.
4.2.9. Chemical analysis of feeds and meat samples

The chemical analyses of all feed, refusals, and fecal samples was conducted at Holetta
Agricultural Research Center (HARC) Animal Nutrition Laboratory. The samples were
Oven dried at 105°C overnight, crushed using a laboratory mill to pass through a Imm

sieve, and stored for subsequent analysis of dry matter (DM) and ash content (AOAC,
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1990). For crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber (NDF),
and acid detergent lignin (ADL), the samples were dried at 65 'C in an air-drafted oven for
48 hours (van Soest & Robertson, 1985). The nitrogen (N) content was determined using
the micro-Kjeldahl method, and CP was calculated as N x 6.25. The metabolizable energy
(EME) intake of experimental animals was estimated from its digestible organic matter

intake (DOMI) by using: EME (MJ/kg DM) = DOMI x 0.016 (McDonald et al., 2010).

Meat chemical composition was analyzed at the Food and Nutrition Laboratory of the
Ethiopian Institute of Agricultural Research. Meat samples were collected from the
longissimus lumborum (Longissimus dorsi muscle) between the 10th and 13th ribs. The
samples were chopped, thoroughly mixed, and frozen at —20 °C until partially dried. They
were then dried at 55 °C for 72 hours, packed in polyethylene bags, and stored at 4 °C for

proximate chemical analysis.

For dry matter (DM) determination, 2 g of the dried meat sample was weighed into a pre-
weighed crucible and dried in an oven at 105 °C until a constant weight was achieved. Ash
content was determined by incinerating the dried samples in a muffle furnace at 600 °C for
12 hours, followed by cooling in a desiccator and weighing. The ash content was expressed
as a percentage of the dried sample weight. Nitrogen (N) content was analyzed using the
Kjeldahl method (AOAC, 1990), and crude protein was calculated by multiplying the
nitrogen content by 6.25.

4.2.10. Partial budget analysis

The partial budget analysis was conducted to evaluate the profitability of feeding B. mutica
hay with varying levels of a concentrate mixture containing noug seed cake, wheat bran,
and salt to Arsi-Bale sheep, following standard guidelines (Upton, 1973). This analysis
measures profit or losses, net benefits, or differences between gains and losses resulting
from the proposed change. The analysis considered main input costs, including sheep
prices, feed costs, and labor expenses. The purchase price of sheep was used, and the cost
of both basal and concentrate feed treatments was estimated as the total feed cost. The cost

of B. mutica hay was estimated based on the market price of a bale of natural pasture hay.
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The selling price of each animal was estimated by three experienced individuals involved

in sheep trading in the area.

Total return (TR) was calculated as the difference between the selling and purchase prices
of each animal. Total variable costs (TVC) included the costs of all inputs that change with
the feed treatment, such as hay, concentrate, medication and labor costs. Net return (NR)
was calculated as the difference between total returns (TR) and total variable costs (TVC):

NR=TR -TVC.

The change in net return (ANR) was determined by subtracting the change in total variable
cost (ATVC) from the change in total return (ATR), which serve as a reference criterion
for adopting new technologies: ANR = ATR —ATVC. The diet with the lower concentrate
feed cost was used in comparison to the change in TVC. The marginal rate of return (MRR)
was calculated to measures the increase in net income (ANR) for each additional unit of

expenditure (ATVC) and expressed as a percentage: MRR = ANR / ATVC.
4.2.11. Statistical analysis

All data collected were subjected to analysis of variance using the General Linear Model
procedure of the R program (version 4.4.1). Mean separation was done using the least
significant difference (LSD) at 5% probability. The statistical models used are described
as: Yijk = u+ Ti+ Bj+ eijk, where Yijk is the observation of the ith treatment; x is the overall

mean, 77 is the ith treatment (i = 4), Bj is the jth block effect and &ijk is random error.
4.3. Results

4.3.1. Chemical compositions of experimental feed

The chemical compositions of the diets used in the current study are presented in Table
4.1. The major ingredients considered in the analysis of the chemical composition of the
feeds are B. mutica hay, wheat bran and noug seed cake. Even if salt is included in the
treatment diets, its chemical elements are fixed and known. A similar amount of dry matter
(DM) is obtained in the feed components of the B. mutica hay and noug seed cake with
slightly lower values for wheat bran. Higher crude protein (CP) content (36%) was

recorded for noug seed cake (NSC) followed by wheat bran whereas B. mutica grass hay
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showed the lowest as it is common for most grass species. On the contrary, the lowest NDF

and ADF was observed for NSC while the highest is for B. mutica grass hay.

4.3.2. Feed and nutrient intake

Table 4.2 presents the nutrient intake of Arsi Bale sheep fed B. mutica with varying levels
of a concentrate mixture as a supplement. Dietary treatments differ significantly (P<0.01)
for the intake of dry matter, organic matter and crude protein. The highest DMI and nutrient
intake was observed for the sheep that consumed a basal diet with the highest concentrate
level (T4) but did not differ significantly (P>0.01) from T3 except for CPI. Lowest intake
was observed for the sheep fed on a basal diet with the lowest concentrate supplement level
(T1) but did not differ significantly (P>0.01) from T2 for DMI, OMI, NDFI, and ADFL
CPI had shown a significant (P<0.001) increase with the increasing level of concentrate
feed (T1<T2<T3<T4). ME (MJ/kg) was highest for T3 but did not differ (p > 0.05) from
T4.

Table 4.2. Nutrient intake (g/h/day) of Arsi Bale sheep fed B. mutica hay supplemented

with graded level of concentrate mixtures.

Measurement T1 T2 T3 T4 Mean SEM p-value
DMI 738.7° 7812° 844.3* 893.9° 8145 145  <0.001
OMI 665.4°  694.6° 7459* 782.5* 7221 11.8  <0.001
CPI 96.3¢  116.5° 1353 156.5* 126.1 4.4 <0.001
NDFI 4773 4847 5034 5155 4952 7.04 s
ADFI 3153 3252 3327 3435 3292 48 ns

ME (MJ/kg) 10.1°  102°  10.9*  104® 104  0.13 0.01

»d Means with different superscripts within factor across rows are significantly different at
P < 0.05; DMI = Dry matter intake; OMI = Organic matter intake; CPI = Crude protein
intake; NDFI = Neutral detergent fiber intake; ADFI = Acid detergent fiber intake; SEM =

Standard Error Mean.

4.3.3. Digestibility

Table 4.3 indicates the apparent digestibility coefficients of dry matter and nutrients in

Arsi-Bale sheep fed B. mutica grass hay as a basal diet and supplemented with a graded
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level of concentrate mixture. The average digestibility of dry matter (DM), OM, and CP
reveal significant differences (p < 0.05) across the treatment groups. The composition of
ME (MJ/kg) has also differed (p < 0.05) among groups fed different dietary treatments.
DM digestibility increased from T1 to T4, with T4 achieving the highest digestibility even
though it did not differ (p > 0.05) from T3. The digestibility of OM and CP was highest
for T3 but did not differ (p > 0.05) from T4. In contrast, the digestibility of neutral detergent
fiber (NDF) and acid detergent fiber (ADF) did not show significant differences (p > 0.05)

among the treatments.

Table 4.3. Average DM and nutrient digestibility percentage of Arsi-Bale (n = 28) lambs

fed B. mutica supplemented with graded level of concentrate mixture.

Measurements T1 T2 T3 T4 Mean SE  P-value
DM 57.7° 577 58.1%®  622% 589 0.9 0.02
oM 63.1°  63.9°  682*  64.9% 65 0.83 0.01
CP 76.5°  77.7%  81.9*  80.6®  79.2 0.85 0.02
NDF 495  49.1 53.03 498 50.3 1.25 ns
ADF 495 50 53.6 46.5 49.9 12 s

#d Means with different superscripts within factor across rows are significantly different at
P < 0.05; DM = Dry matter; OM = Organic matter; CP = Crude protein; NDF = Neutral
detergent fiber; ADF = Acid detergent fiber; ME = Metabolizable energy; SEM = Standard
Error Mean.

4.3.4. Performances of rams

Dietary treatments had shown significant (p < 0.001) differences in all growth parameters
studied (final body weight (FBW), total body weight gain (TWGQG), average daily gain
(ADG), dry matter intake (DMI), and feed conversion efficiency (FCE)) whereas initial
body weight (IBW) had no significant differences (»p > 0.05) among the treatments,
indicating that the initial weights of the sheep were almost similar across all groups (Table
4.4). The FBW, TBWG, ADG, DMI, and FCE were significantly increased with increased
levels of concentrate supplementation from T1 to T4. Consequently, the highest value is
observed for sheep fed on B. mutica hay supplemented with T4 but did not differ (»p > 0.05)
with those groups fed T3. Low FBW, TBWG, ADG, and FCE were observed for sheep fed
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B. mutica hay with the lowest concentrate supplementation (T1). Low DMI was also

observed for the T1 but did not differ (p > 0.05) with those groups fed T2.

Table 4.4. Growth performance and feed efficiency of Arsi-Bale sheep fed B. mutica

supplemented with graded level of concentrate mixture.

Parameters T1 T2 T3 T4 Mean SEM  p-value
IBW (kg) 16.68 16.93 16.96 16.89 16.87 0.33 ns

FBW (kg) 2243 24.11° 25897 26.32° 24.69 0.44 <0.001
TBWG (kg) 5.75¢ 7.18° 8.93? 9.43% 7.82 0.3 <0.001
ADG (g/d) 66.1° 82.51° 102.63* 108.37°  89.9 3.48 <0.001
FCE 0.09° 0.11° 0.12% 0.12% 0.11 0.003  <0.001

¢ Means with different superscripts within factor across rows are significantly different at
P <0.05; ADG = Average daily gain; DMI = Dry matter intake; FBW = Final body weight;
FCE = Feed conversion efficiency (g ADG/g DMI/d); IBW = Initial body weight; TBWG
= Total body weight gain; SEM = Standard Error Mean.

Figure 4.1 illustrates the live weight changes of Arsi-Bale lambs fed B. mutica hay
supplemented with varying levels of concentrate mixtures. During the initial 15 days of the
feeding trial, live weight changes were comparable across all treatment groups, with no
noticeable dietary effect. However, differences in response to dietary treatments became
evident after this period. As shown in the figure, the body weight of lambs across all
treatments showed a slight increase during the first and second 15-day intervals. Thereafter,
steady and progressive (linear) weight gain was observed, continuing through to the end of

the feeding period.
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Figure 4.1. Biweekly live weight change of Arsi-Bale sheep subjected to different diets.

4.3.5. Carcass components

Carcass parameters of Arsi-Bale sheep fed on B. mutica hay with a graded level of
concentrate mixture is presented in Table 4.5. These parameters, including slaughter body
weight (SBW), empty body weight (EBW), hot carcass weight (HCW), rib eye muscle area
(REMA), and dressing percentage (DP) differ (p < 0.05) significantly among treatments.
Sheep-fed diets with the highest levels of concentrate supplements exhibited the highest
values. Specifically, sheep fed B. mutica hay with 400 g concentrate supplement showed
significantly higher SBW, EBW, HCW, REMA, and DP values though did not differ (p >
0.05) significantly with lambs fed with 300 g concentrate supplement.

Table 4.5. Carcass parameters of lambs fed B. mutica hay with graded level of conc. mix.

Carcass T1 T2 T3 T4 Mean SEM P-value
Parameters

SBW (kg) 213 228  242%  249* 233 0.63 <0.002

EBW (kg) 15.9¢  17.7° 18.4®  19.3*  17.8 0.49 <0.001

HCW (kg) 9.6° 10.5%  11.6® 127 11.1 0.39 <0.002

REMA (cm?) 15.5° 16.8% 17.8%® 18.7% 17.2 0.48 <0.02
Dressing Percentage

SBW basis 4545 46° 47.9% 50.9° 476 0.89 <0.01
EBW basis 59 60.8%° 62.9% 65.6°  62.2 0.82 <0.02

¢ Means with different superscripts within factor across rows are significantly different at
P < 0.05; HCW = Hot carcass weight; REMA = Rib eye muscle area; SBW = slaughter
body weight; EBW = empty body weight; SEM = Standard Error Mean.
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4.3.6. Edible non-carcass components

The heart, kidney, kidney fat, heart fat, and tongue weights were not affected (p> 0.05) by
the level of concentrate mixture (Table 4.6). However, the liver with gall bladder, tail,
empty gut, and total edible offal (TEO) weights were significantly affected by the level of
concentrate mixture. Consequently, significantly higher liver and gall bladder, tail, empty
gut, and TEO in sheep that consumed T4 but did not differ (p> 0.05) significantly with T3.
Low tail, empty gut, and TEO were observed for T1 but did not differ (p> 0.05)
significantly with T2.

Table 4.6. Edible offal components of sheep fed B. mutica hay with graded level of

concentrate mix.

Parameters T1 T2 T3 T4 Mean SEM P-value
Liver 0.2° 0.25% 0.28% 0.29°  0.26 0.01  <0.001
Heart 0.07 0.09 0.08 0.08 0.08 0.004 ns
Kidney 0.05 0.06 0.07 0.07 0.06 0.003 ns
Empty gut 1.3° 1.4 1.68° 1.66°  1.51 0.06  <0.01
Tongue 0.06 0.07 0.06 0.07 0.06 0.004 ns
Kidney fat ~ 0.01 0.02 0.03 0.03 0.03 0.004 ns
Heart fat 0.01 0.00 0.02 0.02 0.01 0.003 ns
TEO 1.71° 1.9° 2.228 222% 202 0.11  <0.001

b Means with different superscripts within factor across rows are significantly different at
P <0.05; TEO = Total edible offal; SEM = Standard Error Mean.

4.3.7. Non-edible offal components

The head, spleen, lung with trachea, penis with urethra, bladder, and gut content did not
differ (P < 0.05) significantly for lambs fed on B. mutica with graded level of concentrate
(Table 4.7). However, testicles, skin and leg, and total non-edible offal (TNEO) were
significantly higher for T4 but did not differ (P>0.05) with T3 and T2.
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Table 4.7. Nonedible offal components of sheep fed B. mutica with graded level of

concentrate mix.

Parameters Tl T2 T3 T4 Mean SEM P-value
Head 1.11  1.28 1.16 1.29 1.21 0.03 ns
Testicle 0.17° 0.22®  0.26® 028 023 0.02 <0.05
Spleen 0.03 0.03 0.03 0.03 0.03 0.001  ns

Lung with trachea 0.20 0.23 0.23 0.24 0.22 0.01 ns
Penis with urethra 0.04 0.04 0.05 0.05 0.05 0.003 ns

Bladder 0.01 0.02 0.02 0.02  0.02 0.002 ns
Skin and leg 1.86° 2.272 2.23¢ 2,520 222 0.08 <0.01
Gut content 5.39 5.17 5.77 5.60 5.48 0.24 ns
Tail 0.24 0.24 0.31 0.58  0.34 0.05 <0.05
TNEO 9.04°> 9.49®  10.1®®*  10.6* 9.8 0.3 <0.05

b Means with different superscripts within factor across rows are significantly different at
P <0.05; TNEO = Total non-edible offal; SEM = Standard Error Mean.

4.3.8. Meat chemical compositions

Table 4.8 highlights the significance (P < 0.05) of meat quality characteristics such as
moisture, fat, ash, and CP of longissimus lumborum (LL) of Arsi Bale sheep fed different
dietary treatments (T1 to T4). The moisture content of the meat varied significantly across
treatments, with T1 showing the highest moisture level but did not differ (P > 0.05) with
T2 and T3. Fat and Crude protein content varies significantly among treatments (P < 0.01),
with T4 and T3 recording the highest values. Ash content, indicative of the mineral
composition of the meat, also shows significant differences across treatments (P < 0.001).

T4 and T3 exhibited higher ash content compared to T2 and T1.

Table 4.8. Meat composition of Arsi-Bale lambs fed different dietary treatments.

Parameters T1 T2 T3 T4 Mean SEM P-value
Moisture 76.4% 7528 7313 713b 74 0.68 0.03
Fat 3.8° 5.7° 7.8 7.92 6.3 0.53  <0.001
Ash 0.96°  0.99° 1.65 1.73* 134 0.11  <0.001
CP 20.5° 208 2328 235 22 0.47  0.005

¢ Means with different superscripts within factor across rows are significantly different at

P <0.05; CP = Crude protein; SEM = Standard Error Mean.
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4.3.9. Partial budget analysis

The profitability of rams fed with B. mutica hay at varying levels of concentrate mix
supplement is summarized in Table 4.9. Although the purchase price of lambs was similar
across all treatments, with no significant difference (p > 0.05), other economic variables
showed notable differences depending on the concentrate supplement level. The total feed
cost increased significantly (p < 0.001) with higher concentrate inclusion. Treatment T4
had the highest feed cost, while T1 had the lowest. Consistent with the feed cost, TVC rose
significantly (p < 0.001) from T1 to T4, with T4 incurring the highest total variable cost
and T1 the lowest. The final selling price of lambs and total returns from lambs exhibited
significant differences among the treatments, with T4 achieving the highest, significantly
different from T1 and T2 but not from T3. Although net return (NR) varied numerically
across treatments, no significant difference (p > 0.05) was found among them. The mean
net return across treatments was ETB 609, with T3 achieving the highest NR and T1 the
lowest. The MRR values decreased with increasing concentrate supplement levels, which

was the highest observed in T2, followed by T3, with T4 showing a significant drop.

Table 4.9. The economic return of rams fed B. mutica hay with graded level of conc. mix.

