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Introduction: The selection of appropriate plant species, particularly those
tailored to supplement ruminants raised under agrosilvopastoral systems,
remains a persistent challenge.

Objective: In a 30-day study, the feed intake, growth performance, and manure
characteristics of West African dwarf (WAD) goats fed bamboo leaf supplement
were evaluated.

Materials and methods: A total of 30 animals with an average weight of 9.9 +
0.21 kg were divided into a control group, and four bamboo-supplemented
groups, following a 2 x 2 factorial arrangement within a completely randomized
design. Each group had six animal replicates and received the following dietary
treatments: T1 (control) — 400g of basal diet composed of 60% Megathyrsus
maximus and 40% Bridelia ferruginea leaves per day; T2—basal diet composed of
the T1 diet supplemented with 400 g of Oxytenanthera abyssinica (A. Rich.)
Munro leaves per day; T3—basal diet composed of the T1 diet supplemented with
400 g of Bambusa balcooa (Beema) leaves per day; T4—basal diet composed of
the T1 diet supplemented with 600 g of O. abyssinica (A. Rich.) leaves per day;
and T5—basal diet composed of the T1 diet supplemented with 600 g of B.
balcooa leaves per day. The data were analyzed using generalized linear model
procedures in Minitab Statistical Software at a 5% significance level.

Results: The results showed varied (p < 0.05) dry matter compositions spanning
from 894.3 to 910 g/kg with the highest contents of crude protein (194 g/kg),
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nitrogen (31 g/kg), crude fibre (302 g/kg), ash (156 g/kg), acid detergent fibre (429
g/kg), and acid detergent lignin (3.6 g/kg) recorded for B. ferruginea. The leaves
of Bambusa balcooa contained the highest neutral detergent fibre (481 g/kg)
while M. maximus had the highest organic matter content (911 g/kg). Significant
interaction effect (p < 0.05) was observed between the supplement type and the
supplementation level, impacting various parameters including feed intake
ranging from 398 g (T1) to 469 g (T3) per day, weight gain from 27 g (T1) to 72
g (T2) per day, feed conversion efficiency from 6% (T1) to 15% (T2), manure
output from 241 g (T2) to 260 g (T5) per day, carbon- nitrogen (C: N) ratio from 9
(T2) to 20 (T5), faecal acidity levels from 4 (T1) to 5 (T4). Comparatively, higher
daily dry matter intake was recorded for the animal groups fed the B. balcooa
supplement than their counterparts fed the O. abyssinica supplement. However,
the O. abyssinica supplemented groups were more efficient in converting feed to
body weight, with feed conversion efficiency approximately 9% higher than the
B. balcooa-supplemented groups. Furthermore, in general, the animal groups
that received a daily supplement of 400 g gave higher feed efficiency, with
performance approximately 3.2% higher compared to the groups receiving 600
g. Likewise, these groups displayed higher faecal N output while concurrently
achieving a reduced C: N ratio, indicative of enhanced nutrient utilization and
potential environmental benefits.

Conclusion: To conclude, integrating 400 grams of bamboo leaves into animal
diet can enhance basal diet consumption, accelerate animal growth, and yield
manure akin to chemical fertilizers, making it a valuable strategy for bamboo-
integrated agro-silvopastoral systems practitioners.

KEYWORDS

bamboo leaves, smallholder farming, agro-silvopastoralism, organic manure,
sustainable agriculture

Introduction

Sub-Saharan Africa (SSA) currently harbors a population
exceeding 950 million individuals, constituting about 13% of the
global populace, with projections indicating a substantial surge to
approximately 22% that will see the population reaching 2.1 billion
people by 2050 (OECD, 2016a; OECD, 2016b). In anticipation of
this impending demographic growth, it is imperative that
agricultural production is increased to meet escalating food
demands. This has led the global agricultural and development
spheres to pivot their focus toward smallholder farms on a global
scale (Wiggins et al, 2010; World Bank, 2022). Research that
advocates for the vital role played by smallholder and family
farms in global food security has been steadily amassing (Birner
and Resnick, 2010; FAO, 2014; Lowder et al., 2016). Thus, effective
policies geared toward alleviating poverty, ensuring food security,
and safeguarding biodiversity and natural resources hinge on the
inclusive participation of these small-scale farmers. The United
Nations has, consequently, emphasized the importance of investing
in small farms as a strategic approach aligned with its sustainable
development goals (SDGs) concerning poverty, nutrition, hunger,
and environmental sustainability (UNCTAD, 2015). Such
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investments also resonate with the amplified global attention
toward sustainable development goals, particularly in the context
of SSA, where agricultural advancement is pivotal to tackling the
primary goal of eradicating poverty and hunger (Wiggins
et al., 2010).

However, despite the crucial contribution of smallholder
farmers to SSA’s food production, their farms exhibit modest
productivity, thereby perpetuating the cycle of food inflation and
poverty. This becomes particularly important considering that
agriculture remains the predominant source of income for a
substantial proportion of the region’s workforce. Consequently,
the specter of food insecurity looms large, affecting nearly 30% of
SSA’s population and constituting an entrenched concern (Pfister
et al,, 2011). This is especially pronounced in economies reliant on
food imports, where the impoverished segment constitutes a
significant portion of net food-purchasing households (Wodon
and Zaman, 2008; Simler, 2010). Adding to these challenges is the
economic situation in almost three-quarters of the countries in SSA
led to their being classified as food deficit countries before the recent
surge in global food prices (FAO, 2021).

Compounding the situation, SSA is grappling with mounting
food inflation due to the escalation of global food prices. Numerous
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countries within the region are witnessing annual food inflation
rates exceeding 20%, with a pronounced inflationary trend observed
for Ghana in particular (Figure 1), marking a confluence of factors
contributing to the complex interplay of food security and economic
dynamics (World Bank, 2022k).

The consistent rise in food prices across SSA has had significant
effects. Many households in SSA spend a large portion of their
income on food, leading to decreased domestic demand and
hindering the recovery of non-resource sectors (Wodon et al,
2008; OECD/FAO, 2020; FAO et al., 2021; OECD/FAO, 2021;
World Bank, 2022k). The high food prices are partly due to the
increasing demand for land for non-agricultural purposes, coupled
with the challenge of making marginal lands productive for farming
and grazing. As a result, farmers face various issues, including
declining soil fertility, worsening land degradation, and limited
access to fertilizers. These problems affect agricultural productivity
and efforts to combat hunger. In regions where land is used for
farming, nutrients are often removed by crops, weeds, grazing, and
fodder harvesting (Powell et al., 2004). Research has shown that low
soil fertility is a primary factor limiting crop yields in SSA (Fischer
and Qaim, 2012; Gicheru, 2012). One issue is negative net nutrient
balance, which occurs when more nutrients are removed than are
added to soil (FAO, 2014). Traditional practices such as shifting
cultivation and land rotation cannot counteract this effectively due
to population growth, limited land availability, and other competing
land uses (Partey and Thevathasan, 2013). Addressing these
challenges faced by smallholder farming in the SSA necessitates
the exploration of alternative methods to enhance soil quality and
restore nitrogen content. These strategies can contribute to
improved crop growth and higher yields, which are especially
crucial in the context of rising food prices and land constraints
and play a pivotal role in the region’s sustainable development and
efforts toward food security.