Variables T1 T2 T3 T4 mean SEM  P-value

Purchased price of lambs 3090 2971 3205 3057 3081 49.16 ns
(ETB)

Total Feed Cost (ETB) 8154  1061° 1321° 1580* 1194 55.17 <0.001

Total variable cost (ETB) 10819 1326° 1586° 1846* 1460 55.17 <0.001

Sold price of lambs (ETB) 4671 4957° 5486* 5514* 5157 99.13 <0.001

TR (ETB) 1581¢ 1957 2281 2457* 2069 81.03 <0.001
NR 500 631 695 611 609 50.38 ns
ATR - 376 700 876 - - -
ATVC - 245 405 765 - - -

ANR - 131 195 111 - - -
MRR = ANR/ATVC - 0.53  0.48 0.15 - - -

#d Means with different superscripts within factor across rows are significantly different at
P < 0.05; ETB = Ethiopian Birr; ANR = Change in net return; ATVC = Change in total
variable cost; MRR = Marginal rate of return; NR = Net return; TR = Total return; SEM =

Standard Error Mean.
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4.4. Discussion
4.4.1. Chemical compositions of diet

The variations in feed chemical composition observed in this study are attributed to
inherent differences in the nutritional content of the feedstuffs used. The CP content of B.
mutica hay used in this study (12.3%) was somewhat identical to the CP content of 12.7%
reported in an earlier agronomic study (Dereje et al., 2024). This disparity in CP
concentration could be due to soil type and weather. This CP level exceeds the minimum
threshold required to support optimal rumen function (>7% CP) (Van Soest, 1994;
McDonald et al., 2010), but it falls short of the 16% CP required for growing sheep
(Gadissa et al., 2021) and lower than optimum dietary crude protein content reported by
Kebede (2015). This suggests that additional, high-quality protein sources are needed to
enhance animal productivity beyond maintenance levels. Furthermore, the high NDF
content in B. mutica hay (75%) classifies it as a low-quality feed, since roughage with NDF
concentration greater than 65% is categorized as low-quality feed (Van Soest, 1994).
According to McDonald et al. (2010), although the NDF fraction of feed is only partially
digestible by most animal species, it can be more effectively utilized by ruminants through

microbial fermentation in the rumen.
4.4.2. Nutrient intake and digestibility

The findings on dry matter intake (DMI), nutrient intake, and digestibility coefficients
indicate that sheep-fed diets with higher concentrate levels, exhibited greater intake and
digestibility. These results suggest that as levels of concentrate supplementation increased
from 100g to 400g in diets, DM intake and nutrient intake (OMI and CPI) in sheep
significantly improved and growth rates enhanced. This effect is attributed to the rapid
degradability of concentrates in the rumen, contributing to improved diet intake and
digestibility (Chen et al., 2021; Tedeschi et al., 2019; Tsega et al., 2021). This result aligns
with previous studies (Bosa et al., 2012; De Carvalho et al., 2017; Roba et al., 2022),
indicating a direct relationship between dietary CP content and DMI and its digestibility.
Similarly, Mekuriaw & Asmare (2018) observed improved DM and nutrient intake when

Ficus thonningii leaf was replaced with a concentrate mix (noug seed cake and wheat
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bran(50:50)) supplement in Washera lambs. The mean DM intake (814 g/day) recorded
here was higher than the 796.8 g/day reported by Kebede et al. (2020) for the same sheep
breed fed sugarcane tops silage/hay (as a partial substitute for natural pasture hay) with 350
g/day concentrate supplementation (49.6% noug seed cake and 34.8% wheat bran and

14.6% ground maize).

The significant increase in CP intake and digestibility underscores the importance of
protein in sheep diets for enhanced growth performance. Higher protein levels correlate
with better growth rates and overall performance. Additionally, the metabolizable energy
(ME) values observed highlight the importance of energy availability for growth and
maintenance. These findings highlight the importance of balanced diets that meet sheep's
nutritional requirements, particularly during critical growth phases (Gadissa et al., 2021;
Vega-Britez et al., 2024). Thus, optimizing dietary formulations not only enhances nutrient
intake and digestibility but also supports better nutritional management, improving lamb
growth performance (Kebede, 2015). On the other hand, neutral detergent fiber (NDF) and
acid detergent fiber (ADF) intake, along with their digestibility, remain stable across

treatments, suggesting that dietary modifications did not significantly affect fiber levels.
4.4.3. Performances of rams

The study demonstrates increasing the concentrate supplementation levels from 100g to
400g in diets of sheep enhance growth performance and feed conversion efficiency (FCE).
The findings underscore the value of supplementing B. mutica-based diets with graded
levels of concentrate to improve sheep growth and efficiency. Consequently, higher weight
gain and FCE were observed in sheep fed B. mutica with 300 g and 400 g of concentrate
supplement. These results align with the findings of Kebede (2015), who reported higher
body weight gain and FCE in the same sheep breeds fed diets with higher crude protein
levels compared to lower-protein diets. This outcome may be attributed to increased intake
of crude protein and metabolizable energy, which support rumen microbial populations and
enhance nutrient utilization (Van Soest, 1994; Wang et al., 2021). Similarly, Gadissa et al.
(2021), Roba et al. (2022), and Begna ef al. (2023) observed higher body weight gain and
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FCE in various Ethiopian sheep breeds fed diets with higher levels of crude protein and

metabolizable energy compared to those on lower levels of these nutrients.

The average daily gain (ADG) of 91.1 g/day recorded in the present study exceeded the
average values of 87.2 g/day reported by Kebede et al. (2020). Similarly, it was higher than
the result of Tsega et al. (2021) reported 55.4 g/day for the same breed fed on a tef straw-
containing sugarcane bagasse diet with 400 g/day concentrate supplementation,
respectively. This result also surpasses the ADG reported for Hararghe highland sheep fed
a basal hay diet supplemented with varying Ficus sur fruits (FSF) (Diba et al., 2018b).
However, a higher ADG of 126 g/day was noted for Brazilian Suffolk lambs fed on
Marandu (B. brizantha) grass with different concentrate supplementation levels (Vega-
Britez et al., 2024), although the FCE of 10.4 reported in the current study was superior.

This discrepancy could be attributed to breed differences.

Overall, a concentrate (wheat bran and noug seed cake (49.5:49.5)) supplementation level
of 300 g can be considered the optimum inclusion rate for B. mutica-based diets, as no
significant difference in growth performance was observed between the 300 g and 400 g

concentrate supplement levels.
4.4.4. Carcass characteristics

The results of this study indicate that carcass parameters significantly improved with
increasing levels of concentrate supplementation. The observed higher SBW, EBW, HCW,
REMA, and DP at higher concentrate levels suggest that nutritional supplementation plays
a critical role in enhancing growth performance and carcass yield in sheep. These findings
align with previous research, which shows that increased concentrate levels can improve
nutrient intake and energy availability, resulting in better growth rates and enhanced

carcass characteristics (Tadesse et al., 2016; Atsbha et al., 2021; Begna et al., 2023).

According to Gadissa et al. (2021), a well-formulated ration containing 16% crude protein
can improve feed intake, live weight gain, hot carcass weight, and overall performance of

sheep. Notably, the sheep fed 400g of concentrate exhibited the best performance, whereas
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it did not differ significantly from those fed 300g in carcass parameters, suggesting a

potential threshold effect of concentrate supplement for the B. mutica basal diet.

The average carcass weight (11.1 kg) observed in the present study falls within the range
(6.9-12.1 kg) reported for the same breed of sheep fed two varieties of maize silage or
stover forms, supplemented with wheat bran and noug seed cake (Negewo et al., 2019).
Additionally, this result is slightly higher than the national average carcass weight of
Ethiopian sheep (10 kg) (Legese & Fadiga, 2014) and higher than the average result (9.2
kg) reported for the same breed fed various levels of sugarcane bagasse (Tsega et al.,2021).
However, the recorded HCW in this study was lower than that of Begait lamb (17.20—19.50
kg) fed on grass hay supplemented with different concentrate mixtures, as reported by

Atsbha et al. (2021).

Many scientific studies have reported a positive correlation between carcass weight and rib
eye area (Atsbha ef al., 2021; Melese et al., 2017; G. Mengistu & Assefa, 2022), which is
consistent with the findings of this study. Additionally, in this study, both hot carcass
weight and rib eye area showed a positive association with dressing percentage, which
significantly improved with increased concentrate supplementation. The dressing
percentage, calculated on both SBW and EBW bases, reflects the proportion of the meat
carcass and serves as an important metric for assessing the efficiency of converting live
weight into marketable meat (Boler, 2014). This is a critical factor for producers aiming to

maximize profitability (Abdollahy et al., 2012).
4.4.5. Meat chemical compositions

In the current study, LL’s moisture, fat, protein, and ash contents were influenced by diets.
A reduction in moisture content with increased concentrate supplementation (T4 to T1)
might indicate a higher dry matter deposition in muscle and fat tissue, as concentrate
promote better nutrient absorption and growth. This trend is in line with the general
understanding that as fat deposition increases, moisture content typically decreases due to

the inverse relationship between fat and water in meat composition (An et al., 2022).
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Meat with higher fat content, as observed in T3 and T4, tends to be juicier and more
flavorful, making it desirable in markets that prioritize profit (Schumacher et al., 2022).
Conversely, leaner meat, like that seen in T1, may appeal more to health-conscious
consumers (Pannier ef al., 2014). The optimum fat content for meat is reported to range
from 2% to 10% (Ponnampalam et al., 2016), and the fat levels observed in this study
(3.8%—7.8%) fall within this range. Comparing the fat content of this study to the higher
values reported by Ayele et al. (2018) and Worku et al. (2020) suggests an understanding
of how different breeds or management conditions can influence fat levels. However, the
results are comparable to those reported for Hararghe highland sheep by Diba et al. (2015)
and Begna et al. (2023). Overall, the marked difference between treatments highlights how
concentrate feed influences fat deposition in muscle, a critical quality determinant in lamb

meat which agrees with Ponnampalam et al. (2024).

The increase in CP content with higher concentrate supplementation is expected, as
concentrates such as noug cake provide more readily available protein sources. The higher
protein content in T4 and T3 suggests that these diets may better promote muscle
development and growth, potentially resulting in higher-quality meat (Ponnampalam et al.,
2016). However, the observed variation across treatments indicates that optimal levels of
concentrate are essential for maximizing protein deposition. Overall, lower moisture
content and higher fat and CP contents recorded for meat obtained from sheep fed B. mutica
diets with various levels of concentrate mix can be attributed to increased dietary energy
and protein intake. Dietary energy and protein intake tend to reduce moisture and enhance
fat and CP levels in meat (Claffey et al., 2018). Additionally, the moisture and protein
values observed in this study ranging from 70.80—80.30% for moisture and 18.5-23.4% for
protein align with the range indicative of superior quality meat (Bezerra et al., 2016;

Abdallah et al., 2020; Atsbha et al., 2021).
4.4.6. Partial budget analysis

The results of the partial budget analysis indicate that supplementing B. mutica hay with
graded levels of concentrate positively influenced the economic returns from lamb feeding

lambs. Higher levels of concentrate supplement resulted in increased feed and variable
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costs, but also enhanced the selling price and total return of the lambs, as seen in T3 and
T4. This trend reflects the positive impact of concentrate supplement feeding on lamb
growth that improved market value, aligning with studies showing that dietary

supplementation often enhances animal performance and economic return.

However, the lack of significant differences in net return among treatments and the
decreasing trend in MRR with increased concentrate use implies that while higher
concentrate levels can improve sale prices, the profitability gains diminish relative to the
costs incurred. This suggests that a moderate level of concentrate supplement (as seen in
T2 and T3) may offer a more balanced return, optimizing both cost efficiency and market
returns without excessively inflating the variable costs. The MRR in this study 0.53, 0.48,
and 0.15 for T2, T3, and T4, respectively indicates that to attain the required body weight
by supplement feeding, each additional unit of 1 ETB increment per sheep to purchase
supplement feed resulted in a profit of 0.53 ETB for T2, 0.48 ETB for T3, and 0.11 ETB
for T4, respectively. The result achieved in the present study was lower than 1.7-3.1
(Tekliye et al., 2018). This may be the variations in purchasing and selling price of sheep,
variations in sheep breeds used, and differences in basal diet and supplements used in

different experiments.
4.5. Conclusion

In conclusion, this study highlights the critical role of dietary management in improving
sheep production. Supplementing B. mutica hay with a concentrate mixture, comprising
noug seed cake and wheat bran, significantly improved the performance of Arsi-Bale
sheep. Higher levels of concentrate supplementation (300-400 g/day) enhanced dry matter
intake, nutrient digestibility, and feed conversion efficiency, resulting in superior growth
performance and carcass yields. The increased crude protein content in the supplement
facilitated improved performance, although the economic analysis indicated that higher
concentrate supplementation elevated feed costs. Notably, moderate supplementation
levels (200-300 g/day) yield economic returns, indicating the cost-effectiveness of
balanced concentrate use. Despite these promising results, the on-site experimental

conditions may limit the generalizability of the findings to typical on-farm settings.
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Additionally, the study did not assess the potential impact of B. mutica-based diets on
methane emissions, a critical factor in climate change, and the variability of feed prices
over time may influence the economic outcomes. Future research should investigate the
effectiveness of concentrate supplementation under smallholder farmers conditions and
across different sheep breeds to support broader applicability and sustainable production

strategies.
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CHAPTER 5: Simulating the Growth and Yields of Brachiaria Brizantha Using the
CROPGRO-Perennial Forage Model Under Present and Future Climate Conditions

in Subhumid Environments of Ethiopia.

Paper 3: Published in the Agricultural and Forest Meteorology, Volume 371 (2025),
Article ID 110605, https://doi.org/10.1016/j.agrformet.2025.

Abstract

Brachiaria is a crucial forage crop in tropical and subtropical regions, but there is limited
research on its response to climate change in Ethiopia. This study aimed to (1) calibrate
and evaluate the performance of the CROPGRO-Perennial Forage model and (2) assess the
impact of climate change on future Brachiaria brizantha yield in the subhumid
environments of Ethiopia. Field data collected from Debre Zeit (Bishoftu) and Bako
Agricultural Research Centers were used to calibrate and evaluate the model for accurately
simulating rainfed growth and biomass yield. Weather data such as daily rainfall,
temperature, and solar radiation were obtained from Bishoftu and Bako weather stations.
Historical and projected climate scenarios for the near future, mid-century, and the end of
the 21% century were obtained from CORDEX-Africa dataset under two Representative
Concentration Pathways (RCP4.5 and RCP8.5). The model calibration process focused on
adjusting key parameters related to senescence and dormancy, vegetative partitioning, and
N stress to improve the model's performance. Simulation results for future climate
scenarios indicated an expected increase in biomass accumulation, with positive responses
in the shoot, herbage biomass, and stem. However, leaf biomass and crude protein
percentage of herbage are expected to decline. Overall, the production of B. brizantha is
anticipated to increase in subhumid Ethiopian environments. Using simulations of
CROPGRO-PFM can account for uncertainties about the impact of future climate change
on Brachiaria grass. Further studies on Brachiaria forage responses under different
management practices are advisable, to provide comprehensive information to

policymakers and planners.

Keywords: Brachiaria brizantha, Climate change, CROPGRO-PFM, Simulation, Ethiopia
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5.1. Introduction

Ethiopia's livestock industry relies heavily on natural pastures and crop residues for feed,
which are threatened by overexploitation and low-quality feed sources (Mengistu et al.,
2017; FAO, 2018). The contribution of improved forage species is negligible, representing
0.38% (CSA, 2022), exacerbating the difficulties faced by livestock production. Moreover,
the pressures of climate change further complicate these issues (Habte ef al., 2022). In
response to these, there is a growing interest in introducing improved forage species, such
as Brachiaria grass, to address the challenges faced by livestock production (Gonzalez et

al.,2016; Schiek et al., 2018; Feyissa et al., 2022).

Originally from Eastern and Central Africa, Brachiaria grass is extensively cultivated
across tropical regions as a key component of forage-livestock production systems
(Namazzi et al., 2020; Tegegn et al., 2019; Jank et al., 2014). Ethiopia, in particular, is
recognized as a center of diversity for species such as Brachiaria brizantha (A. Rich.) Stapf
(Tegegn et al., 2019). This grass species exhibits several advantageous traits, including
drought tolerance, adaptation to low-fertility soils, carbon sequestration, biological
nitrification inhibition (BNI), and ability to mitigate greenhouse gas emissions (Arango et
al.,2014; Moreta et al., 2014; Rao et al., 2014). Despite these potential, Brachiaria remains
underutilized in East Africa, including Ethiopia (Cheruiyot et al., 2020; Njarui et al., 2021).
However, recent initiatives aim to promote its cultivation in support of the growing
livestock sector in the region (Maass et al., 2015; Maina et al., 2020). Furthermore, its
emergence as a climate-smart forage species highlights its potential success under future

climate conditions (Djikeng et al., 2014; Njarui et al., 2021).

Given the profound climate change impact on forage production, assessing Brachiaria
yield under changing climates is critical for future livestock feed security. Climate change
significantly affects forage production, necessitating comprehensive evaluation using agro-
climatic zoning methods (Andrade et al., 2015; Santos et al., 2022). In this context,
mechanistic crop simulation models provide valuable insights into the complex interactions
among plant genetics, environment, and management practices (Pedreira et al., 2011;

Timlin et al., 2024). Among such models, CROPGRO-PFM, integrated into DSSAT 4.8.2
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software, offers a systems based approach to agronomic research for simulating forage crop
growth and yield, making it particularly useful for analyzing the potential impacts of
climate change on Brachiaria grass (Jones et al., 2003; Hoogenboom et al., 2020;
Hoogenboom ef al., 2024). The model has been widely developed and applied to simulate
the growth of various forage species, including Paspalum notatum (Bahiagrass) (Rymph,
2004), Brachiaria brizantha cv. Marandu (Pequeno et al., 2014), Urochloa brizantha
(Palisade grass) (Pedreira et al., 2011), Cynodon dactylon (Bermuda grass) (Pequeno et al.,
2017), Brachiaria brizantha (Piatd palisade grass) (Bosi et al., 2020), Megathyrsus
maximus (Guinea grass) (Brunetti ef al., 2021). The model was also used for assessing the
long-term production of Urocloa brizantha under different environments in Brazil (Santos

et al., 2022).

Comprehensive assessments of the impacts of climate change on Brachiaria production in
the central and western midlands of Ethiopia's sub-humid agroecologies remain limited.
While several studies have been conducted at the broader East African scale (Djikeng et
al.,2014; Njarui et al., 2021) and others have explored the adaptability of Brachiaria grass
in northwestern Ethiopia (Wassie ef al., 2018), but they have not extensively addressed the
future implications of climate change on this forage species in detail. To address this gap,
the present study utilizes climate projections from the CORDEX-Africa dataset to evaluate
the potential yield responses of Brachiaria brizantha under different Representative
Concentration Pathways (RCPs). The analysis specifically draws on data from station trials

conducted in the sub-humid regions of central and western Ethiopia.

Thus, our study aimed to (1) calibrate and evaluate the CROPGRO-PFM for simulation of
rainfed growth and yield of Brachiaria brizantha, and (2) assess the impacts of climate
change on Brachiaria brizantha yield using climate simulation outputs from CORDEX
Africa under high and moderate Representative Concentration Pathways (RCPs) scenarios
in the central and western subhumid environments of Ethiopia. Our null hypothesis states
that the standard model developed for Marandu palisade grass could accurately simulate
the growth and forage production of B. brizantha in Ethiopian environments by

parameterizing specific genotypic characteristics.
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5.2. Materials and Methods
5.2.1. Field data

The data were collected from two field experiments Debre Zeit Agricultural Research
Center (DZARC), Bishoftu, (08° 44°N, 38°58’E; elevation:1900 masl), and Bako
Agricultural Research Center (BARC) (09°06°N, 37°09’E; elevation:1650 masl), in the
sub-humid agro-climatic zones of central and western Ethiopia, respectively. Weather data
for the experimental period (Figure 5.1) were obtained from a weather station at each

location.