In this pursuit, agroforestry innovations emerge as pragmatic
avenues to sustainably enhance soils, increase crop yields, and
uphold ecological equilibrium. The incorporation of trees,
particularly of leguminous species, has been proven to enhance
soil quality through various mechanisms such as nitrogen fixation,
erosion prevention, soil stabilization, moisture retention via litter
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FIGURE 1
A surge in food prices across emerging markets and developing
economies within sub-Saharan Africa (SSA), (i.e., countries heavily
reliant on food imports). Source: Comtrade (database); Haver
Analytics; World Bank, 2022k.
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cover, and nutrient enrichment through decomposition and
nitrogen mineralization (Partey and Thevathasan, 2013). Despite
their gradual acceptance on a larger scale, agroforestry practices
such as improved fallows and alley cropping have demonstrated
their efficacy in bolstering crop yields and elevating soil quality in
various agro-ecological settings (Partey et al., 2017; Bayala et al,
2018; Wolz and Delucia, 2018). However, the selection of
appropriate tree species, particularly those tailored to agro-
silvopastoral systems, remains a persistent challenge (Partey et al,
2011). Hindrances such as the scarcity of species adaptable to
diverse agroecological zones, difficulties in sourcing seeds, and
protracted tree maturation periods frequently deter farmers from
integrating these multifunctional trees into their cultivation
systems. As a result, they find themselves constrained, frequently
resorting exclusively to natural pastures and agricultural residues as
the sole sources of animal sustenance. Amid these circumstances,
the exploration of novel plant species well suited for agro-
silvopastoral practices assumes paramount importance.

Bamboos (Poaceae), intrinsic components of natural
ecosystems, hold the potential to strike a balance in the animal
food supply equation by providing evergreen leaf fodder and
concurrently contributing to soil enrichment through their
nutrient-dense leaf litter. The rapid growth of bamboo,
characterized by its perennial green leaf canopy amenable to
regular trimming, offers a consistent source of livestock feed. The
fondness of wildlife, including pandas, for consuming bamboo
shoots and leaves (Hayashi et al., 2005; Asaolu et al., 2009;
Halvorson et al., 2011), highlights their palatability and
nutritional value. Mammalian herbivores, particularly ruminants,
known for their dietary versatility, exhibit the discerning ability to
select nutrient-rich foods and avoid toxic elements and nutritional
imbalances (Villalba et al., 2002; Distel et al., 2020). In harmony
with this selective dietary preference, bamboo emerges as a
promising candidate for optimal fodder provision. The nutrient-
dense leaves it yields resonate with the discerning appetites of these
animals, offering the potential to enhance their wellbeing and
productivity (Sasu et al, 2023b). Extensive research on using
bamboo leaves as livestock food has consistently shown that they
are rich in nutrients. These studies suggest that bamboo leaves can
effectively meet the nutritional needs of animals that consume them
(Artabandhu et al., 2010; Sahoo et al., 2010; Andriarimalala et al.,
2019; Kitaw et al., 2022; Sasu et al., 2022; Sasu et al., 2023a, Sasu
et al., 2023b).

As a result, adopting a bamboo agro-silvopastoral system allows
for the coexistence of food crops and animals such as cattle, sheep,
and goats, along with bamboo growth up to the canopy level. With
effective management, bamboo can provide a consistent source of
leaves for animal feed across seasons. Extensive documentation
highlights bamboo’s versatile appeal and its ability to yield leaves
consistently, even during dry periods (Antwi-Boasiako et al., 2011;
INBAR, 2019; Sasu et al., 2022; Sasu et al., 2023a). This perennial

<

grass, characterized by its “unfamiliar” yet fascinating nature
(Zehui, 2007 cited in Sasu et al., 2023b), has a valuable resource
in its abundant leaf biomass, which not only provides shade for
grazing livestock but also offers a solution for increasing the

roughage in smallholder livestock communities. This concept

frontiersin.org


https://doi.org/10.3389/fanim.2023.1108012
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Sasu et al.

finds applicability in sub-Saharan Africa (SSA), particularly in
countries such as Ghana, where urban and peri-urban
populations largely depend on livestock rearing for their
livelihoods (Baah et al, 2012). Therefore, the integration of
bamboo into agroforestry systems, coexisting alongside various
crops and vegetation, represents a savvy land-utilization strategy
(INBAR, 2019). This not only enhances livestock health but also
enriches the soil through manure recycling (Figure 2).

According to a report from INBAR, (2020a; 2020b), Ghana
contains approximately 42,889.63 hectares of native bamboo
habitats. These are predominantly concentrated in the southern
regions, with the Ashanti region claiming the largest bamboo
coverage, at around 10,325.51 hectares. Following closely are the
Central (9,518.23 ha), Western (9,397.49 ha), Eastern (8,991.80 ha),
and Western North regions (4,656.60 ha), all of which contribute to
Ghana’s bamboo landscape. The prominence of bamboo resources
in the southern parts of Ghana highlights the ample foliage available
for local livestock sustenance that is present there.

In areas such as Northern Ghana, which are characterized by
extended dry periods (Figure 3), introducing bamboo plantations
could be highly advantageous. These plantations might serve as
essential resources for feeding ruminant livestock during dry spells.
Bamboo’s resilience to drought sets it apart from conventional
grasses. Integrating bamboo into agro-silvopastoral systems not
only enhances crop productivity but also, through the recycling of
organic matter, contributes to soil enrichment. This comprehensive
strategy, utilizing bamboo as both livestock feed and a catalyst for
soil fertility improvement, captures the essence of sustainable
agricultural practices in various regions in Ghana.

Furthermore, in urban and peri-urban regions, where
approximately 25% of the 13.3 million small ruminants (most of
which are goats) are reared by local communities (Oppong-Anane,
2011; Adzitey, 2013), the significance of bamboo leaves to the
revolutionization of small ruminants’ diets becomes pronounced.
This significance is emphasized by the growing number of goats in
the country, which increased from 7.8 million in 2019 to 8.2 million
in 2020, meaning that goats constitute the largest population of
small ruminants in the country (Statista, 2022). Goats, with their

FIGURE 2

Indigenous bamboo stands with copious bamboo leaf biomass
providing shade and roughage in smallholder livestock communities
Picture courtesy: Field Photo taken by Sasu, 2021.
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natural tendency to eat leaves from trees and shrubs (Figure 4), are
particularly suited for processing nutrient-rich plant matter,
resulting in valuable manure. As such, they are strong candidates
for integration into bamboo-based agro-silvopastoral systems,
aligning well with the dynamics of such setups (Figure 5).
Integrating goats into bamboo-based agro-silvopastoral systems,
given that their activity aligns well with the dynamics of these
ecosystems, is a potential means of establishing a symbiotic
relationship between livestock and bamboo resources. This
integration capitalizes on goats’ innate browsing behavior,
leveraging their affinity for consuming bamboo leaves and other
foliage. As goats process and convert these nutrient-rich leaves into
valuable manure (Figure 6), the ecosystem benefits from enhanced
soil fertility. Furthermore, the utilization of goats as a livestock
component in bamboo-centric systems not only addresses the
challenge of providing nutritious feed during dry spells but also
contributes to sustainable waste recycling and soil enrichment.
Research findings indicate that goat manure plays a vital role in
enhancing soil quality through the increasing of organic matter,

FIGURE 3

The arid conditions of Northern Ghana create persistent feeding
challenges for livestock, making bamboo agroforestry a promising
means of addressing the nutritional needs of ruminant livestock
during these dry periods. Picture courtesy: Field Photo taken by
Sasu, 2021.

FIGURE 4

Goats—naturally browsers (i.e., head-up grazers)—eat the leaves of
trees or shrubs, making them the preferred potential animal
candidates in bamboo-based agro-silvopastoral systems. Picture
courtesy: Field Photo taken by Sasu, 2021
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FIGURE 5

Integrating goats into bamboo-based agro-silvopastoral systems,
aligns well with the dynamics of the ecosystem and contributes to
sustainable waste recycling and soil enrichment. Picture courtesy:
Field Photo taken by Sasu, 2021.

FIGURE 6

Manure (dried) collected from goats fed bamboo leaf-supplemented
diets: Source: field data, 2021; bamboo fodder research,
Department of Animal Science, KNUST, Kumasi, Ghana. Picture
courtesy: Field Photo taken by Sasu, 2021.

replenishment of nutrients, fostering of the proliferation of
antagonistic organisms against plant-parasitic nematodes,
increasing of soil moisture levels, and elevation of cation
exchange capacity (Mitchell, 1992; Giyinyu et al, 2005; Ansah
et al,, 2019). Moreover, goat manure contributes to a reduction in
the soil carbon-to-nitrogen ratio (C:N), which catalyzes soil
biological activity and ultimately leads to improved crop yields
(Aggarwal and Power, 1997; Kimani and Lekasi, 2004; Saha
et al., 2008).

In the contemporary landscape marked by post-COVID
pandemic disruptions, mobility constraints, and escalating food
prices exacerbated by global geopolitical events such as Russia’s
invasion of Ukraine, sub-Saharan Africa (SSA) faces profound
economic challenges that have disrupted food affordability and
real incomes across the region, including in Ghana. These
circumstances emphasize the importance of increasing
agricultural production, particularly by expanding smallholder
farming systems and employing straightforward yet effective
farming techniques supported by accessible technology.

Against this backdrop, the focal objective of this study was to
evaluate the potential of bamboo leaves as a sustainable feed source
for livestock within smallholder bamboo-based agro-silvopastoral
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systems in SSA. Our hypothesis was that integrating bamboo leaves
into goats’ diets would increase the nutritional profile of their feed,
stimulate feed consumption and growth, and culminate in the
production of nutrient-rich manure akin to conventional
chemical fertilizers. This investigation aimed to contribute to the
enhancement of livestock production and also to align with the
broader goal of ameliorating food security and agricultural
sustainability in SSA in the face of prevailing challenges.

Materials and methods
Study area

The study was conducted at the Livestock Section of the
Department of Animal Science, Kwame Nkrumah University of
Science and Technology (KNUST), Kumasi, Ghana, from mid-
April to mid-May 2021. The experimental site is located at latitude
06°43'N and longitude 1°36'W and falls within the moist semi-
deciduous forest belts of Ghana, which have a bimodal rainfall
pattern of 1,300 mm per year. The average temperature is 26°C,
with temperatures ranging from 20°C to 35°C and a relative
humidity of 67%-80% (unpublished 2022 meteorological data,
Department of Animal Science, KNUST, Kumasi, Ghana).

Source of leaves and sampling procedure

In this study, an examination was conducted on fresh leaves
from different plant types. These types comprised Oxytenanthera
abyssinica (A. Rich.) Munro and Bambusa balcooa (Beema),
Megathyrsus maximus (a type of grass), and Bridelia ferruginea
(multipurpose trees, MPT). Leaves from Megathyrsus maximus and
Bridelia ferruginea were sourced before reaching the flowering stage
from naturally regrown plants located within a 1-km radius of the
research site. Bamboo leaves were sourced from an INBAR'
bamboo agroforestry site in the Ashanti region of Ghana. For leaf
collection, specific criteria were followed. Two branches (that were
not in an overly mature state) from approximately 4-year-old
bamboo stands of each plant species were selected. Subsequently,
the leaves were carefully removed from the branches and placed in
separate containers. Primary dietary compositions were formulated
using M. maximus and B. ferruginea leaves as the basal diet, and
additional leaves from O. abyssinica and B. balcooa (bamboos) were
used as supplementary components.

To enhance the reliability of the data, leaves for the laboratory
analyses were also collected from three distinct locations for each
group of plants: grass, MPT, and bamboo. Within each group, three
sets (triplicates) of leaf samples were gathered from different
locations. This approach ensured the accuracy of the data

L International Network of Bamboo and Rattan (INBAR) bamboo

agroforestry cultivated in the Sekyere Central District of the Ashanti region,
Ghana.
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through the utilization of multiple statistical repetitions. For each
fresh plant leaf biomass, approximately 3.0 kg of representative
samples were packed in airtight bags separately and transported to
the Animal Nutrition Laboratory at the Department of Animal
Science, KNUST, Kumasi, Ghana, for chemical analysis.

Sample preparation and laboratory
chemical analyses

At the lab, the leaf samples were chopped into smaller pieces
and allowed to air dry in a room for 24 hours; afterwards, the
samples were dried for 48 hours at 60°C in an oven to achieve a
constant weight. The oven-dried samples were coarsely milled
individually using a laboratory mill (Wiley Mill®), passed through
a 2-mm screen, and then placed in ziplock bags. The nutritional
composition of the milled plant biomass samples was subsequently
determined using the proximate analytical procedure, following the
standard methods outlined by the Association of Official Analytical
Chemists (AOAC, 1990). This process encompassed the assessment
of dry matter (DM), crude protein, ether extract (EE), crude fiber
(CF), and ash content.

For the dry matter (DM) determination, fresh leaf samples were
subjected to a hot air oven at 105°C for a duration of 8 hours. The
DM content of forages were determined using the formula

weight of dry sample

1 0,
weight of fresh sample 00%

Dry matter (DM) =

In this formula, the weight of dry sample refers to the weight of
the forage sample after it has been dried in an oven at a specified
temperature for a set duration. The weight of fresh sample refers to
the initial weight of the forage sample before it is dried. The result is
expressed as a percentage, indicating the proportion of the sample
that remains after the removal of moisture. Meanwhile, total ash
content was established through incineration at 550°C for 8 hours
using a muffle furnace.

The calculation of crude protein involved determining nitrogen
values (CP = N concentration x 6.25) using the Kjeldahl method
(Rothman et al., 2006). This procedure capitalizes on the fact that
amino acids, which contain nitrogen, form the basis of proteins. As
amino acids in plants and muscle proteins generally contain 16%
nitrogen, the multiplication of nitrogen concentrations by 6.25
(which is 100% divided by 16%) yields the protein content in the
analyzed plant biomass.

The assessment of neutral detergent fiber (NDF) and acid
detergent fiber (ADF) contents was carried out using an ANKOM?
2000 Automated Fiber Analyzer. This approach adhered to the

2 The Thomas ® Model 4 Wiley Mill. Made in the USA. Marketed and
distributed by Onrion LLC, 93 South N Railroad Avenue, Bergenfield, NJ
07621-2352, USA.

The ANKOM 2000 Automated Fiber Analyzer. Made in the USA. Marketed
and distributed by ANKOM Technology, 2052 O’'Neil Road, Macedon, NY
14502, USA.
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established protocols as outlined by Van Soest et al. (1991). The
acid detergent lignin (ADL) content was deduced by subjecting the
acid detergent fiber residue to 72% sulfuric acid. All analyses were
conducted in triplicate for each individual sample of the collected
plant biomass, ensuring robust and reliable results.