The physical and chemical characteristics of the soils were extracted from the International
Soil Reference and Information Center (ISRIC, 2013). The complete soil profile used for
the simulation in DSSAT format is presented in Table 5.2. The basic soil parameters
required as model inputs included silt and clay content (%), soil organic carbon
concentration (%), pH in water, lower limit of plant extractable soil water (cm® cm™),
drained upper limit (cm® cm™), saturated upper limit (cm?® cm™), and bulk density (g cm™).
The soils used in the study were fertile Eutric vertosols and Alfisols at Bishoftu and Bako

sites, respectively, which did not require amendments.

Brachiaria grass cultivar [Brachiaria brizantha (Hochst. Ex A. Rich.) Stapf.], syn.
Urochloa brizantha (A. Rich.) accession DZF-13379) was established in 3 x 4 m plots,
with three replicates in June 2020 which detailed agronomic performance described in the
earlier study (Dereje et al., 2024). Harvesting occurred periodically during the three main
rainy seasons, only once in 2020, and twice in 2021 and 2022 (from June to the end of
September). The plots were fertilized during planting and immediately after each harvest
at a rate of 100 kg ha™!' urea (H-NCONH2>) (46% N) and 100 kg ha ! DAP (diammonium
phosphate) (NH4)2HPO4) 18% N, 46% P20s), to provide a total annual application of 128

kg and 192 kg of N for the establishment year and consecutive experimental periods.

Harvesting was conducted from June to September 2020, during the establishment year,
with a single harvest performed at 90 days. In both 2021 and 2022, harvesting occurred
twice per year, at 60-day intervals, from June to early October (Table 5.1). At the beginning
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of June, coinciding with the onset of rain, the grass was cut to aboveground height of 20
cm. After 60 days, the first harvest of each year was completed. Each subsequent harvest

was also performed at 20 cm above ground height to promote consistent regrowth.

Consequently, forage mass was quantified one day earlier to each harvest which was once
for 2020 and twice every 2021 and 2022. The forage was clipped 20-cm aboveground
(stubble height) and was sampled randomly in each plot from three 0.25m by 1m quadrats
per harvest. These samples were hand-sorted into leaves (lamina), and stems (leaf sheath
+ stem), then weighed in the field. Leaf and stem masses were dried separately in a forced-
draft oven at 65 °C for 72 hours before being weighed. After forage mass samples were
collected, the entire plot was mechanically harvested at a 20-cm stubble height and
fertilized. Herbage dry matter (DM) yield was calculated based on the dry weights of the

samples and then estimated per hectare.

Simultaneously, a composite of herbage subsample was collected and dried in the shade
for CP determination at the Debre Zeit Agricultural Research Center Feed and Animal
Nutrition Laboratory. Then the samples were dried at 105 °C overnight and ground to pass
through a I mm sieve. The nitrogen (N) content was determined using the Kjeldahl method,

and crude protein (CP) was calculated as N x 6.25 (AOAC, 1990).

Furthermore, soon after the final harvest of each year, the aboveground mass below 20 cm
(stubble height) was harvested using the same quadrat size (0.25m x1m) to characterize
MOW, which is the residual living stubble. These samples were sorted into live leaves
(lamina) and live stems (leaf sheath + stem) and weighed in the field. Then it was dried in
a forced-draft drying oven at 65°C for 72 hours and weighed. These components were
combined with the measured leaf and stem above 20 cm to characterize the total leaf and
total stem mass. Additionally, the forage mass collected both above and below stubble

height was combined to characterize the shoot biomass.
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Table 5.1. Herbage biomass (Mean + STD) and date of harvesting of B. brizantha collected

for Bako and Bishoftu sites.

Location Sampling date Herbage biomass, Kg DM ha’!
09/05/2020 2576+4231
07/30/2021 8674+1867

Bako 09/30/2021 6084+723
07/29/2022 9514+2707
09/28/2022 6854447
09/11/2020 2608+4199
08/09/2021 8684+1877

Bishoftu 10/08/2021 58444963
08/09/2022 10781+3974
10/08/2022 6449+358

5.2.2. Crop model inputs and setup

Data used for the simulation including location, soil characteristics, weather data, and crop
establishment details were compiled into an experimental management file, referred to as
“File X”. Transplanting was chosen planting method, with a planting rate of 2000 kg per
hectare. The herbage biomass harvested was described in “File T”. An important
component of the forage model is the “MOW input file”, which defines harvest-related
parameters such as harvest dates, the mass of non-harvested live biomass remaining after
harvest (referred to as stubble mass or MOW), percentage of leaves in the stubble (RSPLF),
and re-staged number of leaf (MVS), hypothetical leaves number left on the main tiller axis
after harvest. For this study, the measured stubble mass below 20 cm was used as the MOW
value. RSPLF was standardized at 30%, and the MVS parameter was set at 3 in the MOW
file across all treatments as suggested by Pedreira et al. (2011) and Pequeno et al. (2014).
Additionally, for future climate yield projections, we adjusted the RSPLF to 30% and
MOW value to 2000 Kg DM per hectare based on the recommendation of Pequeno et al.
(2014). All other parameters, including the management file and harvest pattern, were kept

consistent with the current study.

In this study, the CENTURY module is employed for simulating soil organic carbon (SOC)
and soil nitrogen (N), following Gijsman et al. (2002). This module effectively captures
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the decay of plant residues on the soil surface and sloughed roots within the soil, processes
typical of perennial forage species. Hence, it is endorsed for use in CROPGRO-PFM
simulations (Brunetti et al., 2021). The assumed values for stable organic carbon fractions
and residual inputs from previous crops were adopted from Pequeno ef al. (2014), given
that both studies were conducted in tropical environments with pasture as the preceding
crop. The model represents soil organic matter (SOM) fractions three distinct pools: active
(microbial) SOM present in surface mulch and soil layers (SOM1), intermediate SOM
(SOM2), and passive or stable SOM (SOM3) (Gijsman et al., 2002). We also used the
Penman-Monteith FAO 56 model to estimate potential evapotranspiration (ET). This
choice was based on findings by Pequeno et al. (2017), which indicate that the Priestley-

Taylor method tends to overestimate ET in relatively arid regions.
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Figure 5.1. Monthly weather data during the experimental period (2020-2022) in Bishoftu
and Bako, Ethiopia
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Table 5.2. Soil profile created with the DSSAT Sbuild program for the Bishoftu and Bako experimental site

LL DU SSAT BD ocC TN Root Growth
Location Depth Clay (%) Silt(%) (mm/mm) (mm/mm) (mm/mm) (g/lem3) (%) (%) Factor
Bishoftu 5 38.8 26.3 0.192 0.358 0.440 1.27 2.11 0.12 1
15 40.7 25.6 0.203 0.369 0.446 1.29 1.79 0.09 0.85
30 43.1 24.5 0.217 0.384 0.455 1.32 1.36  0.07 0.70
60 45.5 23.4 0.231 0.398 0.464 1.37 0.87 0.06  0.50
100 45.6 22.8 0.231 0.397 0.463 1.43 0.50  0.05 0.38
200 44 22.4 0.222 0.388 0.456 1.49 0.29 0.05 0.05
Bako 5 40.4 26 0.221 0.368 0.446 1.25 2.78 0.12 1
15 42.2 25.2 0.231 0.379 0.452 1.26 2.35 0.09 0.82
30 44.8 24.1 0.247 0.394 0.462 1.3 1.8 0.07  0.65
60 47.1 23 0.259 0.407 0.47 1.35 1.15 0.06 038
100 47.1 22.5 0.260 0.407 0.469 1.41 0.67 0.05 0.19
200 45.7 22.1 0.251 0.398 0.462 1.46 0.37 0.05 0.05

Source: (ISRIC, 2013), LL = lower limit of plant extractable soil moisture; DUL = drained upper limit; SSAT = saturated soil

water content; BD = bulk density; OC = organic carbon; TN = total nitrogen.
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5.2.3 Model calibration

The CROPGRO-PFM, parameterized for B. brizantha cv. Marandu palisade grass by
Pequeno et al. (2014) and included in the DSSAT version 4.8.2 (Hoogenboom et al., 2020),
was employed to simulate the growth and yield for the current study. The Marandu palisade
parameters was chosen as it belongs to the same genus as the B. brizantha accession 13379
genotype used in the current study (Andrade ef al., 2015; Pequeno et al., 2017; Brunetti et
al.,2021). However, to enhance the accuracy and reliability of the model, the CROPGRO-
PFM model was calibrated and evaluated through a structured four-phase process, and

the parameters of the genotype files were changed manually by the trial-and-error method.

Phase 1: Default simulation. In this phase, we evaluated the CROPGRO-PFM model's
ability to simulate field observations without any calibration. We used input data specific
to the Bishoftu experimental site, including weather, soil surface, profile characteristics,
fertilizer application, and initial conditions. However, genetic coefficients (species,
ecotype, and cultivar) were according to parameters defined by Pequeno et al. (2014) for

Marandu palisade grass.

Phase 2: Calibration of genetic coefficients in the ecotype file affecting senescence and
dormancy. In this phase, we test the hypothesis that CROPGRO-PFM calibrated for
Marandu palisadegrass can accurately simulate B. brizantha in Ethiopia, with modification
only of those specific characteristics related to the ecotype parameter, and with no changes
of the genetic coefficients that define the species traits. Thus, genetic coefficient specific
to the ecotype file, the relative strength of allocation of assimilates to shoot versus storage
tissues based on photoperiod sensitivity (RDRMT) was adjusted. In addition, genetic
coefficients specific to the species file, the daylength effect on partitioning (FNPTD),
and stem abscission as a function of the abscised leaf mass (gram stem per gram leaf

abscised) (PORPT), were also adjusted.

Phase 3: Calibration of genetic coefficients affecting vegetative partitioning. Parameters
affecting leaf and stem biomass proportions, the dry matter partitioning to leaf as a function

of V-stage, fraction (YLFEST), dry matter partitioning to stem as a function of V-stage,

64



fraction (YSTEST), and dry matter partitioning to storage as a function of V-stage, fraction
(YSREST) were adjusted.

Phase 4: Calibration of Nitrogen stress parameters. In this phase, model simulations were
improved by adjusting nitrogen (N) stress parameters. Modifying this parameter shifted the
allocation of resources to shoot growth, resulting in improved model performance. This
comprehensive calibration and evaluation process ensures that the CROPGRO-PFM model
is finely tuned to simulate the growth and forage production of B. brizantha accurately

under the rainfed condition of the Ethiopian subhumid.
5.2.4. Statistical analysis for model evaluation and parameterization

To evaluate model performance after optimization or calibration, we used the Bako dataset,
which was not involved in the calibration process and was solely used for model evaluation.
Then simulated output for shoot biomass (aboveground biomass above and below 20 cm),
herbage, leaf and stem biomass, and crude protein (CP) percentage of herbage were
compared with the observed field values. For model evaluation, we also employed
statistical metrics such as root-mean-square error (RMSE) and Willmott agreement index

(d-statistic) (Willmott ef al. 2011; Yang et al. 2014). The equation for RMSE is as follows:

N
1 _
RMSE = NZ(YL' — V)2
i=1

Where N is the total number of data points for comparison, Yi is a given observed value

and Yi is the corresponding value predicted by the model.

T (Yi-7)? <d<1

The Willmott agreement index is given by: d =1 — SN ari-rirsvicrnz) 0 S

where N represents the number of observed data, Yi is a given observed value, Yi is the
corresponding predicted value from the model, and Yi is the mean of the observed data.
A better model prediction is indicated by an observed-to-simulated ratio close to 1, with

smaller RMSE and d-statistics values approaching 1.

65



5.2.5. Climatic data and scenarios

Daily weather data for the period 2020-2022, including rainfall, maximum temperature
(Tmax), minimum temperature (Tmin), and solar radiation, were collected from DZARC
and BARC weather stations (Figure 5.1). Less than 5% of the rainfall and temperature
records were missing. For short data gaps (less than four consecutive days), simple
interpolation methods were applied using data from nearby weather stations to ensure

continuity.

Historical baseline climate data (1980-2009) were used to assess climate change impacts
for the near future (2010-2039), mid-century (2040-2069) and end of the 21% century
(2070-2099). Future climate projections were based on an ensemble average of 20 global
circulation models (GCM) and 10 regional climate models for the Coordinated Regional
Downscaling Experiment (CORDEX), provided by the World Climate Research Program
(Giorgi et al., 2009). The CORDEX-Africa  dataset, available at

(http://cordex.org/domains/region-5-africa/), offers regionally downscaled daily climate
data for Africa at a spatial resolution of 0.44° x 0.44°. Climate projections were made using
two Representative Concentration Pathways (RCPs) from CMIP5: RCP4.5 and RCP8.5.
These RCPs represent greenhouse gas concentration trajectories and associated radiative
forcing levels used for climate modeling (Nazarenko et al., 2015). RCP4.5 reflects a
stabilization scenario reaching 4.5W/m? by 2100, while RCP8.5 represents a high-emission
scenario with radiative forcing rising to 8.5 W/m? by the end of the century (IPCC, 2014).

5.3. Results

The default model (Pequeno et al., 2014) simulated with the inputs observed from Bishoftu
field experiments is presented in Table 5.3. During the first year of the study, rainfall was
sufficient for crop water requirements, with water stress occurring only in 2021 and 2022.
Nitrogen (N) stress was also observed but with lower intensity (Figure 5.2). Overall, the
experiment conducted in Bishoftu experienced less water and nitrogen stress compared to
Bako, allowing for model calibration under optimal conditions. In contrast, the Bako
experiment was used for model evaluation under similar harvest and management

schedules.
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Table 5.3. Means and statistics for simulations of B. brizantha from 2020-2022, simulated

using initial B. brizantha cv. Marandu by Pequeno ef al. (2014) before calibration

Parameter Obs. Sim. RMSE Ratio Willmott’s d r-Square
(obs/sim)
Bishoftu
Shoots, Kg DM ha! 9124 7743 1701  0.83 0.94 0.93
Herbage, Kg DM ha! 6873 5581 1635 0.79 0.90 0.87
Leaf, Kg DM ha'! 4293 4399 546 1.05 0.97 0.91
Stem, Kg DM ha’! 4831 3344 1561  0.62 0.85 0.94
Crude prot, % 12.73 12.76 2.50 1.00 0.41 0.34
Bako
Shoots, Kg DM ha! 9046 7431 1936 0.78 0.92 0.90
Herbage, Kg DM ha! 6740 5208 1868  0.73 0.87 0.82
Leaf, Kg DM ha'! 4193 4116 711 0.99 0.95 0.81
Stem, Kg DM ha’! 4851 3315 1584  0.61 0.83 0.95
Crude prot, % 12.27 9.47 4.09 0.78 0.26 0.09

Kg DM ha! = Kilogram dry matter per hectare

5.3.1. Model calibration and improvement

To enhance the model, we implemented a series of systematic manual improvements, with
a focus on the d-statistic and RMSE metrics. We then reviewed the modified parameters
by comparing the simulated outcomes using the new parameter values against those from

the original values, documenting both the initial and final parameter states.
5.3.1.1. Parameters affecting senescence and dormancy

The CROPGRO-PFM model was modified to enhance its accuracy in simulating B.
brizantha forage growth and biomass accumulation. The adjustments mainly focus on the
effects of daylength on dormancy and senescence. The model's parameters related to the
effect of daylength on partitioning (FNPTD) and the relative dormancy sensitivity to
daylength effect (RDRMT; Table 5.4) were adjusted to more accurately represent seasonal
changes in daylength. This resulted in reduced the longest daylength for maximum shoot
partitioning. Overall, the model now assigns less biomass to storage tissues and more to
shoot growth under shorter day lengths and is more sensitive to changes in daylength within
a narrower range of longer daylengths. Additionally, the model was updated to reduce the

proportion of stem abscission based on leaf abscission (PORPT; Table 5.4).
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Table 5.4. Initial and final values of species parameters affecting dormancy, senescence,

and N stress modified in the species genetics file (SPE) and ecotype (ECO).

Parameter Description Initial value  Final value
FNPTD (2-3) Effect daylength on partitioning (h) 12.0 16.0 11.514.5
RDRMT Relative partitioning or dormancy 0.475 0.45
sensitivity in response to day length effect
on biomass partitioning (ECO)
PORPT Stem abscission expressed as the ratio of 0.27 0.19
stem mass to abscised leaf mass (gram stem
per gram leaf abscised) (SPE)
NSTFAC Photosynthates reallocation from shoot to 0.7 0.6

root due to N stress (0—1) (SPE)

5.3.1.2. Parameters affecting biomass partitioning

Limited calibration of some species files related to vegetative partitioning parameters was

conducted (Table 5.5), to ensure accurate simulation of leaf and stem biomass (Tables 5.6).

It is important to note that we did not parameterize the rate of node appearance to predict

the observed dates of growth stages or leaf number. The simulated V-stage was referenced

only to define the dry matter partitioning function. The parameterization (YLFEST,

YSTEST, YSREST) resulted in a progressive shift from leaf to stem between V-stages 3

and 10, with a slight adjustment in storage partitioning (Table 5.5).

Table 5.5. Initial and final values of species parameters affecting biomass partitioning

were modified in the species file (SPE) of Marandu Palisade to simulate B. brizantha.

Parameter Description Initial value Final value

XLFEST Leaf number/vegetative 0.0, 2.0, 3.0, 5.0, 0.0, 2.0, 3.0, 5.0,

(not growth stage at which biomass 7.0, 10.0, 30.0, 7.0,10.0,30.0,40.0

changed) partitioning is determined 40.0

YLFEST Fraction of dry matter 0.80, 0.80, 0.72, 0.80, 0.80, 0.58,
partitioned to leaves as a 0.63, 0.52, 0.51, 0.50, 0.49, 0.49,
function of V-stage 0.50, 0.50 0.48, 0.48

YSTEST Fraction of dry matter 0.10, 0.10, 0.14, 0.10, 0.10, 0.30,
partitioned to stems as a 0.17, 0.32, 0.36, 0.31, 0.38, 0.38,
function of V-stage 0.35, 0.35 0.37,0.37

YSREST Fraction of dry matter 0.01, 0.01, 0.03, 0.01, 0.01, 0.02,
partitioned to storage as a 0.04, 0.04, 0.04, 0.03, 0.04, 0.04,
function of V-stage 0.04, 0.04 0.04, 0.04
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5.3.1.3. Parameters on shifting partitioning from shoot to root for N stress effect

The simulation showed that nitrogen stress affected both locations in 2022 (Figure 5.2).
Thus, the parameter controlling the effect of nitrogen stress on biomass distribution
between shoots and roots, NSTFAC, was adjusted (Table 5.4). Following this adjustment,
nitrogen stress was almost negligible for Bako and completely absent for Bishoftu (Figure

5.3).
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Figure 5.2. Simulated nitrogen stress factor using the initial model version by Pequeno et

al. (2014) as a function of date for B. brizantha in Bako and Bishoftu before calibration.
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Figure 5.3. Simulated nitrogen stress factor for B. brizantha after calibration.
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5.3.2. Statistical evaluation of model performance

The model's performance after calibration is presented in Table 5.6. After calibration, the
model showed improved performance, with simulated values closely matching observed
values. The RMSE for shoot biomass, herbage biomass, and stem biomass was
significantly decreased. Additionally, the d-statistics and r-square values for the shoot,
herbage, leaf, and stem biomass improved notably. However, the statistics for the crude

protein percentage of the herbage did not improve at either location.