Experimental design and dietary treatments

A total of 30 West African dwarf goats, with a mean initial body
weight of 9.9 + 0.21 kg, were allotted to five dietary treatment groups
in a completely randomized design (CRD). Each treatment group
consisted of six animals, employing a 2 x 2 factorial arrangement of
treatments alongside a control treatment (basal diet). The treatments
encompassed the following: T1 (control)—basal diet mix, comprising
60% M. maximus and 40% B. ferruginea leaves, oftered to each animal
under the assumption that an animal could consume 5% dry matter
per day of forage relative to its body weight (NRC, 2007); T2—T1 diet
supplemented with 400 g of O. abyssinica leaves per animal per day;
T3—T1 diet supplemented with 400 g of B. balcooa leaves per animal
per day; T4—T1 diet supplemented with 600 g of O. abyssinica leaves
per animal per day; and T5—T1 diet supplemented with 600 g of B.
balcooa leaves per animal per day.

Animal management, feed preparation,
feeding, and manure collection

The goats were individually housed within a barn featuring a
slatted floor measuring 4 x 7 ft. Before the commencement of the
experiment, the animals underwent several preparatory procedures,
including the application of plastic ear tags for identification, weighing,
deworming, and vaccination against peste des petits ruminants (PPR).
Furthermore, a multivitamin injection was administered, which was
followed by a repeat administration on the 21st day of the experimental
period. Throughout the 30-day study duration, uninterrupted access to
feed, water, and a commercial mineral salt lick containing sodium
chloride (with a sodium content of 38.05%) was maintained.

Before feed preparation and feeding, the bamboo leaf
supplements were air dried in a drying room for 72 hours.
Subsequently, they were chopped into 2.5-cm segments (Figure 7A)
following weighing (Figure 7B), with allocation in accordance with
the different treatment levels: 0 g (basal/control), 400 g, and 600 g.
These prepared supplements were offered to the goats prior to their
basal diet (Figure 7C) and administered twice daily at 09:00 and 16:00
using wooden feeding troughs (Figure 7D). This approach was
chosen to ensure that the goats had adequate time to consume the
bamboo supplements. The daily feed intake was quantified by
calculating the difference between the provided feed quantity and
the remaining amount. The intake rate, expressed as a percentage,
was determined for both the basal diet and the supplements,
representing the proportion of consumed feed to the provided feed.
In addition, the supplement substitution rate, denoting the portion of
total supplement intake relative to the overall feed intake, was
assessed as a percentage. To evaluate the goats’ efficiency in
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converting feed into growth, the feed conversion efficiency was
computed by dividing the cumulative weight gain of each goat by
their total feed intake, and this value was expressed as a percentage.

To gather the manure samples, the slatted panels in each pen were
removed each morning to collect fresh manure, which was promptly
refrigerated. The manure sampling occurred throughout the 30-day
span of the experiment. After the trial concluded, the refrigerated
manure samples were combined (Figure 7E), and 10% of the pooled
samples were selected, packaged (Figure 7F), and dispatched to the
Crop and Soil Science Laboratory at KNUST, Kumasi, Ghana for
chemical analysis. The total quantity of manure generated by the
animals in the slatted pen was calculated using the following formula

Total manure = ASFM + DRMS

where ASFM refers to the accumulated slatted floor manure
collected at the end of the trial period, and DRMS refers to the
daily refrigerated manure samples.

The manure samples were analyzed to determine their organic
carbon content, macrominerals (N, P, K, Ca, and Mg) content,
microminerals (Fe, Zn, Cu, and Mn) content, pH level, and carbon-
to-nitrogen ratio.

Statistical analysis

All data collected were statistically analyzed using the
generalized linear model (GLM) procedures of Minitab 19
(Minitab, LLC 2019). Available at: www.minitab.com with the
species of bamboo and the level of inclusion as fixed effects and

FIGURE 7
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with their interaction following the model yij = L + Tj + €ij, in which
p=general mean, 1= treatment effect, and e= random error. The
statistical tests were conducted at a significance level of 5%. The
Tukey method was used to compare the significant differences
between the treatment means.

Results and discussion

Analysis of the chemical composition of
the individual leaf ingredients

The analysis of the chemical composition of forage is of critical
importance to the evaluation of its nutritional suitability for
animals. In this study, the chemical compositions of various leaf
ingredients were examined to gain insights into the variations and
the implications for forage quality. Table 1 shows the nutrient
compositions of the experimental leaf ingredients fed to the
animals. In this study, the chemical compositions of various leaf
ingredients were examined to gain insights into the variations and
the implications for forage quality. The results revealed significant
differences (p < 0.05) in key parameters, providing valuable
information for optimizing animal nutrition and performance.
The notable variation (p = 0.003) in dry matter (DM) content
across the different feed ingredients holds significance for feed
formulation. The observed values ranged from 894.3 g/kg DM in
B. ferruginea, to 894.7 g/lkg DM in M. maximus, to 909.9 g/kg DM
in both B. balcooa and O. abyssinica. These values were found to be
consistent with the DM content of various forage species, including

»

Bamboo-based K@
4 Goat Manure 4

Experimental feed processing, feeding, and manure sampling procedures. (A) Chopping of bamboo leaf supplement. (B) Weighing of bamboo leaf
supplement in accordance with the different treatment levels. (C) Mixing of basal diet. (D) Feeding bamboo leaf supplement before the basal diet,
administered twice daily at 09:00 and 16:00, using wooden feeding troughs. (E) Pooled refrigerated manure samples. (F) Packing of 10% of pooled
samples for analysis. Source: Field data, 2021, Bamboo fodder research, Department of Animal Science, KNUST, Kumasi, Ghana. Picture courtesy

Field Photo taken by Sasu, 2021.
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TABLE 1 Analytical chemical compositions of the dry matter in the leaf ingredients fed to goats.

Composition (g/kg DM)

Leaf Ingredients CP I\ OoM

B. balcooa 909.9° 131.6" 103.1° 16.5° 868.4° 279.2° 481.0° 320.2° 0.9
O. abyssinica 904.3% 138.8" 142.9° 22.9° 851.2° 270.5" 457.8" 326.5° 0.5
B. ferruginea 894.3° 155.5% 194.0° 31.0° 844.4° 301.9° 478.5° 429.3° 3.6
M. maximus 894.7> 88.8° 53.74 8.64 911.2° 261.7° 480.5° 341.6" 2.4°
SEM 0212 0.757 1.560 0.250 0.757 1.59 0.221 0.624 0.037
p-value 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

*bed Mean values within a column with the same superscript letter are not significantly (p > 0.05) different.
DM, dry matter; CP, crude protein; N, nitrogen; OM, organic matter; CF, crude fiber; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; SEM, standard error of

means.

Moringa oleifera, Terminalia catappa, Mangifera indica, and Blighia
sapida. Similar findings to these were reported in a study conducted
within the same geographic region (Sasu et al, 2023a; Sasu
et al.,, 2023b).

The data reveal variations in moisture content among the
different leaf types, which impact on nutrient concentration and
digestion. Leaves with lower moisture levels, such as those of B.
balcooa and O. abyssinica (assessed both in this study and in
previous studies), are nutrient rich due to their reduced water
content. Conversely, leaves with a slightly higher moisture
content, such as those of B. ferruginea (examined in this study),
and others such as those of M. oleifera, T. catappa, M. indica, B.
sapida, and M. maximus (previously studied), may influence overall
feed nutrient levels. Consideration of the moisture content of
ingredients is vital when designing ruminant diets. Variations in
DM content and moisture levels significantly impact how different
forages are chosen and mixed. The goal is to create a balanced feed
while considering these moisture-related differences so that the
overall nutritional content and digestibility of the feed are
improved. Importantly, all the leaves studied had similar DM
contents to common tropical leguminous trees (Norton, 1994),
tropical browses (Le Houerou, 1980), and the leaves and stems of
Stylosanthes hemata (Attoh-Kotoku, 2003). This similarity suggests
that they are excellent choices for feeding ruminant animals.

Furthermore, their abundant nitrogen content gives them an
advantage, since nitrogen is pivotal in ruminant nutrition as it
forms the basic building block for synthesizing protein. Proteins are
essential for various bodily functions in ruminants, including tissue
growth, milk production, and enzyme creation. Maintaining a
proper balance of nitrogen in the diet ensures optimal microbial
fermentation in the rumen and the effective use of dietary nutrients,
contributing to the overall wellbeing and productivity of the
animals. The substantial variations (p < 0.001) observed in
nitrogen (N) content among the forages assayed in this study
carry noteworthy implications for their integration into the diets
of small ruminants, especially of goats. The nitrogen content ranged
from 8.6 g/lkg DM in M. maximus to 31.0 g/kg DM in B. ferruginea,
with intermediate values of 16.5 g/kg DM in B. balcooa and 22.9 g/
kg DM in O. abyssinica. This variation indicates the presence of
various nitrogenous compounds, derived from both protein and
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non-protein nitrogen sources, collectively contributing to the
overall nutritional composition of the forages. The marked
variability in the crude protein (CP) content of the forages is
noteworthy, with values (p < 0.001) ranging from 53.7 g/kg DM
in M. maximus to 194.0 g/lkg DM in B. ferruginea. This wide range
highlights the distinct protein profiles within these ingredients. The
examination of crude protein (CP) content within different leaf
ingredients provides valuable insights into their nutritional profiles
and potential applications in ruminant diets. In the context of this
study, B. ferruginea leaves had a slightly lower CP content than M.
oleifera leaves, yet a higher content than T. catapa and M. indica
leaves. Interestingly, the CP content of B. ferruginea leaves was
found to be similar to that of B. sapida leaves from the same
geographical area, and also to those of Gliricidia sepium and
Leucaena leucocephala leaves, as reported by Abdulrazak et al.
(1997). The observed CP content in B. ferruginea indicates its
richness in terms of essential amino acids, which, by supporting
the amino acid requirements of the ingesting animals, are of
paramount significance to the facilitation of optimal animal
growth and fundamental physiological functions. Conversely, the
comparatively lower CP content in M. maximus suggests that there
is a reduced availability of amino acids in this forage.

In the context of promoting bamboo agroforestry, as
emphasized in this study, a thoughtful integration of these forages
can be strategically designed to enhance ruminant nutrition. The
amino acid richness found in B. ferruginea can effectively
compensate for the limited amino acid content in M. maximus.
Concurrently, the inclusion of bamboo leaves can provide
additional nutritional supplementation. This amalgamation aims
to establish a harmonious equilibrium in the protein and amino
acid composition of the feed mixture, effectively mitigating
potential nutritional gaps and optimizing overall advantages for
the animals. This strategic approach resonates with the holistic
goals of agroforestry systems, in which various plant constituents
synergize to amplify animal wellbeing and productivity.

Within the scope of this study, the two bamboo species, O.
abyssinica and B. balcooa, exhibited distinctive nutritional traits, as
previously noted in related investigations (Sasu et al., 2022; Sasu
et al., 2023a; Sasu et al., 2023b). Notably, both bamboo species
demonstrated higher levels of crude protein (CP) than their grass
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counterpart, M. maximus. This indicates their substantial nutrient
contents, setting them apart from conventional pasture grasses and
positioning them as potentially valuable resources for promoting
animal growth and productivity. These findings correspond with
data on other bamboo species such as Bambusa tulda and
Dendrocalamus spp. (Poudyal, 1993; Bhandari et al., 2015), which
reinforce the fact that bamboo has the potential to boost animal
wellbeing and productivity. Extensive documentation by various
researchers (Artabandhu et al., 2010; Sahoo et al., 2010;
Andriarimalala et al., 2019; Kitaw et al., 2022; Sasu et al., 2022;
Sasu et al, 2023a; Sasu et al, 2023b) supports this assertion.
Notwithstanding, it is important to recognize that bamboo fodder
is most effective when incorporated as a supplement within various
forage blends and/or alongside concentrates. This strategic
approach enhances the organic matter content of the feed
concentrate, a contrast to relying solely on bamboo fodder as the
primary feed source for ruminants (Sasu et al., 2023b).

Organic matter (OM) is a cornerstone of ruminant nutrition,
constituting components of feed subject to microbial fermentation
in the rumen. It serves as a pivotal energy source, fostering
microbial growth and fermentation, and aiding in the breakdown
of complex carbohydrates into volatile fatty acids. The equilibrium
of organic matter intake underpins efficient nutrient utilization,
energy production, and overall ruminant wellbeing. The appreciable
diversity in OM content across the examined forages has profound
implications for the nutritional strategies discussed in this study.
The observed range (p < 0.001) of OM levels in this study spanned
from 911.2 g/kg DM in M. maximus to 844.4 g/kg DM in B.
ferruginea, 851.2 g/kg DM in O. abyssinica, and 868.4 g/kg DM in B.
balcooa. This variation highlights differences in the overall organic
composition of the leaf ingredients and their potential contributions
to the energy availability of the diet. For instance, the inclusion of
M. maximus, with its relatively high OM content, in the basal diet
mixture with B. ferruginea could enhance the energy availability of
the overall diet. This strategic combination was employed to
balance the energy content of the diet, taking advantage of the
energy-rich M. maximus leaves to complement the nutritional
profile of B. ferruginea. In addition, the blending of feed
ingredients aligns with the aim of optimizing the nutritional
intake and performance of the goats. The OM contents of all the
forages analyzed in the current study were comparable to forage
species that were reported to have higher potential for small
ruminant nutrition (Vierre and Van, 1982; Oduro et al, 2009;
Sasu et al., 2022; Sasu et al., 2023a; Sasu et al., 2023b). Thus, diets
could be formulated to meet the energy-mineral balance supply
required by small ruminants for various physiological functions.

Maintaining the right balance of minerals through ash content is
pivotal to ruminant nutrition. This equilibrium greatly influences
various physiological functions, including bone development, enzyme
activity, and general metabolic processes in ruminants. Keeping
minerals in check improves the growth, reproductive capacity, and
overall health of animals. The spectrum (p < 0.001) of ash content
recorded for the forages, comprising B. ferruginea (155.5 g/lkg DM), B.
balcooa (131.6 glkg DM), O. abyssinica (138.8 g/kg DM), and M.
maximus (88.8 g/kg DM), underscores the significant disparities in
their mineral concentrations. In addition, the variability in ash content

Frontiers in Animal Science

10.3389/fanim.2023.1108012

has the potential to influence the digestibility and utilization of other
nutrients inherent in these feed constituents. The ash content found in
B. ferrugine, akin to those of other multipurpose tree (MPT) species
such as M. oleifera and B. sapida, and surpassing that of T. catappa and
M. indica analyzed within the same region (Sasu et al,, 2023a), implies a
potential abundance of mineral elements. Conversely, the relatively low
ash content observed in M. maximus, as noted previously in the same
grass species (Sasu et al., 2023b), suggests a comparably lower mineral
concentration, possibly due to varying soil and climatic conditions and
differences in plant maturation during the periods when these two
studies were conducted. These deviations in mineral levels carry
implications for the accessibility of essential nutrients for consuming
animals, exerting wider effects on the animals’ metabolic processes and
overall wellbeing. Hence, a comprehensive grasp of these distinctions is
of paramount importance when formulating the diets of
small ruminants.