Table 5.6. Simulations (Means and statistics) for the rainfed B. brizantha grass from 2020

to 2022, using the B. brizantha cv. Marandu by Pequeno ef al. (2014) after calibration

Variable Name Obs. Sim. RMSE Ratio Willmott’s d  r-Square
(obs/sim)
Bishoftu
Shoots, Kg DM ha! 9124 8706 969 0.92 0.98 0.96
Herbage, Kg DM ha! 6873 6531 946 0.90 0.97 0.93
Leaf, Kg DM ha'! 4293 4271 518 1.02 0.98 0.91
Stem, Kg DM ha’! 4831 4435 677 0.83 0.98 0.97
Crude prot, % 1273  11.96 2.44 0.94 0.44 0.36
Bako
Shoots, Kg DM ha! 9046 8887 1488 0.92 0.96 0.93
Herbage, Kg DM ha! 6740 6649 1444 0.91 0.94 0.89
Leaf, Kg DM ha'! 4193 4069 741 0.98 0.94 0.81
Stem, Kg DM ha’! 4851 4817 1009 0.88 0.95 0.97
Crude prot, % 12.27 891 4.70 0.74 0.23 0.11

5.3.3. Climate change scenarios

The results from the CORDEX Africa output under the two CMIP5 Representative
Concentration Pathways (RCP4.5 and RCP8.5), focusing on mean changes in projected
climate over three future periods (near future, mid, and end century) for Bako, Ethiopia
(Table 5.7), and Bishoftu, central Ethiopia (Table 5.8), revealed an increase in temperature
and rainfall, compared with the baseline (1980-2010). The projected mean minimum
temperatures at Bako for the baseline, near future, mid, and end century were 11.6, 12.7,
14.4, and 15.9-C, respectively, whereas the mean seasonal maximum temperatures for the
corresponding periods were 26.4, 24.8, 26.0, and 27.1-C. Similarly, at Bishoftu, 11.1, 12.5,

14.2, and 15.8°C mean minimum, and 25.5, 26.1, 27.4, and 28.6°C mean maximum
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temperatures were projected for the baseline, near future, mid, and end century,
respectively. Mean rainfall ranging from 1173 to 2473, 1264 to 3334, and 1531 to 4347
mm at Bako is projected, for the near future, mid and end century, respectively whereas at
Bishoftu 847.1 to 1719.1, 987.7 to 2418.1 and 1063.3 to 3079.2 for the corresponding

period were observed.

Table 5.7. Mean changes in projected climate over three future periods under RCP4.5 and

RCPS8.5, relative to the corresponding values for baseline data in Bako, Ethiopia.

RF  Tmin Tmax Average CO> RF Tmin Tmax Average CO;
Period ) (C) (°C)  conc. (ppm) ) (C) (C)  conc. (ppm)

RCP 4.5 RCP 8.5
2010-2039 347 148 135 423 4.13 1.7 1.25 432
2040-2069 6.24 2.68 2.2 499 9 3.83 2.73 571
2070-2099 7.78 3.23 273 532 16.49 631 4.55 801

RF=Rainfall; Baseline [CO,], assumed 360 ppm, RCP=Representative Concentration Pathways.

Table 5.8. Mean changes in projected climate over three future periods under RCP4.5 and

RCP8.5, relative to the corresponding values for baseline data in Bishoftu, Ethiopia.

RF Tmin  Tmax Average CO, RF Tmin Tmax Average CO»
Period (%)  (°O) (°C)  conc. (ppm) (%) “°C) (O conc. (ppm)

RCP 4.5 RCP 8.5
2010-2039 2.80 1.66 1.39 423 3.04 206 1.32 432
2040-2069 4.52 2.89 232 499 6.48 421 292 571
2070-2099 597 3.58 2.82 532 1176  6.75 4.85 801

RF=Rainfall; Baseline [CO»], assumed 360 ppm, RCP=Representative Concentration Pathways.

5.3.4. Future yield simulations

Table 5.9 shows the simulated yield of shoots, herbage biomass, leaf, stem (Kg DM ha™),
and crude protein percentage of herbage B. brizantha under near future, mid-century, and
end of the 21 century for RCP 4.5 and RCP 8.5 scenarios compared to the baseline period
of 1980-2010 for the Bako and Bishoftu. The result indicates the leaf biomass is expected
to decline in response to future climate conditions (Figure 5.4b) except for Bishoftu's near
future under RCP8.5. It is predicted to decline by 6% and increase by 1% for the near
future, decline by 5% and 6% for mid-century, and by 8% and 16% by the end of the 21*
century under RCP4.5 and RCP8.5, respectively. However, stem biomass is predicted to
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increase for all future periods, except for Bako the near future under RCP4.5. The stem
biomass is predicted to increase by 10% and 12% for the near future, by 26% and 31% for
mid-century, and by 35% and 37% for the end of the 21 century under RCP4.5 and
RCPS8.5, respectively.

Shoot biomass, for both locations, is predicted to increase for all future periods, except for
Bako near future under RCP4.5 (Figure 5.4a). It is predicted to increase by 2% and 6% for
the near future, by 10% and 12% for the mid-century, and by 13% and 10% for the end of
21* century, under RCP4.5 and RCP8.5, respectively. Similarly, the herbage biomass is
expected to show a pattern similar to that of the shoot biomass and overall, it is expected
to increase by 11%. Herbage biomass is predicted to increase by 3% and 8% for the near
future, by 13% and 15% for mid-century, and by 17% and 12% for the end of 21* century.
The crude protein percentage of herbage is expected to decrease for both locations under
both RCPs for all future periods, except for Bako under the near future RCP4.5. Crude
protein is expected to increase by 3% and decrease by 9% for the near future, decrease by
12% and 15% for the mid-century, and decrease by 15% and 19% for the end of 21* century
under RCP4.5 and RCPS8.5, respectively.

Table 5.9. Median yield changes over three future periods, as simulated by the CROGRO-
PFM model based on CORDEX Africa under RCP4.5 and RCPS.5.

Parameters 1980- 2010-2039 2040-2069 2070-2099

2010

baseline RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Bako
Leaf, Kg DM ha! 4018 3697 3976 3920 3926 3859 3464
Stem, Kg DM ha'! 4259 4118 4320 4946 5136 5303 5322

Shoot, Kg DM ha’! 8278 7815 8296 8867 9061 9162 8786
Herbage, Kg DM ha! 6533 6057 6538 7095 7298 7396 7020

Crude prot, % 10.34 11.91 9.97 9.95 9.81 9.87 9.32
Bishoftu

Leaf, Kg DM ha'! 3917 3779 4037 3658 3529 3484 3182
Stem, Kg DM ha’! 3626 4492 4439 4923 5118 5250 5386

Shoot, Kg DM ha’! 7543 8271 8476 8581 8646 8734 8568
Herbage, Kg DM ha! 5793 6518 6720 6820 6878 6965 6803
Crude prot, % 12.35 11.19 10.52 9.8 9.33 9.26 8.8
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Figure 5.4. Yield gained/lost (compared to the historical value) simulated using CROGRO-
PFM for RCP4.5, RCP8.5 for the near future, mid, and end of 21 century for Bako (left)
and Bishoftu (right).

5.4. Discussion
5.4.1. Model calibration and modification

The most important result of this study is that the calibrated Brachiaria brizantha model
demonstrated high accuracy in simulating the growth of B. brizantha under rainfed
subhumid conditions in Ethiopian agroecology. This is consistent with previous studies
(Pequeno et al., 2017; Brunetti ef al., 2021; Smith et al., 2023; Bender et al., 2024), which
have shown that improving parameters related to dormancy and vegetative partitioning
enhances simulation outcomes, particularly for tropical grasses. Additionally, the
overestimation of water and nitrogen stress, as noted by Korir et al. (2021), often leads to
underestimation of biomass. In this study, adjustments to nitrogen stress parameters

addressed this issue, improving the accuracy of the biomass simulations.

The model parameters adjusted to represent the effect of daylength in seasonal changes,

FNPTD and RDRMT, led to more realistic regrowth patterns and distribution of
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aboveground biomass. In Brazilian conditions, the daylength parameter (FNPTD) was
adjusted to increase allocation to storage and reduce shoot growth during winters (April—
September) (Pequeno et al., 2014). This means that the model increases assimilate
allocation to storage organs, indicating dormancy, and decreases allocation to shoot. This
reflects the natural response of plants to prepare for adverse conditions by storing energy
rather than investing in shoot biomass (Brunetti et al., 2021). On the other hand, in
Ethiopia, where April-September falls in the growing (rainy) season, the model was
conversely adjusted to decrease allocation to storage tissues and prioritize shoot growth.
This adjustment reflects the lower threshold for inducing shoot growth rather than storage
during this period. The reduced proportion of stem abscission based on leaf abscission
(PORPT) helps retain more biomass in the stem, leading to increased overall stem mass
accumulation (Table 5.6). The model also takes into consideration the senescing of leaf
sheaths after the leaf laminae, with the dead sheath material contributing to stem mass
(Brunetti et al., 2021). The modified PORPT also helped more accurately represent how
plants respond to different daylengths, thus improving its ability to simulate forage growth

by capturing the subtleties of forage biomass accumulation and senescence.

Modifying vegetative partitioning parameters led to increased stem mass and,
consequently, shoot biomass results significantly better fit for these variables. During early
regrowth of tropical forage species, biomass production is mostly composed of leaves
(Brunetti et al., 2021). However, in the later growth stage, a considerable amount of
biomass is allocated to the stem, including during prolonged vegetative growth (Poorter et
al., 2012; Mganga et al., 2021). Thus, leaf and stem mass can be enhanced by adjusting
partitioning, particularly by increasing stem mass for longer regrowth (Pequeno et al.,

2014).

Nitrogen stress significantly affects the distribution of biomass between shoots and roots;
and because of this, it is considered a crucial factor for accurately simulating the growth of
warm-season grasses (Brunetti ef al., 2021). This highlights the importance of properly
setting model parameters under nitrogen stress conditions. To address this, the parameter
controlling the effect of nitrogen stress on biomass distribution between shoots and roots,

NSTFAC was adjusted. Originally coded at 0.7 in the model, it has now been changed to
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0.6. This adjustment allows for a more realistic simulation of plant responses to nitrogen

stress, with the model now allocating more biomass to shoots than to roots.
5.4.2. Model performance

The results of the CROPGRO-PFM simulation indicated that the B. brizantha cv. Marandu,
as studied by Pequeno et al. (2014) and parameterized for B. brizantha accession DZF-
13379 under rainfed conditions in Ethiopia, could effectively be used for future yield
assessments of B. brizantha under future climate scenarios. The model demonstrated
improved performance, with simulated values closely matching observed data, lower
RMSE values, d-statistics closer to 1, and r-square values above 81% for all parameters
tested, except for crude protein percentage. However, further calibration and/or code
modification of the model may be necessary to enhance the accuracy of crude protein

percentage.
5.4.3. Climate change scenarios and yield simulations

This analysis underscores the importance of using high-resolution regional climate data
from CORDEX Africa and an ensemble approach to capture large-scale trends and local
variability (multiple GCMs and RCMs) for generating robust historical and future climate
projections, which is critical for climate impact assessments and decision-making. This
aligns with Kassahun ef al. (2023), who highlight the value of such an approach in
generating reliable climate scenarios for sub-Saharan Africa. The projected increase in
temperature and CO: concentrations reflects broader trends reported for sub-Saharan
Africa (Maino & Emrullahu, 2022). Additionally, the study shows a trend of increased
rainfall across all future periods, which aligns with the IPCC (2007) projections. However,
the rainfall patterns specific to Ethiopia remain inconsistent, as noted in previous studies

(Conway & Schipper, 2011; Hadgu et al., 2014).

Given these projected climatic changes, their impact on forage yield was assessed. The
study found no significant changes in yield across different future climate scenarios (near
future, mid-century, and end-century). However, shoot, herbage and stem biomass are

projected to increase likely due to slightly higher rainfall, elevated CO: effects (enhancing
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C4 crop productivity), and increased temperatures. Under these conditions, the crop model
advances the vegetative stage more rapidly, accelerating crop maturity (Moore et al.,
2021). This results in a greater allocation of biomass to the stem and a reduction in leaf
growth. In addition, with fixed harvest dates, the harvested forage will be more mature,
containing a higher stem proportion and lower CP content , which could be mitigated by
harvesting more often under climate scenarios (using a degree-day approach) (Coblentz et

al., 2018).

Under both RCP 4.5 and RCP 8.5 scenarios, the study projects a 25% increase in stem
biomass, a 9% increase in shoot biomass, and an 11% increase in herbage biomass.
Conversely, leaf biomass is expected to decrease by 7%. This indicates that while stem and
shoot growth might benefit from future climate conditions (higher temperatures and CO-
concentrations), leaf growth may be negatively affected. Overall, these projections suggest
that plant growth in the subhumid regions of Ethiopia might be less adversely impacted by
future climate conditions than previously expected, with elevated greenhouse gases and
warmer temperatures having mixed effects on different plant components (stem vs. leaf)

(Brychkova ef al. 2022; Habermann et al. 2019).

Several studies support these findings, reporting increased biomass production in
grasslands due to elevated CO> (eCOy) and rising temperatures (Ergon et al., 2018;
Brychkova et al., 2022; Puche et al., 2023). Moreover, elevated CO; concentrations have
been shown to enhance the photosynthetic rate in C4 plants (Habermann et al., 2022). Our
findings are also consistent with the report by Brychkova et al. (2022), which suggests that
the current and future climates are suitable for the production of forages such as Rhodes
grass and Napier grass. However, the quality of herbage, as indicated by its crude protein
percentage, is expected to decline by 11%. This suggests that while biomass production
may increase, the nutritional quality of grass used for animal feed could suffer under higher
greenhouse gas concentrations and warmer temperatures. This finding aligns with the
report by Habermann et al. (2022), which found that elevated CO; reduces the crude

protein content of tropical grasses.
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5.5. Conclusion

The study highlights the critical role of Brachiaria brizantha as a climate-smart forage
species for enhancing livestock feed security in Ethiopia's subhumid regions. Utilizing the
CROPGRO-Perennial Forage Model, the research calibrated and evaluated the model to
accurately simulate the growth and yield of B. brizantha under varying climate conditions.
The findings reveal that while initial model predictions were satisfactory, adjustments in
parameters related to senescence and dormancy, vegetative partitioning, and nitrogen stress
significantly improved the model's predictive accuracy. Despite this, there are still areas
where model performance, especially for predicting crude protein content, did not achieve
the same level of accuracy as other parameters, indicating the need for further refinement.
Overall, the study underscores the potential of B. brizantha in mitigating the challenges
posed by climate change and emphasizes the need for its broader adoption to support
livestock production in Ethiopia. However, further research on different Brachiaria
cultivars under different management practices such as harvesting dates considering degree
of days and model improvements is necessary to fully understand the broader impacts of

climate change on forage production across diverse Ethiopian agroecologies.
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CHAPTER 6: Simulating the Growth and Yields of Brachiaria Mutica Using the
CROPGRO-Perennial Forage Model Under Present and Future Climate Conditions

in Subhumid Environments of Ethiopia.
Abstract

Brachiaria 1s an essential forage crop in tropical and subtropical regions; however, its
response to climate change in Ethiopia remains underexplored. This study aimed to (1)
calibrate and evaluate the CROPGRO-Perennial Forage model (CROPGRO-PFM) and (2)
assess the potential impact of climate change on the future yield of B. mutica (DZF-478)
in Ethiopia's sub-humid environments. For model calibration and evaluation, field data
from Debre Zeit (Bishoftu) and Bako Agricultural Research Centers were used. Daily
weather data, including rainfall, minimum and maximum temperature, and solar radiation,
were obtained from the centers’ meteorological stations. Historical and future climate
scenarios were derived from CORDEX Africa outputs for the near future (2010-2039),
mid-century (2040-2069), and end of the 21 century (2070-2099) under RCP4.5 and
RCP8.5 emission pathways. Calibration refined key model parameters governing
senescence, dormancy, vegetative partitioning, and nitrogen stress responses, thereby
improving model performance. Simulation results revealed a predicted decline in biomass
accumulation, including shoots, herbage, leaf and stem biomass, along with a reduction in
crude protein content. Overall, the findings underscore the utility of CROPGRO-PFM in
projecting climate change impacts and supporting evidence-based decision-making by
policymakers and researchers. The production potential of B. mutica (DZF-478) is
expected to decline in Ethiopia's subhumid regions under future climate scenarios,

highlighting the need for further research on adaptive management strategies.

Keywords: Brachiaria mutica, Climate change, CROPGRO-PFM, Simulation, Ethiopia
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6.1. Introduction

There is increasing interest in introducing improved forage species, such as Brachiaria
grass, to enhance livestock production (Schiek et al., 2018; Njarui et al., 2021; Feyissa et
al., 2022; Perelli et al., 2024). Brachiaria grass, native to Eastern Africa, is widely
cultivated in tropical regions as a vital component of forage-livestock systems (Jank et al.,
2014; Tegegn et al., 2019; Namazzi et al., 2020). This forage species offers numerous
advantages, including drought resistance, adaptability to low-fertility soils, carbon
sequestration, biological nitrification inhibition (BNI), and a potential role in reducing

greenhouse gas emissions (Arango et al., 2014; Moreta et al., 2014; Rao et al., 2014).

Despite its advantages, Brachiaria remains underused in East Africa, including Ethiopia
(Tegegn et al., 2019; Cheruiyot et al., 2020; Njarui et al., 2021). Recent efforts, however,
are aimed at promoting its cultivation to boost the region's livestock sector (Maass et al.,
2015; Maina et al., 2020). Furthermore, its recognition as a climate-smart forage species
underscores its promise for success in future climate scenarios (Djikeng et al., 2014; Njarui
et al., 2021). In addition to adaptability and nutritional quality, assessing its resilience

under changing climate is important to optimize sustainable use of improved forage.

Thus, given the significant effects of climate change on forage production, evaluating
Brachiaria grass yield under varying climatic conditions is essential to ensure future
livestock feed security. Mechanistic crop simulation models, such as the CROPGRO-PFM
model integrated into DSSAT 4.8.2, are valuable tools for examining plant-environment-
management interactions and assessing the effects of climate change on forage crops (Jones
et al., 2003; Hoogenboom et al., 2020; Hoogenboom et al., 2024). The model has been
applied to simulate the growth and yield of various forage species, including Paspalum
notatum (Bahiagrass) (Rymph, 2004), Brachiaria brizantha cv. Marandu (Pequeno et al.,
2014), Urochloa brizantha (Palisade grass) (Pedreira et al., 2011), Cynodon dactylon
(Bermuda grass) (Pequeno et al., 2017), Brachiaria brizantha (Piata palisade grass) (Bosi
et al., 2020), Megathyrsus maximus (Guinea grass) (Brunetti ef al., 2021). It has also been
used to assess the long-term production of Urocloa brizantha under different environments

in Brazil (Santos ef al., 2022).
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In Ethiopia, although this variety was registered and officially released in 2015 (Feyissa
et al., 2022; Zeleke et al., 2022), limited studies have examined the potential impacts of
climate change on its production. To address this gap, our study utilized the historical and
future climate data from CORDEX Africa under Representative Concentration Pathways
(RCPs, RCP4.5 and RCP8.5) scenarios and evaluated B. mutica yields in the sub-humid
regions of central and western Ethiopia. The objectives of our study are thus to (1) calibrate
and assess the CROPGRO-PFM model for simulating the rainfed growth and yield of
Brachiaria mutica, and (2) analyze the impacts of climate change on its yield under both
high and moderate RCP scenarios in the sub-humid environments of central and western
Ethiopia. Our null hypothesis posits that the standard model developed for Marandu
palisade grass can accurately simulate the growth and forage production of B. mutica

(DZF-483) in Ethiopia by incorporating specific genotypic characteristics.

6.2. Materials and Methods

The information related to field experimental data and treatments, model calibration and

statistical evaluation of model performance were presented in Chapter 5 of this dissertation.

6.3. Results
6.3.1. Simulation of B. mutica using original B. brizantha adaptation

The B. mutica was simulated using inputs data from the Bishoftu field experiments,
employing the default model parameters described by Pequeno et al. (2014). Model
improvement was assessed through step-by-step analysis of the observed-to-simulated
ratio, d-statistics, and RMSE (Table 6.1). Key parameter adjustments were identified and
compared to the default values, with both initial and optimized values documented. On the
other hand, data from the Bako experiment was used to evaluate the model under similar
harvest schedules and management practices. The significance of the key model
enhancements was emphasized, and recommendations were provided to guide future

model development and improve the simulation accuracy for tropical forage grasses.
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Table 6.1. Simulations (Means and statistics) for the rainfed B. mutica grass from 2020 to

2022, using the initial B. brizantha by Pequeno et al. (2014) before calibration

Parameter Obs. Sim. RMSE Ratio Willmott’s d r-Square
(obs/sim)
Bishoftu
Shoots, Kg DM ha’! 10556 7048 3949  0.66 0.61 0.57
Herbage, Kg DM ha! 8140 4962 3565  0.60 0.53 0.43
Leaf, Kg DM ha! 4812 4273 1173 0.89 0.75 0.44
Stem, Kg DM ha’! 5565 2775 2920  0.48 0.48 0.59
Crude prot, % 12.34 1523  3.09 1.23 0.16 0.03
Bako
Shoots, Kg DM ha! 9822 7620 3307  0.77 0.66 0.48
Herbage, Kg DM ha! 7705 5738 2880  0.74 0.60 0.42
Leaf, Kg DM ha'! 4673 4360 1224  0.94 0.77 0.47
Stem, Kg DM ha’! 5149 3260 2297  0.62 0.53 0.49
Crude prot, % 12.8 11.65 3.08 0.91 0.39 0.04

Kg DM ha! = Kilogram dry matter per hectare
6.3.2. Model calibration

6.3.2.1. Calibration of parameters affecting senescence and dormancy

The CROPGRO-PFM model was modified to enhance its accuracy in simulating the
growth and biomass accumulation of B. mutica forage by refining the influence of
daylength on dormancy, and senescence. Key parameters including those related to
daylength-driven biomass partitioning (FNPTD; Table 6.2) and dormancy sensitivity to
daylength (RDRMT; Table 6.2) to better reflect seasonal variations in daylength were
adjusted. These adjustments reduced the range of daylengths required for maximum shoot
partitioning. As a result, the model now allocates less biomass to storage tissues and more
to shoot growth under shorter daylengths, while also becoming more responsive to changes
in longer daylengths within a narrower range. Additionally, the model was updated to lower
the proportion of stem abscission relative to leaf abscission (PORPT; Table 6.2), enhancing
its representation of senescence dynamics. The maximum leaf photosynthetic rate
(LFMAX; Table 6.2) was slightly increased to align with field-measured data, ensuring a

closer match to observed forage productivity.
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Table 6.2. Initial and final values of species parameters affecting aboveground biomass

accumulation modified in the species genetics file (SPE), ecotype (ECO) and cultivar

(CUL) and the steps at which the parameters were adjusted throughout parameterization.

Parameter Description

Initial value

Final value

FNPTD (2-3) Effect of daylength on partitioning (h)

12.0 16.0

10.5 14.5

RDRMT Relative partitioning or dormancy sensitivity
in response to day length effect on biomass
partitioning (ECO)

0.475

0.475

LFMAX Maximum leaf photosynthetic rate measured
at 30 °C, 350 vpm CO», and under high light
intensity (mg CO> m? s

1.8

2.15

PORPT Stem abscission expressed as the ratio of
stem mass to abscised leaf mass (gram stem
per gram leaf abscised) (SPE)

0.27

0.21

LFSEN Natural leaf abscission rate per photothermal
day (0.014 corresponds to a leaf lifespan of
approximately 66.67 days) (SPE)

0.014

0.01

ICMP Light compensation point (mol PPFD m™
day") for the onset of senescence in lower
leaves due to excessive self-shading within
the crop canopy.

1.17

1.39

NSTFAC Photosynthates reallocation from shoot to
root due to N stress (0—1) (SPE)

0.7

0.6

6.3.2.2. Parameters affecting biomass partitioning

Calibration of specific species files concerning vegetative partitioning parameters (see

Table 6.3) to ensure accurate simulations of leaf and stem biomass was conducted (refer to

Tables 6.4). Importantly, the rate of node appearance was not set to predict the observed

dates of growth stage or leaf counts and storage partitioning (YSREST) was not changed.

Instead, the simulated V-stage was exclusively used to define the dry matter partitioning

function. The parameterization of YLFEST, and YSTEST led to a gradual shift in biomass

allocation from leaves to stems between V-stages 3 and 10 (as shown in Table 6.3).
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Table 6.3. Initial and final values of species parameters affecting biomass partitioning were
modified in the species file (SPE) to simulate B. mutica cultivar and the steps at which the

parameters were modified.

Parameter Description Initial value Final value
XLFEST Leaf number or vegetative 0.0, 2.0, 3.0, 5.0, 0.0, 2.0, 3.0, 5.0,
(not growth stage at which biomass 7.0, 10.0, 30.0, 7.0, 10.0, 30.0,40.0
changed)  partitioning is determined 40.0

YLFEST  Fraction of dry matter 0.80, 0.80, 0.72, 0.80, 0.80, 0.54,
partitioned to leaves as a 0.63, 0.52, 0.51, 0.50, 0.49, 0.49,
function of V-stage 0.50, 0.50 0.48, 0.48

YSTEST  Fraction of dry matter 0.10, 0.10, 0.14, 0.10, 0.10, 0.32,
partitioned to stems as a 0.17, 0.32, 0.36, 0.33, 0.35, 0.38,
function of V-stage 0.35, 0.35 0.37,0.37

YSREST  Fraction of dry matter 0.01, 0.01, 0.03, 0.01, 0.01, 0.03,
partitioned to storage as a 0.04, 0.04, 0.04, 0.04, 0.04, 0.04,
function of V-stage 0.04, 0.04 0.04, 0.04

6.3.3. Statistical evaluation of model performance

The model's performance before and after calibration is summarized in Table 6.4,
respectively. Post-calibration, the model demonstrated improved accuracy, with simulated
values aligning more closely with observed data. The RMSE values for shoot biomass, and
stem biomass decreased significantly, except for leaf biomass in both locations and herbage
biomass at the Bishoftu site. Furthermore, the d-statistics and r-square values for shoot,
herbage, leaf, and stem biomass showed notable improvements. However, the calibration
did not enhance the statistical accuracy for the crude protein percentage of the herbage at

either location.
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Table 6.4. Simulations (Means and statistics) for the rainfed B. brizantha grass from 2020
to 2022, using the B. brizantha by Pequeno et al. (2014) after calibration.

Variable Name Obs. Sim. RMSE Ratio Willmott’s d r-Square
(obs/sim)
Bishoftu
Shoots, Kg DM ha! 10556 9609 2719 0.88 0.83 0.73
Herbage, Kg DM ha! 8140 7506 2605 0.89 0.75 0.63
Leaf, Kg DM ha'! 4812 5182 1346 1.04 0.83 0.78
Stem, Kg DM ha’! 5565 4428 1914 0.77 0.66 0.55
Crude prot, % 12.34 133  2.06 1.08 0.30 0.25
Bako
Shoots, Kg DM ha! 9822 9643 3263 0.96 0.74 0.56
Herbage, Kg DM ha! 7705 7740 2951 0.98 0.70 0.51
Leaf, Kg DM ha'! 4673 5008 1474 1.04 0.80 0.72
Stem, Kg DM ha’! 5149 4636 1950 0.89 0.65 0.41
Crude prot, % 12.8 10.22 4.25 0.80 0.30 0.08

Kg DM ha! = Kilogram dry matter per hectare

6.3.4. Climate change scenarios

The results from the CORDEX Africa output under the two CMIP5 Representative
Concentration Pathways (RCP4.5 and RCP8.5), focusing on mean changes in projected
climate over three future periods for Bako, Ethiopia (Table 6.5), and Bishoftu, central
Ethiopia (Table 6.6), revealed an increase in temperature and rainfall, compared with the
baseline (1980-2010). The projected mean minimum temperatures at Bako for the baseline,
near future, mid, and end century were 11.6, 12.7, 14.4, and 15.9-C, respectively, whereas
the mean seasonal maximum temperatures for the corresponding periods were 26.4, 24.8,
26.0, and 27.1-C. Similarly, at Bishoftu, 11.1, 12.5, 14.2, and 15.8°C mean minimum, and
25.5,26.1, 27.4, and 28.6°C mean maximum temperatures were projected for the baseline,
near future, mid, and end century, respectively. Mean rainfall ranging from 1173 to 2473,
1264 to 3334, and 1531 to 4347 mm at Bako is projected, for the near future, mid and end
century, respectively whereas at Bishoftu 847.1 to 1719.1, 987.7 to 2418.1 and 1063.3 to

3079.2 for the corresponding period were observed.

84



Table 6.5. Mean changes in projected climate over three future periods under RCP4.5 and

RCP8.5, relative to the corresponding values for baseline data in Bako, Ethiopia.

RF  Tmin Tmax Average CO: RF Tmin Tmax  Average CO>

Period (%) () () conc(ppm) (%) (%) () conc.(ppm)
RCP 4.5 RCP 8.5

2010-2039 3.47 148 1.35 423 4.13 1.7 1.25 432

2040-2069 6.24 268 2.2 499 9 3.83 2.73 571

2070-2099 7.78 323 2.73 532 1649 631 4.55 801

RF = Rainfall; Baseline [CO-], assumed 360 ppm.

Table 6.6. Mean changes in projected climate over three future periods under RCP4.5 and

RCPS8.5, relative to the corresponding values for baseline data in Bishoftu, Ethiopia.

RF  Tmin Tmax Average CO, RF Tmin Tmax Average CO;
Period () (c) (¢) conc.(ppm) (%) () (°c)  conc. (ppm)

RCP 4.5 RCP 8.5
2010-2039 2.80 1.66 1.39 423 3.04 2.06 1.32 432
2040-2069 4.52 2.89 232 499 6.48 421 292 571
2070-2099 5.97 3.58 2.82 532 1176  6.75 4.85 801

RF = Rainfall; Baseline [CO3], assumed 360 ppm.

6.3.5. Future yield simulations

Table 6.7 and Figure 6.1 presents the simulated yield of shoots biomass, herbage biomass,
leaf biomass, stem biomass (Kg DM ha!'), and crude protein percentage of herbage B.
mutica for the near future, mid-century, and end of the 21% century under RCP 4.5 and RCP
8.5 scenarios, compared to the baseline period of 1980-2010 for the Bako and Bishoftu.
Specific changes for leaf biomass include:
- Near future: A decline of 15% under RCP 4.5 and an increase of 4% under RCP 8.5.
- Mid-century: A decline of 15% and 19% under RCP 4.5 and RCP 8.5, respectively.
- End of the century: A decline of 25% and 34% under RCP 4.5 and RCP 8.5,
respectively.
Similarly, stem biomass is predicted to decline for all future periods, except for the near
future under RCP8.5 at both locations. Predicted changes include:
- Near future: A decline of 7% under RCP 4.5 and an increase of 11% under RCP 8.5.
- Mid-century: A decline of 7% under RCP 4.5 and 8% under RCP 8.5.
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- End of the century: A decline of 10% under RCP 4.5 and 13% under RCP 8.5.
Like leaf and stem biomass, shoot biomass is predicted to decline for both locations and
all future periods, except for the near future under RCP 8.5 (Figure 6.1). Predicted changes
include:

- Near future: A decline of 2% under RCP 4.5 and an increase of 7% under RCP 8.5.

- Mid-century: A decline of 11% under RCP 4.5 and 14% under RCP 8.5.

- End of the century: A decline of 18% under RCP 4.5 and 24% under RCP 8.5.
The trend for herbage biomass closely aligns with shoot biomass. Overall, it is expected to
decline by 15%. Specific changes include:

- Near future: A decline of 14% under RCP 4.5 and an increase of 9% under RCP 8.5.

- Mid-century: A decline of 15% and 18% under RCP 4.5 and RCP 8.5, respectively.

- End of the century: A decline of 23% and 31% RCP 4.5 and RCP 8.5, respectively.
The crude protein percentage of herbage is expected to decline for both locations under
both RCPs for all future scenarios, except for the near future, where the average change
across locations is zero. Crude protein is expected to decline by 14% and 18% for the mid-
century, and by 18% and 20% for the end of the 21% century under RCP4.5 and RCP8.5,
respectively. In general, the simulations indicate a decline in biomass production and CP
percentage of B. mutica under future climate scenarios, except for RCP 8.5 from the near

future towards the end of the century.

Table 6.7. Median yield changes over three future periods, as simulated by the CROGRO-
PFM model based on CORDEX Africa under RCP4.5 and RCPS.5.

Parameters 1980-2010 2010-2039 2040-2069 2070-2099
baseline RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Bako
Leaf, Kg DM ha'! 5107 4345 5312 4301 4265 3846 3471
Stem, Kg DM ha’! 4681 4024 4948 4095 4162 3962 3843
Shoot, Kg DM ha'! 9788 8368 10260 8396 8427 7807 7315
Herbage, Kg DM ha! 7897 6470 8368 6484 6528 5904 5414
Crude prot, % 10 11.36 11.15 9.55 9.61 9.24 8.96
Bishoftu
Leaf, Kg DM ha'! 5203 4429 5382 4430 4043 3862 3349
Stem, Kg DM ha’! 4309 4309 4993 4279 4121 4151 3938
Shoot, Kg DM ha'! 9512 8737 10375 8709 8165 8012 7288
Herbage, Kg DM ha! 7419 6635 8273 6593 6047 5896 5175
Crude prot, % 12.17 10.55 10.82 9.23 8.83 8.8 8.49
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Figure 6.1. Yield gained/lost (compared to the historical value) simulated using CROGRO-
PFM for RCP4.5, RCP8.5 for the near future, mid, and end of 21% century for Bako left
and Bishoftu right.

6.4. Discussion
6.4.1. Model calibration and modification

The key finding of this study is that the calibrated Brachiaria mutica model exhibited high
accuracy in simulating the growth of B. mutica under rainfed subhumid conditions in
Ethiopian agroecology. This result is consistent with previous studies (Pequeno et al.,
2017; Brunetti et al., 2021; Smith et al., 2023; Bender et al., 2024), which emphasizes that
refining parameters related to dormancy and vegetative partitioning enhances simulation
outcomes, particularly for tropical grasses. Additionally, as noted by Korir ef al. (2021),
the overestimation of water and nitrogen stress often leads to an underestimation of
biomass. In this study, adjustments to nitrogen stress parameters addressed this issue,

improving the accuracy of the biomass simulations.

The model parameters adjusted to represent the effect of daylength in seasonal changes,
FNPTD and LFMAX, led to more realistic regrowth patterns and distribution of
aboveground biomass. In Brazilian conditions, the daylength parameter (FNPTD) was

adjusted to increase allocation to storage and reduce shoot growth during winters (April—
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September) (Pequeno et al., 2014). This means that the model increases assimilate
allocation to storage organs, indicates dormancy, and decreases allocation to the shoot.
This reflects the natural response of plants to prepare for adverse conditions by storing
energy rather than investing in shoot biomass (Brunetti e al., 2021). On the other hand, in
Ethiopia, where April-September falls in the growing (rainy) season, the model was
conversely adjusted to decrease allocation to storage tissues and prioritize shoot growth.
This adjustment reflects the lower threshold for inducing shoot growth rather than storage
during this period. The reduced proportion of stem abscission based on leaf abscission
(PORPT) helps retain more biomass in the stem, leading to increased overall stem mass
accumulation. The model also takes into consideration the senescing of leaf sheaths after
the leaf laminae, with the dead sheath material contributing to stem mass (Brunetti et al.,
2021). The modified PORPT also helped more accurately represent how plants respond to
different daylengths, thus improving its ability to simulate forage growth by capturing the

subtleties of forage biomass accumulation and senescence.

Modifying vegetative partitioning parameters led to increased stem mass and,
consequently, shoot biomass results significantly better fit for these variables. Early during
the regrowth of tropical forage species, biomass production is mostly composed of leaves
(Brunetti et al., 2021). However, in the late regrowth cycle, a considerable amount of
biomass is allocated to the stem, including during long vegetative regrowth (Poorter et al.,
2012; Mganga et al., 2021). Thus, leaf and stem mass can be enhanced by adjusting
partitioning, particularly by increasing stem mass for longer regrowth (Pequeno et al.,

2014).