Further analysis of the fiber contents in the forages provided
intriguing insights. The crude fiber content ranged (p < 0.001) from
261.7 g/kg DM in M. maximus, to 270.5 g/lkg DM in O. abyssinica, to
279.2 g/kg DM in B. balcooa, to 301.9 g/kg DM in B. ferruginea. By
comparison, the neutral detergent fiber (NDF) content ranged (p <
0.001) from 457.8 g/lkg DM in O. abyssinica, to 478.5 g/kg DM in B.
ferruginea, 480.5 g/kg DM in M. maximus to 481.0 g/kg DM in B.
balcooa, suggesting distinct differences in the fibrous components of
the forages. This variation can impact feed intake and digestibility,
affecting animal performance. Similarly, the acid detergent fiber
(ADF) content varied (p < 0.001) from 320.2 g/kg DM in B.
balcooa, to 326.5 g/kg DM in O. abyssinica, to 341.6 g/kg DM in
M. maximus, to 429.2 g/lkg DM in B. ferruginea, indicating variations
in cellulose and lignin levels. These differences in fibrous components
can affect rumen function, nutrient utilization, and overall
digestibility. The acid detergent lignin (ADL) content displayed
variation (p < 0.001), ranging from 0.5 g/kg DM in O. abyssinica,
t0 0.9 g/kg DM in B. balcooa, to 2.4 g/lkg DM in M. maximus, to 3.6 g/
kg DM in B. ferruginea, which in turn demonstrates variations in the
proportion of lignin. Lignin is a complex compound that provides
structural integrity to the plant cell wall. Its content can influence
forage digestibility and nutrient availability for animals. These
variations in fiber components have multifaceted implications for
ruminant animal nutrition and performance, intertwining them with
the concept of agroforestry involving bamboo. This pivotal insight
emphasizes the need for farmers to meticulously account for these
differences when constructing diets for their animals within
agroforestry setups. By combining feeds with contrasting fiber
profiles, such as bamboo, farmers have the opportunity to craft an
integrated diet that increases animals’ feed intake, eases their
digestion, and improves their health—an approach that resonates
harmoniously with the holistic ethos of agroforestry. Bamboo leaves
bring their own distinctive fiber characteristics, making their
thoughtful inclusion key to the formulation of diets within
agroforestry contexts. The overarching objective is to strike a
harmonious balance, one that ensures animals receive the requisite
nutrients, that their digestion is streamlined, and that elevates their
overall performance. This synergy between feed components and
agroforestry principles optimizes the sustainable, multifaceted
benefits of such integrated systems.
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In examining the nutritional content of the two bamboo species,
valuable insights emerge for their relevance within agroforestry
frameworks. Notably, O. abyssinica leaves manifest superior
nutritional attributes compared with B. balcooa leaves. This
discovery resonates with earlier findings (Sasu et al,, 2022; Sasu
et al., 2023a; Sasu et al., 2023b), indicating the nutritional
consistency of O. abyssinica across different seasons, aligning
seamlessly with the dynamic agroforestry landscape. This
constancy is especially important when contrasted with the
fluctuating quality of naturally growing pasture grasses,
solidifying the role of bamboo within the agroforestry narrative.

Feed intake and growth performance of
the experimental goats

Table 2 shows the feed intake and growth performance of the
experimental animals.

The assessment of supplement type, represented by distinct
bamboo species, did not have a significant effect (p = 0.79) on the
average daily gain (ADG) of the goats. Nonetheless, an intriguing
trend emerged in the feeding behaviors and outcomes. Notably, the
goats consuming the B. balcooa supplement exhibited a higher
intake (247 g per day) than those consuming the O. abyssinica
supplement (191 g per day). However, this heightened consumption
was paralleled by a lower feed conversion efficiency of 2.3% for the
goats that consumed the B. balcooa supplement, contrasting with
the greater feed conversion efficiency of 11.5% recorded for those
consuming the O. abyssinica supplement.

Upon further scrutiny of the dietary patterns, a distinct and
significant trend emerges. Notably, the group of animals fed with the

10.3389/fanim.2023.1108012

B. balcooa supplement displayed a marked reduction in both basal
intake (195 g per day) and daily feed intake (442 g per day) compared
with their counterparts consuming the O. abyssinica supplement,
which exhibited notably higher basal intake and daily feed intake
values of 260 g per day and 450 g per day, respectively. These subtle
yet substantive variations in consumption dynamics and efficiency
contribute comprehensively to our understanding of how these
supplements intricately interact with goat performance within the
controlled experimental context. This distinction in intake could be
attributed to the higher substitution potential of B. balcooa leaves
(57%) relative to O. abyssinica leaves (43%). In contrast, the levels of
supplementation exerted a discernible impact on several metrics,
namely, average daily gain, daily supplement intake, and basal diet
intake (p < 0.001). Interestingly, the data reveal that, on average,
animal groups given 600 g of the supplement per day exhibited a
heightened consumption, showing an increase of 178 g per day
(equivalent to a 30% rise) compared with those receiving 400 g per
day, which showed a rise in consumption of 114 g per day (reflecting
a 29% increase). Bringing these findings together enhances our
understanding of the intricate dynamics behind supplement
consumption and its interplay with goat performance. This finding
emphasizes the multifaceted factors that shape dietary preferences
and their tangible effects on the wellbeing of the studied animals.
Correspondingly, a substitution effect of the supplement on the
basal diet was observed, with animal groups provided 600 g of the
supplement per day substituting 42% of the basal diet, resulting in
an intake of 241 g per day (equivalent to 60% of the basal diet). In
contrast, those receiving 400 g of the supplement per day showed a
substitution of 25% and consumed 326 g of feed per day (equivalent
to 82% of the basal diet). This phenomenon could contribute to the
lower daily feed intake (DFI) and reduced feed conversion efficiency

TABLE 2 Feed intake and growth performance of goats fed either a basal diet only or a basal diet supplemented with bamboo leaves.

Species (S) Level (L) SxL
Variable BB 400 600 Ti1- T2- T3- T4- T5-
CON OA400 BB400 OA600 BB600

Animals (n = 30) 15 15 15 15 6 6 6 6 6

ILW (kg) 9.8 9.9 9.9 9.9 9.5 9.8 9.9 9.9 9.9 0.04 0.874 0.716 0.874
FLW (kg) 115 114* | 116* | 109° 10.8 12.2° 11.8° 1.1° 1L1° 0.10 0675 | <0.001 | <0.001
ADG (g/d) 528° | 50.0° | 537° | 333° 27.8° 72.2° 61.1° 33.3° 38.9° 3.20 0.786 | <0.001 = <0.001
BI (g/d) 260° 195° 326° 241° 397° 309° 273° 2114 117° 1690 | <0.001 | <0.001 | <0.001
BIR (%) 64.9° | 488" | 81.6° | 604° 99.3° 77.3° 68.3° 52,64 29.3° 422 <0.001 | <0.001 | <0.001
SI (g/d) 191° 247° 114° 178° 0.00° 1474 195° 235° 298° 1930 | <0.001 | <0.001 | <0.001
SIR (%) 38.0° | 492% | 285 | 29.7° 0.00° 36.8" 48.7* 39.2° 49.7* 360  <0.001 | 0331 | <0.001
SSR (%) 427° | 565 | 246" | 415° 0.00° 33.24 415° 53.1° 71.5% 4.50 | <0.001 | <0.001 = <0.001
DFI (g/d) 450° 442° 441° 418° 398° 456* 469* 443 415° 5.75 0.003 | <0.001 | 0.009
%FCE 11.5° 23° 8.5° 53° 6.9° 15.6 3.0° 7.4° 9.4 0.81 <0.001 | <0.001 | <0.001

* e d ¢ Mean values within a row with the same or no superscript letter are not significantly (p > 0.05) different.