Nitrogen stress significantly affects the distribution of biomass between shoots and roots;
and because of this, it is considered a crucial factor for accurately simulating the growth of
warm-season grasses (Brunetti ef al., 2021). This highlights the importance of properly
setting model parameters under nitrogen stress conditions. To address this, the parameter
controlling the effect of nitrogen stress on biomass distribution between shoots and roots,
NSTFAC was adjusted. Originally coded at 0.7 in the model, it has now been changed to
0.6. This adjustment allows for a more realistic simulation of plant responses to nitrogen

stress, with the model now allocating more biomass to shoots than to roots.
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6.4.2. Model performance

The results of the CROPGRO-PFM simulation indicated that the B. brizantha cv. Marandu,
as studied by Pequeno et al. (2014) and parameterized for B. mutica (DZF-478) under
rainfed conditions in Ethiopia, could effectively be used for future yield assessments of B.
mutica under future climate scenarios. The model demonstrated improved performance,
with simulated values closely matching observed data, lower RMSE values, and d-statistics
closer to 1 for all parameters tested, except for crude protein percentage. However, further
calibration and/or code modification of the model may be necessary to enhance the

accuracy of the crude protein percentage.
6.4.3. Climate change scenarios and yield simulations

This analysis underscores the importance of using high-resolution regional climate data
from CORDEX Africa and an ensemble approach to capture large-scale trends and local
variability (multiple GCMs and RCMs) for generating robust historical and future climate
projections, which is critical for climate impact assessments and decision-making. This
aligns with Kassahun et al. (2023), who highlight the value of such an approach in
generating reliable climate scenarios for sub-Saharan Africa. The projected increase in
temperature and CO: concentrations reflects broader trends reported for sub-Saharan
Africa (Maino & Emrullahu, 2022). Additionally, the study shows a trend of increased
rainfall across all future periods, which aligns with the IPCC (2007) projections. However,
the rainfall patterns specific to Ethiopia remain inconsistent, as noted in previous studies

(Conway & Schipper, 2011; Hadgu et al., 2014).

The study reports projected loss in forage biomass yield and CP percentage under future
climate scenarios. Specifically, declines of 17%, 6%, 12%, and 15% are anticipated in leaf
biomass, stem biomass, shoot biomass, and herbage biomass, respectively. Herbage
quality, as indicated by its crude protein percentage, is also expected to decline by 11%.
These results suggest that simulated future climate conditions, characterized by elevated
greenhouse gas and warmer temperatures having mixed effects, adversely impacted the
production of Brachiaria mutica in the subhumid regions of Ethiopia. While several studies

have reported increased biomass production in tropical forages under elevated CO: (eCO-)
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and rising temperatures (Ergon et al., 2018; Brychkova et al., 2022; Puche et al., 2023),
this discrepancy may arise because the conditions simulated in this study exceed the
optimal range for Brachiaria mutica. However, the observed reduction in crude protein
content aligns with Habermann ez al. (2022), who reported that elevated CO; decreases the

crude protein content of tropical grasses.
6.5. Conclusion

The findings reveal adjustments in parameters related to senescence and dormancy,
vegetative partitioning, and nitrogen stress before the use of the CROPGRO-Perennial
Forage Model. The overall simulation trend suggests the B. mutica adversely affected with
future climate scenarios in the subhumid areas of Ethiopia. Despite this, there are still areas
where model performance, especially for predicting crude protein content, did not achieve
the same level of accuracy as other parameters, indicating the need for further refinement.
However, further research on adaptation strategies for B. mutica under different
management practices and fertilizer applications might be necessary to fully understand
the broader impacts of climate change on forage production across diverse Ethiopian agro-

ecology.
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CHAPTER 7: Calibration and Evaluation of a CROPGRO Perennial Forage Model
for Brachiaria Humidicola Yield Simulation Under Future Climate in Subhumid
Environments of Ethiopia
Paper 4: African Journal of Range & Forage Science 2024, 41: 1-9,
https://doi.org/10.2989/10220119.2023.2380699

Abstract

Crop simulation models were employed to assess the impacts of climate change and aid in
strategic planning and decision-making regarding forage strategies. This study focused on
calibrating and assessing the CROPGRO-Perennial Forage Model's performance in
simulating Brachiaria humidicola yield under projected future climates for high and
moderate Representative Concentration Pathway (RCP) scenarios in the central and
western subhumid regions of Ethiopia. The model was calibrated to accurately represent
rainfed growth and biomass yield, using field data from the Debre Zeit and Bako
Agricultural Research Centers. Climatic data, including rainfall, temperature, and solar
radiation, were sourced from weather stations, whereas future climate scenarios for the
near future, mid-century, and late-century periods were derived from the CORDEX Africa
outputs under RCP4.5 and RCP8.5. The calibration process refined species parameters
related to vegetative partitioning, and enhanced the d-statistic and reduced the root mean
square error (RMSE) for herbage, leaf, stem, and total biomass accumulation. Despite
projected decreases in leaf biomass, stem biomass has increased. However, there is almost
no difference in herbage and total biomass accumulation under elevated greenhouse gas
concentrations and warmer temperatures. Ultimately, the projected climate under both

RCPs had no significant effect on Brachiaria humidicola grass production in Ethiopia.

Keywords: Brachiaria humidicola, Climate change, DSSAT, Simulation models, Ethiopia
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7.1. Introduction

Perennial tropical grass species, such as Brachiaria, are integral to global pasture systems,
provide essential forage for livestock. However, productivity is influenced by various
factors, including management techniques, fertilization, soil conditions, and climatic
variability. The resulting effects vary depending on the degree of temperature increase,
changes in rainfall distribution, geographical location, and specific types of cultivated
species (Santos et al., 2022). Crop growth simulation models are indispensable tools for
comprehensively understanding and predicting the responses of these grasses to various

factors.

Among these models, the CROPGRO Perennial Forage model, integrated into DSSAT
V4.8 software, stands out for its ability to predict the critical parameters of perennial forage
grasses and legumes across various seasons. Adapted from Rymph (2004) annual
CROPGRO model, this version was expanded to accommodate perennial growth by
introducing storage organs such as rhizomes, taproots, and crowns, along with
carbohydrate and nitrogen storage pools. This modification allows the model to simulate
regrowth even when the leaf area index (LAI) reaches zero owing to factors such as harvest,
severe drought, or freeze-induced leaf loss. The key features embedded in the model
include seasonal dormancy, freeze thresholds, and rules governing the partitioning of
resources into storage organs (Brunetti et al., 2021). These rules cover the management of
dormancy, tolerance to freezing, partitioning strategies, regrowth mechanisms, and

mobilization and replenishment of carbohydrate and nitrogen reserves.

Species and cultivar-specific files encode these regulations, ensuring an accurate depiction
of the growth dynamics of different grass species. Hence, by integrating parameters
tailored to each species and cultivar, the model can precisely forecast crop growth and
development under diverse conditions, including crucial biological processes such as
photosynthesis and nitrogen uptake. This model has been widely applied to simulate the
growth of various forage species and assess the effects of global climate change on tropical

perennial forages, including Brachiaria brizantha cv. Marandu, Urochloa brizantha
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(palisade grass), Cynodon dactylon (Bermuda grass), Brachiaria brizantha (Piata palisade
grass), and Megathyrsus maximus (Guinea grass) (Pedreira et al., 2011; Pequeno et al.,

2014; Santos et al., 2019; Bosi et al., 2020; Brunetti et al., 2021).

The integration of the CROPGRO Perennial Forage model into the DSSAT V4.8 software
provides researchers and practitioners with a robust platform to analyze and optimize
forage production systems, contributing to improved sustainability and productivity in
livestock farming (Jones et al., 2003; Hoogenboom et al., 2017). Simulation models are
crucial in unraveling the complex interactions among plant genetics, environment, and
management (Pedreira et al., 2011) and serve as valuable tools for evaluating the impacts
of climate change. Through such simulations, the model offers insight into the responses
of these grasses to varying environmental conditions and management strategies, thus
facilitating informed decision-making in forage production (Andrade ef al., 2015; Santos

et al., 2022).

However, despite its extensive application, most Brachiaria species, such as B. humidicola,
have not yet been incorporated into the DSSAT model, which limits its ability to assess the
impact of climate change on this grass. Therefore, the objective of this study was to
calibrate and evaluate the performance of CROPGRO-PFM in simulating the impact of
climate change on the production of Brachiaria humidicola using the DSSAT model v 4.8
under the high and moderate Representative Concentration Pathways (RCP) of future

climate scenarios in the central and western subhumid environments of Ethiopia.
7.2. Materials and Methods
7.2.1. Description of study area

The data used in the adaptation of the model were collected in a field trial at the Debre Zeit
Agricultural Research Center (DZARC), Bishoftu (08° 44°N, 38°38’E; elevation:1900 m
asl), and Bako Agricultural Research Center (BARC) (09°06°N, 37°09°E; elevation:1650
m asl), in the subhumid agroclimatic zones of central and western Ethiopia, respectively.
Weather data for the experimental period were obtained from a weather station at each

location (Figure 7.1 and 7.2).
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The physical and chemical characteristics of the soils were extracted from the International
Soil Reference and Information Center (ISRIC, 2013). The complete soil profile used for
the simulation in DSSAT format is presented in Table 7.1. The basic characteristics of the
soil required as input by the model were silt and clay content (%), concentration of organic
carbon in the soil (%), pH of the water, lower limit of the plant extractable soil water (cm?
cm™), drained upper limit (cm® cm™), saturated upper limit (cm?® cm™), and bulk density (g
cm™). The soils used were fertile Eutric vertosols and Alfisols from the Bishoftu and Bako

sites, respectively, which did not require amendments.
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Figure 7.1. Monthly weather data for experimental period (2020-2022) in Bako, Ethiopia
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Figure 7.2. Monthly weather data for experimental period (2020-2022) in Bishoftu,
Ethiopia
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Table 7.1. Soil profile created with the DSSAT Sbuild program for Bishoftu and Bako,

Ethiopia
Clay Silt LL DU SSAT BD OoC TN
Location Depth (%) (%) (mm/mm) (mm/mm) (mm/mm) (g/cm3) (%) (%)
Bishoftu 5 40.8 293 0.203 0.415 0.452 1.26 221 0.12
15 428  28.6 0.214 0.426 0.459 1.28 1.89 0.09
30 452 275 0.229 0.439 0.469 1.31 1.43 0.07
60 476 264 0.242 0.452 0.477 1.36 0.92 0.06
100 47.7 258 0.243 0.452 0.477 1.42 0.54 0.05
200 462 254 0.234 0.443 0.469 1.48 0.31 0.05
Bako 5 39.44  24.09 0.256 0.360 0.440 1.15 3.20 0.12
15 41.42 2327 0.267 0.372 0.447 1.17 2.71 0.09
30 4405 22.16 0.282 0.388 0.456 1.20 2.06 0.07
60 46.29 21.09 0.295 0.401 0.464 1.25 1.32 0.06
100 4638 20.59 0.296 0.401 0.463 1.31 0.77 0.05
200  44.83 20.20 0.287 0.391 0.456 1.36 0.44 0.05

Source: (ISRIC, 2013) LL = lower limit of plant extractable soil moisture; DUL = drained
upper limit; SSAT = saturated soil water content; BD = bulk density; OC = organic carbon,;

TN = total nitrogen.

7.2.2. Plant material

The Brachiaria grass cultivar (Brachiaria humidicola (Rendle) Schweick, syn. Urochloa

humidicola (Rendle), accession DZF-13379) was established in 3 x 4 m plots, with three

replicates in June 2020. Harvesting occurred periodically during the three main rainy

seasons, only once in 2020, and twice in 2021 and 2022 (from June to the end of

September). The plots were fertilized immediately after each harvest at a rate of 200 kg

ha™! urea and DAP. Herbage mass was quantified on harvest dates at 90 days for the

establishment year (2020), and 60-day frequencies for 2021 and 2022 years cut 10 cm

above ground level (stubble mass) were sampled within 0.2 x 1 m quadrats for each harvest.

They were hand-sorted into live leaves (lamina), live stems (leaf sheath + stem), weighed,

homogenized and subsampled. Fresh subsamples were taken to the laboratory, dried

separately in a forced draft oven at 65 ° C for 72 h and then weighed.
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7.2.3. Climatic data and scenarios

Long-term records (1980-2009) included daily rainfall, maximum temperature (Tmax),
minimum temperature (Tmin), and solar radiation were acquired from weather stations in
DZARC and BARC. A minor portion, < 5% of the recorded rainfall and temperature values
was absent. To address the missing gaps in the daily weather data, supplementary daily
weather time series were obtained from the historical climate dataset of CORDEX Africa.
Additionally, simple interpolations were employed to fill in short data gaps (less than 4

days) from neighboring reliable values.

The analysis of future climate scenarios was performed using data from CORDEX Africa,
which included daily rainfall, minimum temperature, maximum temperature, and solar
radiation under two CMIP5 Representative Concentration Pathways (RCP 4.5 and RCP
8.5) for the near, middle and end of the 21st century. RCPs serve as frameworks for future
greenhouse gas concentrations and radiative forcing, thereby facilitating climate models to
project future climate changes (Nazarenko et al., 2015). RCP 4.5 and RCP 8.5 were among
the scenarios used by the IPCC Fifth Assessment Report (ARS) in 2014 (IPCC, 2014). RCP
4.5 represents an intermediary scenario that projects stabilization of radiative forcing at 4.5
W/m2 by 2100, while RCP 8.5 depicts a high-emission scenario that predicts a continuous

increase in radiative forcing reaching 8.5 by 2100.
7.2.4. Model calibration

The CROPGRO-PFM parameterized for Brachiaria brizantha cv. Marandu palisade grass
by Pequeno ef al. (2014) and included in the DSSAT version 4.8 (Hoogenboom et al.,
2020) was tailored as a initial point under the hypothesis that two genotypes of the alike
genus have comparable model parameterizations of the species, cultivar, and ecotype files
(Pequeno et al., 2017; Brunetti et al., 2021). The experimental data used in the simulation,
including location, soil, weather, and crop establishment, were described, and entered into
an experimental 'Management' file, called 'File X'. The planting method used was
transplantation, in which 2000 kg per ha was used. The herbage biomass harvested was

described in 'File T'.
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Another characteristic specific to the forage model is the MOW input file, which is used to
define the harvest dates, the amount of live biomass not harvested (MOW = stubble mass),
the percentage leaf of stubble (RSPLF) and a 'restaged' leaf number (MVS) when the top
growth harvest is simulated. Stubble mass was measured once during the final harvest of
the experiment in 2022 and interpolated for the previous harvests. This was considered as
the MOW value in the simulations and was characterized as the non-harvested mass that
remained in the field. RSPLF was standardized at 30% for all treatments, as suggested by
Pequeno et al. (2014). The MVS parameter (hypothetical number of leaves left on the
primary tiller axis after harvest) in the MOW file was set to 3, according to other studies

(Pedreira et al., 2011; Lara et al., 2012).

The CENTURY module was used to simulate soil organic carbon (SOC) and soil N
(Gijsman et al., 2002) in our study. This module accounts for the decomposition of plant
tissue that drops to the soil surface and sloughed roots within the soil, which occurs in the
perennial forage species. The model considers three fractions or pools of soil organic
matter (SOM) to describe organic carbon (SOC) in the soil: active (microbial) soil organic
matter existing both in the surface mulch layer and in the soil (SOM1), intermediate soil
organic matter (SOM2), and passive or stable soil organic matter (SOM3) (Gijsman et al.,
2002). Three fractional pools of SOM (SOM1 = 0.01, SOM2 = 0.42, and SOM3 = (0.57)
were entered into the SOM fraction file (Pedreira et al., 2011). The default Priestley-Taylor
method, which requires only daily solar radiation and temperature, was described in detail

by Ritchie (1972) and used in our study to calculate the potential ET.

7.2.5 Statistical analysis for model evaluation

The model predictions for biomass accumulation, leaf biomass, and stem biomass were
compared against observed values by running simulations using actual weather, soil, and
management data. Partitioning and leaf regrowth parameters were adjusted to achieve the
best fit. In selecting parameter values, we considered their influence on model performance
and whether they fell within the reported range in existing literature or prior knowledge.
Model performance following calibration was evaluated using the observed-to-simulated

ratio, root mean square error (RMSE), and the Willmott agreement index (d-statistic) as
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proposed by Willmott et al. (2011) and Yang et al. (2014). The RMSE was calculated using

the following equation:

N
1 _
RMSE = NZ(W — V)2
i=1

Where N is the total number of data points for comparison, Yi is a given observed value,
and Yi is the corresponding value predicted by the model. A better model prediction

produced a smaller RMSE. The Willmott agreement index is given by:

N (Yi-Yi)?
TN (Pi-Yil+lvi-7iD2 |

d=1-

0<d<l1

where N is the number of observed data points, Yi is a given observed value, Yi is the
corresponding value predicted by the model, and Yi is the mean of the observed data. A d
index near 1 indicates a good model prediction.

A better model prediction is characterized by an observed/simulated ratio close to 1, and

smaller RMSE and D-Stat values close to 1.

7.3. Results and Discussion
7.3.1. Climate change projections

The findings of the CORDEX Africa outputs, examining the effects of two representative
concentration pathways of CMIP5 (RCP4.5 and RCP8.5) on projected climate changes
across three future timeframes (near, mid and end of century) for Bako presented in Table
7.2 and Bishoftu Table 7.3, indicate a notable increase in temperature and rainfall
compared to the baseline period (1980-2010). For Bako, the mean projected minimum
temperatures for the near, mid and end of the century were 12.7 ° C, 14.4 ° C and 15.9°C,
respectively. Consequently, the mean seasonal maximum temperatures for these periods
were projected to be 24.8 ° C, 26.0 ° C and 27.1 ° C. Similarly, for Bishoftu, mean
minimum temperatures of 12.5°C, 14.2°C, and 15.8°C, and mean maximum temperatures
0f26.1°C, 27.4 ° C and 28.6 ° C were projected for the near future, mid-century and end
of century, respectively. These findings underscore the potential impacts of climate change
on the regions under study, indicating substantial increases in temperature and CO2

concentrations, aligning with sub-Saharan Africa projections (Maino & Emrullahu, 2022).
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Interestingly, these temperature ranges are conducive to the growth of Brachiaria grasses,
since a temperature range of 10-15°C is considered ideal for tropical grass growth (Moreno
et al.,2014), a conclusion supported by other studies (Andrade et al., 2015; da Silva et al.,
2012).

In terms of rainfall, projected mean rainfall ranges from 1173 to 2473 mm, 1264 to 3334
mm and 1531 to 4347 mm for Bako, and 847.1 to 1719.1 mm, 987.7 to 2418.1 mm, and
1063.3 to 3079.2 mm for Bishoftu, across the near future, mid-century, and end of century,
respectively, were recorded. In general, a slight increase in rainfall is projected in future
scenarios, in line with previous assessments (IPCC, 2007). However, it is worth noting that
the expected rainfall patterns in Ethiopia are not consistent across all regions (Conway &

Schipper, 2011; Hadgu et al., 2014).