T1 = treatment 1 (basal diet of Megathyrsus maximus and Bridelia ferruginea leaves as control); T2 = treatment 2 (T1 supplemented with 400 g of O. abyssinica leaves); T3 = treatment 3 (T1
supplemented with 400 g of B. balcooa leaves); T4 = treatment 4 (T1 supplemented with 600 g of O. abyssinica leaves); and T5 = treatment 5 (T1 supplemented with 600 g of B. balcooa leaves).
ILW, initial live weight; FLW, final live weight; ADG, average daily gain; B, basal intake; BIR, basal intake rate; SI, supplement intake; SIR, supplement intake rate; SSR, supplement substitution
rate; DFI, daily feed intake; FCE, feed conversion efficiency; S= species; L, level of supplementation; SxL, species by level interaction; OA, Oxytenanthera abyssinica bamboo; BB, Bambusa balcooa
bamboo; CON, control.
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(FCE) observed among animal groups receiving 600 g per day of the
supplement, for which DFI and FCE values of 418 g per day and
5.3% were registered, respectively. In comparison, the animal
groups given 400 g of the supplement per day exhibited a DFI
and FCE of 441 g per day and 8.5%, respectively.

The dry matter intake of bamboo leaves ranged from 1.6 kg per
day to 7.1 kg per day, with an average intake of 4.8 kg per day.
Notably, this intake surpassed the value reported by Andriarimalala
et al. (2019), signifying an improved dry matter consumption of
bamboo leaves in this study.

A significant interactive effect of the bamboo species and
supplementation level on dry matter intake (DFI), average daily
gain (ADG), and feed conversion efficiency (FCE) was observed (p =
0.009). Among the animal groups, those fed the T2 diet exhibited
the highest values across these parameters, recording a DFI of 456 g
per day, an ADG of 72 g per day, and an FCE of 16%. Subsequently,
the groups that received T3, T5, T4, and T1 followed with DFI
values of 469 g per day, 415 g per day, 443 g per day, and 398 g per
day, respectively, and had ADG values of 61 g per day, 39 g per day,
33 g per day, and 29 g per day, respectively. The corresponding FCE
values were 3%, 9%, 7%, and 6% for these groups.

The outcomes observed for T2, namely that the animal group
fed this diet displayed the highest values for dry matter intake
(DFI), average daily gain (ADG), and feed conversion efficiency
(FCE), could be attributed to the specific combination of
bamboo species and supplementation level. This interaction
might have led to a synergistic effect that optimally supported
the nutritional requirements and physiological processes of the
goats. The factors influencing this result could include the
nutrient profile of the chosen bamboo species in T2, the
compatibility of these nutrients with the goats’ digestive
system, and the potential interaction between bamboo leaves
and the basal diet.

The presence of these vital nutrients within bamboo leaves, as
noted by Andriarimalala et al, 2019, could have synergistically
complemented the energy content and intake provided by the grass-
tree leaf basal diet. This harmonious nutrient interplay might have
consequently contributed to enhanced feed intake, growth, and
overall efficiency among the goats.

Consequently, the feed conversion efficiency (FCE) results were
as follows: the T2-fed group had the highest efficiency, followed by
the T4-, T1-, T3-, and T5-fed groups. A higher FCE signifies an
animal’s adeptness in converting consumed food into body mass,
rendering the animal group that were fed T2 the most efficient in
this aspect. This phenomenon could potentially be attributed to the
high crude protein (CP) content inherent in the supplement
employed for diet formulation, an observation consistent with
previous findings showing that a combination of 50% bamboo
leaves and 20% neem seed cake supplement led to improved feed-
to-gain ratios, subsequently enhancing average daily gain and body
weight in growing rams (Okoruwa et al., 2021). In contrast, the
addition of bamboo leaves to maize silage did not influence the milk
production capacity of dairy cattle (Andriarimalala et al., 2019),
indicating species-specific responses to bamboo supplementation in
different livestock.
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Quantity and quality of manure from the
experimental goats

Table 3 summarizes the quantity and quality of manure from
the experimental goats.

The choice of supplement type, represented by different
bamboo species, displayed a mixed impact on various manure
attributes. Notably, it had no significant effect on manure weight
(p = 0.481), the feed intake-to-manure ratio, (p = 0.621), or the
calcium (Ca) (p = 0.631) and copper (Cu), (p = 0.255) contents of
the manure. However, the supplement type significantly influenced
(p < 0.05) other manure characteristics, such as the carbon-to-
nitrogen (C:N) ratio; the pH levels; and the contents of fecal
nitrogen (N), organic carbon (C), ash, phosphorus (P), potassium
(K), magnesium (Mg), iron (Fe), zinc (Zn), and manganese (Mn).

Comparative analysis revealed that the B. balcooa-
supplemented animals produced manure with higher contents of
organic C (287 g/kg DM), C:N ratio (18), zinc (Zn) content (89 mg/
kg DM), magnesium (Mg) content (4.8 g/kg DM), manganese (Mn)
content (196 mg/kg DM), and ash content (160 g/kg DM) than the
O. abyssinica-supplemented groups. Conversely, the O. abyssinica-
supplemented groups yielded manure with the highest nitrogen (N)
content (20 g/lkg DM), pH level (5.2), phosphorus (P) content (7 g/
kg DM), potassium (K) content (7 g/kg DM), and fluorine (F)
content (185 mg/kg DM). These outcomes indicate the varied
impact of different bamboo species supplements on the resulting
manure attributes.

The impact of supplementation levels on various aspects of
manure attributes was further examined, revealing significant
outcomes (p < 0.05). Specifically, it affected the manure weight;
feed intake to manure ratio; contents of fecal organic C and N;j the
C:N ratio; pH levels; and the contents of K, Ca, Mg, Zn, and Cu.
However, the supplementation levels did not significantly impact (p
> 0.05) the contents of ash, Fe, Mn, and P.

Comparatively, goats receiving 400 g of the supplement
recorded a higher feed intake-to-manure ratio (1.8) and fecal N
content (19 g/lkg DM) than those fed 600 g of the supplement per
day, which recorded values of 1.6 and 17 g/kg DM for the intake-to-
manure ratio and fecal N content, respectively. Conversely, animals
fed 600 g of the supplement per day produced a greater manure
weight (258 g per day) than those fed 400 g of the supplement per
day (247 g per day). In addition, higher levels of fecal organic C (307
g/kg DM); a higher C:N ratio (19); higher pH level (5.1); and higher
K (6 g/kg DM), Ca (10 g/kg DM), Mg (4.4 mg/kg DM), Zn (92 mg/
kg DM), and Cu (68 mg/kg DM) contents were observed in goats
receiving 600 g of the supplement per day than in those that
received 400 g of the supplement per day, for which we observed
a fecal organic C level of 279 g/kg DM; a C:N ratio of 15; a pH of 5;
and K, Ca, Mg, Zn, and Cu contents of 5.4 g/kg DM, 8.4 g/kg DM,
3.9 mg/kg DM, 84 mg/kg DM, and 58 mg/kg DM, respectively.

Furthermore, there was a significant (p < 0.05) combined
interaction effect the supplement types (bamboo species) and
supplementation levels on various manure attributes. This
interaction effect impacted manure weight; the feed intake-to-
manure ratio; fecal organic C and N contents; the C:N ratio; and
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TABLE 3 Quantity and quality of the manure from the goats fed either a basal diet only or a basal diet supplemented with bamboo leaves.