Table 7.2. Mean changes in projected climate over three future time periods under RCP4.5

and RCP8&.5, relative to the corresponding values for the baseline data in Bako, Ethiopia.

RF Average CO; RF Average CO»
Tmin Tmax Tmin Tmax
Time period (%) conc. (ppm) (%) conc. (ppm)
RCP 4.5 RCP 8.5
2010-2039 3.47 148 1.35 423 4.13 1.7 1.25 432
2040-2069 6.24 2.68 2.2 499 9 3.83 2.73 571
2070-2099 7.78 3.23 2.73 532 1649 631 4.55 801

RF = Rainfall; Baseline [CO-], assumed 360 ppm.

Table 7.3. Mean changes in projected climate over three future time periods under RCP4.5

and RCPS8.5, relative to the corresponding values for the baseline data in Bishoftu, Ethiopia.

RF Average CO2 RF Average CO
Time Tmin Tmax Tmin Tmax

(%) conc. (ppm) (%) conc. (ppm)
period

RCP 4.5 RCP 8.5
2010-2039 2.80 1.66 1.39 423 3.0 206 132 432
2040-2069 4.52 2.89 232 499 6.48 421 292 571
2070-2099 597 3.58 2.82 532 11.76  6.75 4.85 801

RF = Rainfall; Baseline [CO3], assumed 360 ppm.
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7.3.2. Calibration and improvement of the model

The simulation of harvested biomass (comprising leaf and stem biomass) pre-calibration
yielded d-statistics of 0.94 and 0.89, RMSE values of 866 and 1564, and
observed/simulated ratios of 0.98 and 1.19 for Bako and Bishoftu, respectively (Table 7.5).
Total biomass (combining herbage and root biomass) exhibited d-statistics exceeding 0.98,
with RMSE values of 748 and 1092, and observed/simulated ratios of 0.94 and 1.02 for
Bako and Bishoftu, respectively. Leaf and stem biomass also demonstrated acceptable

accuracy, simulating realistic values at both sites, although with room for enhancement.
7.3.3. Parameters affecting biomass partitioning

While our initial plan was to adopt the parameterization of B. brizantha species as proposed
by Pequeno et al. (2014), we found it necessary to conduct targeted calibration of certain
species files pertaining to vegetative partitioning parameters in order to achieve accurate
biomass accumulation simulations (Tables 7.4). Consequently, adjustments made to
partition parameters (YLFEST, YSTEST, YSREST) led to enhancements in the average d-
statistic and RMSE (as outlined in Table 7.6). It is important to note that we did not
incorporate the rate of node appearance to predict observed growth stage dates or leaf
numbers, and that the simulated V stage was solely utilized for defining the dry matter
partitioning function. The revised partitioning approach resulted in a reduction in the
percentage of leaves during the midpoint V stage, thus significantly improving the
simulation of live aboveground biomass percentages. Similarly, the parameterization led
to a decrease in the percentage of stem mass during the midpoint V stage, consequently

enhanced the fit for aboveground live biomass.
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Table 7.4. The initial and final values of species parameters affecting biomass partitioning

(during perennial/established phase) were modified in the Marandu palisade species

genetics file (SPE) for the simulation of the Brachiaria humidicola cultivar.

Parameter

Description

Initial value

Final value

XLFEST
(not
changed)

Leaf number or vegetative
growth stage at which biomass
partitioning is determined

0.0, 2.0, 3.0, 5.0, 7.0,
10.0, 30.0, 40.0

0.0, 2.0, 3.0, 5.0,
7.0, 10.0, 30.0, 40.0

YLFEST

Fraction of dry matter
partitioned to leaves as a
function of V-stage

0.80, 0.80, 0.72, 0.63,
0.52, 0.51, 0.50, 0.50

0.80, 0.80, 0.70,
0.58, 0.51, 0.50,
0.50, 0.50

YSTEST

Fraction of dry matter
partitioned to stems as a
function of V-stage

0.10, 0.10, 0.14, 0.17,
0.32,0.36, 0.35, 0.35

0.10, 0.10, 0.16,
0.19, 0.32, 0.36,
0.35,0.35

YSREST

Fraction of dry matter
partitioned to storage as a
function of V-stage

0.01, 0.01, 0.03, 0.04,
0.04, 0.04, 0.04, 0.04

0.01, 0.01, 0.02,
0.03, 0.04, 0.04,
0.04, 0.04

7.3.4. Statistical evaluation of model performance

Following calibration, the model demonstrated significant improvement across all

parameters, with simulated values closely aligning with observed values. RMSE values

ranged from 590 to 1344, while r-square values ranged from 0.72 to 0.98 (Table 7.6). These

results indicate that the original B. brizantha cv. Marandu model, as proposed by Pequeno

et al. (2014), holds promise for accurately simulating rainfed B. humidicola grass

production in Ethiopia. Consequently, the model can serve as a valuable tool for predicting

the growth and yield of B. humidicola grass under varying climatic and management

conditions, empowering farmers to make well-informed decisions regarding their

production strategies. Moreover, utilizing the model for future climate assessments of B.

humidicola yield under various Representative Concentration Pathways (RCPs) would

offer significant benefits.

101



Table 7.5. Simulations (Means and statistics) for the rainfed B. humidicola grass dataset from 2020 to 2022 in Bako and
Bishoftu, Ethiopia, simulated using the original B. brizantha cv. Marandu by Pequeno ef al. (2014) before calibration

Parameter Observed Simulated RMSE  Ratio (obs./sim.) Willmott’s d r-Square
Bako

Harvested Biomass (Kg ha!) 4914+1452 5116+2132 866 0.98 0.94 0.92
Total Biomass (Kg ha™) 526242997 5244+3448 748 0.94 0.99 0.97
Leaf biomass (Kg ha™!) 2528+1524 26862137 691 0.92 0.96 0.98
Stem biomass (Kg ha™!) 2734+1475 2557+1437 669 0.93 0.94 0.81
Bishoftu

Harvested Biomass (Kg ha!) 5065+2293 5845+2227 1564 1.19 0.89 0.67
Total Biomass (Kg ha) 542443709 5743+3906 1092 1.02 0.98 0.93
Leaf biomass (Kg ha™!) 2559+1806 2868+2296 954 1.02 0.94 0.87
Stem biomass (Kg ha™') 2865+1904 28761744 617 1.01 0.97 0.90

Kg ha™! = Kilogram per hectare

Table 7.6. Simulations (Means and statistics) for the rainfed B. humidicola grass dataset from 2020 to 2022 in Bako and

Bishoftu, Ethiopia, simulated using the original B. brizantha cv. Marandu by Pequeno et al. (2014) after calibration

Parameter Observed Simulated RMSE  Ratio (obs./sim.) Willmott’s d r-Square
Bako

Harvested Biomass (Kg ha) 4914+1452 4967+2121 845 0.95 0.94 0.92
Total Biomass (Kg ha!) 5262+2997 5168+3387 742 0.93 0.99 0.96
Leaf biomass (Kg ha™!) 2528+1524 259742043 590 0.90 0.97 0.98
Stem biomass (Kg ha™!) 273441475 2572+1464 667 0.93 0.95 0.82
Bishoftu

Harvested Biomass (Kg ha™!) 5065+2293 562442143 1344 1.14 0.91 0.72
Total Biomass (Kg ha™) 542443709 56333800 944 1.01 0.98 0.94
Leaf biomass (Kg ha™) 2559+1806  2766+2184 811 0.99 0.96 0.88
Stem biomass (Kg ha™!) 2865+1904  2867+1745 604 1.01 0.97 0.9

Kg ha! = Kilogram per hectare
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7.3.5. Future yield simulations

Table 7.7 illustrates the projected changes in leaf, stem, total, and herbage biomass yields
of Brachiaria humidicola grass in Bako and Bishoftu under different Representative
Concentration Pathways (RCP) for various timeframes in the 21st century compared to a
baseline period (1980-2010). Leaf biomass decreases for the future climate scenarios at
both locations except for the RCP8.5 under near future climate of both locations. In
contrast, stem biomass increases except for the RCP4.5 under near future climate scenario
at Bako. Total biomass and Herbage biomass increases at Bako except for the RCP4.5
under near future climate whereas at Bishoftu increases except for the RCP4.5, RCP8.5

and RCP8.5 under near, mid and end of 21% climate scenarios.

Overall, leaf biomass decreases, while stem biomass increases (Figure 7.3), suggesting a
shift in resource allocation under stress conditions. These findings align with previous
studies indicating a decrease in leaf photosynthesis and a content of nitrogen forage under
elevated CO2 concentrations (Zheng et al., 2018, 2019; Ecker et al., 2020). Total biomass

had shown slightly no difference, with herbage biomass following a similar pattern.

Table 7.7. Median yield (kg/ha) changes over three future time periods, as simulated by
the CROGRO-PFM model based on CORDEX Africa under RCP4.5 and RCPS.5.

Baseline ~ 2010-  2010-  2040-  2040- 2070-  2070-
climate 2039 2039 2069 2069 2099 2099

Parameters 1980-2009 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Bako

Leaf biomass 2613 2419 2691 2591 2571 2601 2296
Stem biomass 2547 2320 2602 2669 2851 2902 2872
Total biomass 5160 4739 5292 5260 5422 5502 5168
Herbage biomass 4965 4289 5209 5147 5478 5639 4977
Bishoftu

Leaf biomass 2770 2569 2770 2457 2400 2371 2222
Stem biomass 2680 2857 2951 2994 3033 3113 3090
Total biomass 5450 5427 5720 5451 5433 5485 5312
Herbage biomass 5278 5244 5824 5294 5261 5365 5024

RCP = Representative Concentration Pathways
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Brachiaria humidicola yield under future climate scenarios
compared to historical values in Ethiopia
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Figure 7.3. Yield gained/lost (compared to historical value) as simulated using CROGRO-
PFM based on CORDEX Africa under RCP4.5, RCP8.5 for the future climate for Bako
and Bishoftu.

7.4. Conclusion

The original CROPGRO-PFM model demonstrated good performance in simulating the
growth and yield of Brachiaria humidicola. The results of the post-calibration simulation
showed enhanced precision, with reduced RMSE values and a d-statistic closer to 1,
indicating a close agreement between the simulated and observed data. Consequently, the
calibrated model offers a reliable tool to assess the sustainability of forage development
and predict the impacts of climate change on forage production in Ethiopia. Our findings
suggest a projected increase in temperature and rainfall in the study regions, consistent with
global climate change trends. However, these changes appear to remain within the suitable
temperature range for Brachiaria grasses, highlighting their potential resilience to future
climate scenarios. This study lays the foundation for future evaluations of Brachiaria
humidicola yield under different representative concentration pathways, facilitating
informed decision making for sustainable livestock farming practices in response to a

changing climate.
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Chapter 8: General Discussion, Conclusions and Recommendations
8.1. Discussion

Challenges such as feed scarcity, low-quality forage, and the additional pressures of
climate change have underscored the need for improved forages like Brachiaria grasses.
Integrating these grasses into farming systems presents a promising strategy for enhancing
livestock productivity in Ethiopia (Cheruiyot ef al., 2020). Their ability to thrive in sub-
humid conditions and produce high biomass yields makes them suitable for broader

adoption among farmers.

Beyond their biomass yield, Brachiaria grasses have been shown to enhance both milk and
meat production (Djikeng et al., 2014; Njarui et al., 2021). In this regard, optimizing
concentrate supplementation is crucial to maximizing the utilization of Brachiaria grass.
Additionally, studies highlight their role in carbon sequestration, improved nitrogen use
efficiency, and their remarkable resilience to changing climatic conditions, positioning
them as a climate-smart forage option increasingly adopted across East Africa. To further
explore this, assessing the impacts of climate change on Brachiaria grass productivity is

essential.

This study highlights the remarkable potential of different Brachiaria and other grass
species as sustainable forage solutions for enhancing livestock productivity in Ethiopia.
Their adaptability, high biomass yield, superior nutritional value, and resilience from
adverse climate make them viable alternatives, effectively addressing both feed shortages

and climate change challenges.

To evaluate the adaptability and yield performance of Brachiaria (syn. Urochloa) and other
grass cultivars, we assessed agronomic parameters such as herbage yield, plant height, and
leaf-to-stem ratio, along with their nutritive values, under the central and western subhumid
environmental conditions (Paper I and Paper II). To facilitate the integration of high-
performing Brachiaria cultivars into feeding systems, we evaluated and optimized the level
of concentrate supplementation for a basal diet of B. mutica hay, providing

recommendations for smallholder livestock producers (Paper III). This involved
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evaluating growth performance, feed conversion efficiency, carcass quality, and the
balance between feed costs and productivity outcomes for yearling Arsi-Bale rams. These
integrated approaches collectively highlight the value of Brachiaria species in advancing
livestock productivity and feed sustainability in Ethiopia. Finally, to gain critical insights
into the future of forage production under projected climate scenarios, we employed a
simulation model. The CROPGRO-Perennial Forage Model effectively simulated yield
dynamics for B. brizantha, B. mutica and B. humidicola, demonstrating their resilience to
climate stressors, particularly in subhumid regions where such challenges are intensifying

(Paper IV, V and VI).
8.1.1. Adaptability, yield performance, and nutritional value

Paper I examined the adaptability, yield performance, and nutritional profile of four
Brachiaria (syn. Urochloa) species, along with Desho and Rhodes grasses, over three years
under rainfed conditions in the central and western subhumid areas of Ethiopia. In contrast,
Paper II focused solely on the central subhumid areas. Given the livestock sector's reliance
on low-quality pastures and crop residues in mixed crop-livestock systems, this study
assesses the potential of these grasses as sustainable forage options to improve Ethiopia's
livestock feed supply. The introduction of high-quality forage species, such as Brachiaria
(syn. Urochloa) species, is essential for enhancing livestock productivity and
sustainability, especially in the face of climate change and its impact on traditional feed

sources (Njarui et al., 2021).

The results revealed a significant interaction between cultivar performance and
environmental conditions, with DM yield, CP yield, and plant height varying across
locations and years (Table 2.2 and Table 3.2). This highlights the need for climate-resilient
forage species tailored to specific regions (Vendramini et al., 2023). Notably, B. mutica
exhibited broad adaptability, consistently producing high DM yields and CP content,
followed closely by B. brizantha. Both cultivars outperformed Desho and Rhodes grasses
across different environments, positioning them as superior forage alternatives for

Ethiopian smallholders.
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Beyond yield performance, the study also evaluated the nutritional quality of these grasses
to determine their suitability as livestock feed. All tested grasses met the minimum CP
requirements for ruminant maintenance, as noted Faji et al. (2022) citing Lonsdale (1984).
Among them, B. humidicola, B. mutica and B. brizantha were classified as medium-protein
sources. However, NDF content was consistently high, indicating lower forage quality.
While NDF is essential for maintaining rumen function, excessive levels can reduce intake
rates, underscoring the trade-off between forage quality and quantity (Van Soest, 1994).
Despite this, B. humidicola showed superior digestibility due to its lower ADF content.

These findings suggest that Brachiaria species, particularly B. mutica and B. brizantha,
can significantly enhance forage availability and nutritional quality. Their adaptability,
high biomass yield, and superior digestibility make them promising alternatives to
conventional forage species, offering a viable solution for improving livestock productivity

and sustainability in Ethiopia’s smallholder farming systems.
8.1.2. B. mutica hay basal diet supplementation for Arsi-Bale rams

Paper III evaluated the effect of supplementing B. mutica hay with graded levels of
concentrate feed on the performance and economic returns of yearling Arsi-Bale rams. The
study demonstrated that increasing concentrate supplementation significantly enhanced dry
matter intake (DMI), nutrient digestibility, and feed conversion efficiency (FCE), growth
performance, and carcass characteristics. Specifically, rams receiving 300 g of concentrate
(T3) exhibited higher growth performance, with body weight gains and carcass yields
statistically similar to those receiving 400 g (T4). These findings highlight the importance
of crude protein-rich concentrates in improving growth rates and overall feed efficiency,
aligning with previous studies on lamb fattening, which found that high-protein and energy

diets facilitate superior growth (Gadissa et al., 2021; Kahsu et al., 2021).

However, the result suggest that beyond a certain threshold, additional concentrate
supplementation does not provide proportionate benefits (Roba et al., 2022). Furthermore,
the significant increases in digestibility coefficients for dry matter and nutrients across
treatments reinforce the importance of concentrate feeds in meeting the nutritional

requirements of growing rams. Nutritional deficiencies in traditional forage grass-based
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systems are a well-documented constraint to livestock productivity in Ethiopia (Mekonnen
et al., 2022; Tolera et al., 2012). This study suggests that strategic supplementation can
mitigate such deficiencies, leading to improved growth performance and overall animal

health.

The observed improvements in carcass yield and meat quality traits with higher concentrate
supplementation align with previous studies emphasizing the role of protein
supplementation in ruminant diets (Van Soest, 1994; NRC, 2007). These improvements
are crucial for enhancing meat quality, which benefits both consumer health and market

profitability (Muleta, 2022).

Beyond the biological benefits, the study also assessed the economic implications of
different supplementation levels. Partial budget analysis revealed that moderate
supplementation levels (200 &300 g) provided the highest financial returns. This finding
emphasizes the need for smallholder farmers to balance feed costs with growth
performance, as excessive supplementation may not be financially viable (Upton, 1973).
These results support earlier research, which suggests that optimizing feed strategies can
significantly enhances the economic viability of livestock production systems (AGP-LMD,

2013; Feyissa et al., 2015).

This research offers important insights into managing livestock nutrition, advocating for
the combination of B. mutica grass hay with concentrate supplements to enhance

productivity in smallholder systems.
8.1.2. Impacts of climate change on Brachiaria grasses

Papers IV, V and VI explored the potential of Brachiaria species (B. brizantha, B. mutica
and B. humidicola) under present and future climate scenarios in the subhumid
environments of Ethiopia using the CROPGRO-Perennial Forage Model. These studies
underscore the critical role of simulation models in understanding perennial forage
dynamics, particularly in regions where agricultural productivity is highly sensitive to

climatic variability. The findings highlight Brachiaria’s resilience as a forage species,
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emphasizing its adaptability to varying climates and its importance in ensuring sustainable

livestock production globally.

Paper IV focused on simulating the growth and yield of Brachiaria brizantha under
current and future climate conditions in Ethiopia's subhumid regions. Given Ethiopia’s
livestock feed dependence on low-quality natural pasture feeds, this study assessed the
potential of B. brizantha as a climate-resilient forage species for livestock production. The
model was successfully calibrated and evaluated using field data from two agricultural
research centers Bako and Bishoftu, refining parameters related to nitrogen stress,
senescence, and biomass partitioning to improve simulation accuracy. Post-calibration, the
model demonstrated a strong agreement with observed field data for shoot, herbage, stem

and leaf biomass.

Future climate projections under RCP 4.5 and RCP 8.5 indicated increased biomass
accumulation, particularly in shoot and herbage biomass, despite an anticipated decline in
leaf biomass and crude protein content. This suggests a shift in forage quality and quantity,
with potential implications for livestock nutrition and feed management. These findings
reinforce the resilience of B. brizantha to climate variability and its potential role in

Ethiopia’s livestock sector (Djikeng et al., 2014; Wassie et al., 2018).

Paper V calibrated and evaluated CROPGRO-PFM model for simulating the growth and
yield of B. mutica, using adaptation parameters from B. brizantha (Pequeno et al., 2014)
and field data from Bako and Bishoftu. The study assessed the model’s predictive
performance and examined the potential impacts of future climate scenarios on B. mutica

productivity.

Initial simulation using the default B. brizantha model exhibited moderate predictive
capability but underestimated biomass accumulation, particularly for shoot, herbage, and
stem biomass. This discrepancy highlighted the need for adjustments to key parameters
related to refining dormancy, senescence and biomass partitioning parameters. Post-
calibration, RMSE values decreased, and improvements in Willmott’s d and r-squared

values confirmed enhanced predictive accuracy. However, crude protein percentage
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simulations remained inconsistent, suggesting the need for further refinement in modeling

forage quality.

Future climate simulations under RCP 4.5 and RCP 8.5 suggest a general decline in
biomass production and crude protein content throughout the 21% century. While slight
biomass increases were observed under near-future RCP 8.5 projections, mid-century and
end-century predictions show substantial reductions, likely due to elevated temperatures

and increased evapotranspiration stress (Izaurralde et al., 2011).

Specifically, B. mutica shoot biomass is projected to decline by up to 24% by the end of
the century under RCP8.5, while herbage biomass may decrease by as much as 31%.
Additionally, crude protein content is expected to decline by 14-20%, negatively impacting
forage quality and livestock nutrition. These findings underscore the vulnerability of B.
mutica to climate change, aligning with expectations that rising temperatures and altered
precipitation patterns will pose significant challenges to forage production (Muzzo et al.,

2024).

Paper VI explored the calibration and evaluation of the CROPGRO-PFM for simulating
the yield of B. humidicola under future climate scenarios in the subhumid environments of
Ethiopia. The study reinforced the importance of crop simulation models in assessing

forage sustainability and predicting climate change impacts.

The model calibration process refined key parameters associated to vegetative partitioning,
senescence, and nitrogen stress, leading to improved predictive accuracy, as evidenced by
enhanced d-statistics and reduced RMSE values. These improvements suggest that the
model can reliably simulate B. humidicola growth dynamics, making it a valuable tool for

forage management strategies.

Future climate projections under RCP 4.5 and RCP 8.5 indicate that B. humidicola will
undergo biomass allocation shifts, with a decrease in leaf biomass and an increase in stem
biomass. This adaptation suggests that B. humidicola may optimize resource allocation in
response to elevated temperatures and altered precipitation patterns (Brunetti ef al., 2021).

Despite these changes, its overall production is expected to remain stable or even improve
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in certain biomass aspects, reinforcing its resilience to climate change and its potential role

in sustaining livestock productivity.
8.2. Conclusion

Papers I and II: The studies conclude that B. mutica and B. brizantha are excellent
candidates for adoption in subhumid Ethiopia due to their high biomass yield and superior
feed quality. These findings highlight the potential of Brachiaria as an improved forage
species that can strengthen the livestock feed base of Ethiopia. Assessing livestock
performance when fed these grasses appears to be the next key step in research on these
forages, with the goal of optimizing the diets of livestock owned by smallholders.
Additionally, evaluating the resilience of Brachiaria grass against climate change and
variability is essential for maximizing its benefits. Based on these research priorities, the

subsequent studies (Papers 111, IV, and V) were conducted.

Paper III: This study concludes that supplementing B. mutica hay with 300 g of
concentrate is an effective strategy for improving growth performance, carcass yield, and
economic efficiency in smallholder sheep production systems in Ethiopia. This approach
has the potential to enhance livestock productivity and, in turn, improve the livelihoods of

smallholder farmers.

Paper IV, V and VI: These research highlights the CROPGRO-PFM model as a valuable
tool for predicting Brachiaria forage yield and supporting strategic livestock feed planning
in Ethiopia, particularly in the context of climate change challenges. The findings
demonstrate both the potential and limitations of crop models in simulating forage
production dynamics. While the model accurately simulated biomass yield, it showed
inconsistencies in crude protein content. Overall, the study underscores the climate
resilience of Brachiaria species in Ethiopia’s subhumid regions. Specifically, B. brizantha
and B. humidicola exhibited resilience to projected climate stressors, whereas B. mutica
appeared more vulnerable, requiring additional management interventions to sustain

productivity.
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Further research is needed to refine model predictions for crude protein content and to
develop sustainable management strategies that enhance forage resilience under changing
climatic conditions. These findings reinforce the importance of continued research on
forage adaptation strategies to ensure sustainable livestock production and food security in

the face of future climate challenges.
8.3. Recommendations

These findings offer valuable insights for farmers, policymakers, and researchers aiming
to develop a high-biomass, high-quality and climate-resilient forage production systems

and it emphasize the importance of forage species selection.
Future Research Priorities

1. Evaluate the effects of feeding value of alternative forage, B. brizantha, and
determine the optimum supplementation levels for wide utilization and

productivity.

2. Investigate on-farm supplementation strategies using B. mutica-based diets across
different sheep breeds to enhance the sustainability and applicability of feeding

systems.

3. Assess environmental impacts, particularly methane emissions from B. mutica-
based diets, as this remains a critical but unexplored aspect of climate-smart

livestock systems.

4. Expand field trials across diverse agroecological zones to refine species selection

and validate model simulations under varying environmental conditions.

5. Enhance crop simulation models by incorporating additional forage species and

diverse management practices to improve predictive accuracy.

6. Explore adaptive strategies such as fertilization, irrigation, and climate-smart
agronomic practices to mitigate the projected decline in forage yield and quality

under future climate scenarios.
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Policy and Management Recommendations

1. Integrate forage modeling results into national livestock development programs to

support resilient and sustainable feed systems.

2. Investigate the long-term benefits of forage-based systems, focusing on carbon

storage and nitrogen-use efficiency.

By implementing these strategies, forage production can be sustained, contributing to
improved livestock productivity, enhanced rural livelihoods, and greater resilience to

climate change.
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The introduction of improved forage varieties could play a crucial role in meeting the growing demand for livestock and livestock
products in Ethiopia. However, different cultivars exhibit varied performance. Therefore, this study aimed to assess the per-
formance of Brachiaria cultivars and other grass cultivars in two subhumid agroecological areas of Ethiopia. Four Brachiaria
cultivars (B. brizantha (DZF-13379), B. humidicola (DZF-9222), B. decumbens (DZF-10871), and B. mutica (var. DZF-483), and
two local grass cultivars, Rhodes grass (Chloris gayana var. Massaba) and Desho grass (Pennisetum glaucifolium var. Kindu
Kosha), were evaluated in Bako and Bishoftu for three years during the rainy season. The experiment was carried out using
a completely randomized block design. Results indicated that both cultivars and years had significant (P < 0.001) effects on
herbage dry matter (DM) yield, crude protein (CP) yield, and plant height, whereas location only affected DM yield. Significant
cultivar x year interactions were observed for DM yield, CP yield, and plant height, while cultivar x location interactions had
a significant effect on all parameters except for CP yield. Additionally, cultivars significantly (P < 0.001) impacted the in vitro dry
matter digestibility (IVDMD) as well as the nutritional content (CP, ash, acid detergent lignin (ADL), neutral detergent fiber
(NDEF), and acid detergent fiber (ADF). Overall, all cultivars demonstrated potential as alternative ruminant feeds, with B. mutica,
followed by B. brizantha, showing superior performance in the subhumid agroecological areas of Ethiopia.
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Abstract

Improved forage grasses with high quality and biomass are a crucial additional feed source for cereal-livestock farming
n Ethiopia. This study compared the performance of 4 Urochloa species [U. brizantha (DZF-13379), U. humidicola
(DZF-9222), U. decumbens ‘Basilisk’ (DZF-10871) and U. mutica (DZF-483)] with other 2 commonly used grasses,
Rhodes grass (Chloris gavana ‘Massaba’) and Desho grass (Pennisetum glaucifolivm local variety Kindu kosha), over
3 years during the main rainy season in Bishoftu in a sub-humid area of Ethiopia. The experiment was conducted
using a completely randomized block design. There was significant variation among species for agronomic parameters.
The species x year interaction was significant for dry matter vield, plant height, and plot cover but not significant
for leaf-to-stem ratio. Nutritional value [ash, acid detergent fiber (ADF), crude protein (CP) and in vitro dry matter
digestibility (IVDMD)] was significantly different among species with no differences for neutral detergent fiber (NDF)
and acid detergent lignin (ADL). All species showed potential as alternative ruminant feeds with U. mutica and
U. brizantha the highest yvielding in the sub-humid environment.

Keywords: Dry matter yield, grass species, leaf-fo-stem ratio, plant height, quality.
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ARTICLE INFO ABSTRACT

Keywords: Brachiaria is a erucial forage crop in tropical and subtropical regions, but there is limited research on its response
Brachiaria brizantha to climate change in Ethiopia. This study aimed to (1) calibrate and evaluate the performance of the CROPGRO-
Climate Ch"‘f;ge Perennial Forage model and (2) assess the impact of climate change on future Brachiaria brizantha yield in the
C_ROPG}}O? M subhumid environments of Ethiopia. Field data from Debre Zeit (Bishoftu) and Bako Agricultural Research
Simulation . c . . : :
Ethiopia Centers were used to calibrate and evaluate the model for accurately simulating rainfed growth and biomass

vield. Weather data, including rainfall, temperature, and solar radiation, were obtained from Bishoftu and Bako
weather stations. Historical and future climate scenarios for the near future, mid-century, and end of the 21st
century were derived from the CORDEX Africa outputs under Representative Concentration Pathways (RCPs;
RCP4.5 and RCP8.5). The calibration process involved refining parameters related to senescence and dormaney,
vegetative partitioning, and N stress to improve the model’s performance. Simulation results for future climate
scenarios indicated an expected increase in biomass accumulation, with positive responses in the shoot, herbage
biomass, and stem. However, leaf biomass and crude protein percentage of herbage are expected to decline.
Overall, the production of B. brizantha is anticipated to inerease in subhumid Ethiopian environments. Using
simulations of CROPGRO-PFM can account for uncertainties about the impact of future climate change on
Brachiaria grass. Further studies on Brachiaria forage responses under different management practices are
advisable, to provide comprehensive information to policymakers and planners.
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Crop simulation models can be employed to assess the impacts of climate change and aid in strategic planning and
decision making regarding forage strategies. This study focused on calibrating and assessing the performance of the
CROPGRO Perennial Forage Model in simulating Brachiaria humidicola yield under projected future climates for high
and moderate representative concentration pathway (RCP) scenarios in the central and western subhumid regions
of Ethiopia. The model was calibrated to accurately represent rainfed growth and biomass yield, using field data
from the Debre Zeit and Bako Agricultural Research Centers. Climatic data, including rainfall, temperature and solar
radiation, were sourced from weather stations, whereas future climate scenarios for the near future, mid-century and
end-of-century periods were derived from the CORDEX Africa outputs under RCP 4.5 and RCP 8.5. The calibration
process refined species parameters related to vegetative partitioning, and enhanced the d-statistic and reduced the
root mean square error (RMSE) for herbage, leaf, stem and total biomass accumulation. Despite projected decreases
in leaf biomass, stem biomass is projected to increase. In addition, there are projected increases in herbage and
total biomass accumulation under elevated greenhouse gas concentrations and warmer temperatures. Ultimately, the
projected climate under both RCPs had no significant effect on Brachiaria humidicola grass production in Ethiopia.

Keywords: climate change; DSSAT; simulation models
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Appendix 3. Statistical analysis

Type III Analysis of Variance Table with Satterthwaite's method

Sum Sg Mean Sg NumDF DenDF F wvalue Pr (>F)
Loc 61.60 61.60 1 82 13.5104 0.002805 *~*
Year 1575.99 787.99 2 82 174.5420 < 2.2e-16 ***
Trt 243.54 48.71 5 82 17.5774 7.845e-09 **x*
Loc:Trt 37.65 7.53 5 82 2.7230 0.0411821 *
Loc:Year 21.82 10.91 2 82 2.3881 0.0713487 .
Year:Trt 391.26 39.13 10 82 9.7781 1.487e-10 ***

Signif. codes: 0 agx**aem™ 0.001 aex*ae™ 0.01 aexae™ 0.05 a€-ae™ 0.1
ae~aem 1

> lsm4<-1lsmeans (modeld, ~Trt|Loc, adjust = "sidak", )
> cld4 = cld(lsm4, Letters = "abcd", decreasing = TRUE)
> cld4

Loc = Bako:

Trt lsmean SE df lower.CL upper.CL .group

T4 12.84 0.667 9.66 10.65 15.0 a

T1 11.23 0.667 9.66 9.04 13.4 ab

T6 9.67 0.667 9.66 7.47 11.9 ab

T3 9.53 0.667 9.66 7.34 11.7 b

T5 8.31 0.667 9.66 6.12 10.5 b

T2 8.19 0.667 9.66 6.00 10.4 b

Loc = Bsftu:

Trt lsmean SE df lower.CL upper.CL .group

T4 13.57 0.667 9.66 11.37 15.8 a

T6 12.94 0.667 9.66 10.75 15.1 a

T1 11.46 0.667 9.66 9.26 13.7 ab

T3 11.19 0.667 9.66 9.00 13.4 ab

T5 11.11 0.667 9.66 8.91 13.3 ab

T2 8.57 0.667 9.66 6.37 10.8 b

Results are averaged over the levels of: Year
Degrees-of-freedom method: kenward-roger
Confidence level used: 0.95
Conf-level adjustment: sidak method for 6 estimates
P value adjustment: tukey method for comparing a family of 6
estimates
significance level used: alpha = 0.05
NOTE: If two or more means share the same grouping symbol,
then we cannot show them to be different.
But we also did not show them to be the same.
Loc = Bako:

Trt lsmean SE df lower.CL upper.CL .group
T4 12.84 0.667 9.66 10.65 15.0 a
T1 11.23 0.667 9.66 9.04 13.4 ab
T6 9.67 0.667 9.66 7.47 11.9 ab
T3 9.53 0.667 9.66 7.34 11.7 b
T5 8.31 0.667 9.66 6.12 10.5 b
T2 8.19 0.667 9.66 6.00 10.4 b
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Loc = Bsftu:

Trt lsmean SE df lower.CL upper.CL .group
T4 13.57 0.667 9.66 11.37 15.8 a
T6 12.94 0.667 9.66 10.75 15.1 a
T1 11.46 0.667 9.66 9.26 13.7 ab
T3 11.19 0.667 9.66 9.00 13.4 ab
T5 11.11 0.667 9.66 8.91 13.3 ab
T2 8.57 0.667 9.66 6.37 10.8 b

Results are averaged over the levels of: Year
Degrees-of-freedom method: kenward-roger
Confidence level used: 0.95
Conf-level adjustment: sidak method for 6 estimates
P value adjustment: tukey method for comparing a family of 6
estimates significance level used: alpha = 0.05
NOTE: If two or more means share the same grouping symbol,
then we cannot show them to be different.
But we also did not show them to be the same.

> 1lsmé444<-1lsmeans (modeld, ~Trt|Year, adjust = "sidak")
> cld444 = cld(lsmd444, Letters = "abcd", decreasing = TRUE)
> cld444
Year = 2020:
Trt lsmean SE df lower.CL upper.CL .group
T6 8.78 0.817 9.84 6.1004 11.45 a
T5 7.87 0.817 9.84 5.1914 10.54 ab
T4 6.82 0.817 9.84 4.1482 9.50 ab
T3 4.04 0.817 9.84 1.3660 6.72 bc
T1 2.59 0.817 9.84 -0.0837 5.27 c
T2 2.20 0.817 9.84 -0.4753 4.88 c
Year = 2021:
Trt lsmean SE df lower.CL upper.CL .group
T4 17.20 0.817 9.84 14.5202 19.87 a
T6 14.66 0.817 9.84 11.9803 17.33 ab
T3 14.65 0.817 9.84 11.9716 17.32 ab
T1 14.64 0.817 9.84 11.9673 17.32 ab
T5 12.24 0.817 9.84 9.5603 14.91 b
T2 11.38 0.817 9.84 8.7028 14.05 b
Year = 2022:
Trt lsmean SE df lower.CL upper.CL .group
T1 16.80 0.817 9.84 14.1228 19.47 a
T4 15.59 0.817 9.84 12.9190 18.27 ab
T3 12.40 0.817 9.84 9.7197 15.07 bc
T2 11.56 0.817 9.84 8.8849 14.24 c
T6 10.48 0.817 9.84 7.8050 13.16 c
T5 9.03 0.817 9.84 6.3523 11.70 c

Results are averaged over the levels of: Loc
Degrees-of-freedom method: kenward-roger
Confidence level used: 0.95
Conf-level adjustment: sidak method for 6 estimates
P value adjustment: tukey method for comparing a family of 6
estimates significance level used: alpha = 0.05
NOTE: If two or more means share the same grouping symbol,
then we cannot show them to be different.
But we also did not show them to be the same.

142



> lsmé44<-1lsmeans (modeld, ~Trt, adjust = "sidak")

> cld44 = cld(lsm44, Letters = "abcd", decreasing = TRUE)
> cld44

Trt lsmean SE df lower.CL upper.CL .group

T4 13.20 0.471 8.75 11.01 14.80 a

T1 11.34 0.471 8.75 9.75 12.94 ab

T6 11.30 0.471 8.75 9.71 12.90 ab

T3 10.36 0.471 8.75 8.77 11.95 bc

T5 9.71 0.471 8.75 8.12 11.30 bc

T2 8.38 0.471 8.75 6.79 9.97 c

Results are averaged over the levels of: Loc, Year
Degrees-of-freedom method: kenward-roger
Confidence level used: 0.95
Conf-level adjustment: sidak method for 6 estimates
P value adjustment: tukey method for comparing a family of 6
estimates
significance level used: alpha = 0.05
NOTE: If two or more means share the same grouping symbol,
then we cannot show them to be different.
But we also did not show them to be the same.
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