Variable

Species (S)

OA BB

Level (L)
400 600

T3-
BB400

T4-
OA600

T5-
BB600

Animals (n=30) 15 15 15 15 6 6 6 6 6

MWT (g/d) 2507 254° 247° 258° 252% 241° 247° 261° 260* 1.540 0481  <0.001 | 0.001
I:M ratio 1.8° 1.8° 1.8° 1.6° 1.6° 1.9° 1.9* 1.7° 1.6° 0.027 0.621  <0.001 | 0.001
C (g/kg DM) 249.5° | 287.2° | 278.7° | 306.8° @ 3414° 210.1° 284.5° 289.0° 289.9° 1.080 | <0.001 = <0.001 = <0.001
N (g/kg DM) 19.5° 16.5° 19.4° 16.8° 18.2° 2117 18.8° 17.8° 14.2° 0.050  <0.001 | <0.001 | <0.001
C: N ratio 13.1° 17.8% 14.6° 18.5° 18.7° 9.94 15.2° 16.2° 20.3° 0.836  <0.001 | <0.001 | <0.001
Acidity (pH) 5.2° 5.1° 5.0° 5.1° 4.8 5.2° 5.1° 5.3 5.1° 0042  <0.001  0.019 0.129
Ash (g/kg DM) 1302°  160.0° | 119.6* | 122.8° | 73.3¢ 120.7° 164.7 139.7° 155.3% 0.889 <0001 = 0141  <0.001
P (g/kg DM) 6.8° 5.0° 5.7% 5.8° 5.5° 6.9 4.7 6.6" 531 0020  <0.001  0.702 0.204
K (g/kg DM) 6.6" 4.5 5.4° 6.1° 5.9° 6.0° 424 7.3 5.0 0.024 | <0.001 | <0.001 = 0.008
Ca (g/kg DM) 10.2° 9.7 8.4° 9.6" 7.54 9.9° 8.5° 10.5% 11.0° 0.034 0631  <0.001 | <0.001
Mg (g/kg DM) 45° 4.8 3.9° 4.4° 3.2¢ 46° 3.9 44° 5.7 0.022 | <0.001  0.009 0.001
Fe (mg/kg DM) 184.9° 1763 | 177.3* | 1795° | 176.3° 182.4° 173.0° 187.3% 174.8" 1760 0.032 0.491 0.813
Zn (mg/kg DM) 80.4° 89.1° 83.6° 91.9° 93.7% 74.4° 82.7° 86.4° 95.6° 1.870 | <0.001 = <0.001 | <0.001
Mn (mg/kg DM) | 1541°  195.8* | 1322* | 1357 = 51.9° 145.7° 198.9° 162.4° 192.7% 14900 | <0.001 0500  0.0200
Cu (mg/kg DM) 61.1° 63.6° 58.0° 68.1° 64.5° 57.0° 52.6° 65.1%° 74.5° 1.800 0.255  <0.001 | 0.001

* b e d ¢ Mean values within a row with the same superscript letters are not significantly (p > 0.05) different.

MWT, manure weight; I:M ratio, feed intake-to-manure ratio; S, bamboo species; L, level of supplementation; SxL, species by level interaction; OA, Oxytenanthera abyssinica bamboo; BB,
Bambusa balcooa bamboo.

T1, treatment 1 (basal diet of Megathyrsus maximus and Bridelia ferruginea leaves as control); T2, treatment 2 (T1 supplemented with 400 g of O. abyssinica leaves); T3, treatment 3 (T1
supplemented with 400 g of B. balcooa leaves); T4, treatment 4 (T1 supplemented with 600 g of O. abyssinica leaves); and T5, treatment 5 (T1 supplemented with 600 g of B. balcooa leaves).

ash, K, Ca, Mg, Zn, and Cu contents. However, the pH levels and The fecal organic C output followed a descending trend among
the contents of P, Fe, and Mn were not significantly (p > 0.05)
affected by this interaction. Notably, the results indicated that the

highest manure weight and, by extension, the lowest feed intake-to-

the treatment groups: the highest was observed for the T1-fed group
(control), followed by the T5-, T4-, T3-, then the T2-fed group.
Similarly, the C:N ratio, in descending order, was as follows: it was
highest for the T5-fed group, followed by the T1-, T4-, T3-, then the
T2-fed group. This intriguing pattern suggests that the inclusion of

manure ratio was produced by the animal groups that consumed T4
and T5, followed by those that consumed T1 and T3, and the lowest
value was recorded for those that consumed T2.

In the context of integrating bamboo as fodder in agroforestry systems,

the quality of resulting manure is of paramount importance. Our study’s
focus on manure quality assessment, particularly nitrogen (N) content and

carbon-to-nitrogen (C:N) ratio, holds relevance. Generally, our

experimental goats showed a broader range of manure weight (241 g to
261 g per day) than those shown in previous studies on goats (179 g to 218
g per day) and sheep (319 g to 423 g per day) by Ansah et al. (2019), and
one on sheep (430 g to 458 g per day) by Irungu et al. (2005). The fecal N
output, in descending order, was as follows: it was highest for the T2-fed
group, followed by the T3-, T1-, T4-, then T5-fed group.

The increased fecal N output observed in the T2-fed group

can be attributed to the relatively high crude protein content of

the supplement used for this group, as highlighted in a previous

study by Ansah et al. (2019). This underscores the significant

role of supplement composition in influencing nutrient

excretion patterns, with potential implications for overall

livestock performance.
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bamboo leaves in the basal diet at comparatively lower levels led to
an enhancement in the resulting manure quality. This finding
resonates with the observations of Larney et al. (2006), who
attributed such improvements to the supplementary effect.

In addition, the organic C and N values recorded in the current
study, which ranged from 210 g/kg DM to 341 g/kg DM for organic
C and 14 g/kg DM to 21 g/kg DM for N, were consistent with the
corresponding values reported by Ansah et al. (2019) and Moral
etal. (2005) for similar goat species. Specifically, our results aligned
with the values of 230 g/kg DM to 306 g/kg DM for organic C and
16 g/kg DM to 22 g/kg DM for N reported by Ansah et al. (2019),
and the values of 264 g/kg DM to 381 g/kg DM for organic C and 14
g/kg DM to 23 g/kg DM for N reported by Moral et al. (2005). A
noteworthy observation was made for the range of fecal C:N ratios
(10-19) recorded among the supplemented animals. This range
notably fell below the value of 20 recorded for the control group.
The significance of this lies in the fact that a C:N ratio below 20 is
essential for facilitating effective net mineralization when the
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manure is freshly applied to the soil (Saha et al., 2008; Ansah et al.,
2019). This aspect is particularly valuable as it promotes improved
soil nutrient availability—an advantageous outcome associated with
the application of such nutrient-rich manure (Mando et al., 2005).
Our findings show that incorporating bamboo into agroforestry
systems holds potential implications for manure quality, a crucial
aspect of nutrient cycling and soil health. As highlighted by Bationo
et al. (2004), high-quality manure is often characterized by an N
content above 16 g/kg DM or a C:N ratio below 10, whereas low-
quality manure may exhibit an N content below 6 g/kg DM and a C:
N ratio exceeding 17. The fecal C:N ratios across various groups
consistently stayed below 17, signifying that predominantly high-
quality manure was produced. Notably, that produced by the
animals receiving T1 and T5 showed deviations from this trend,
underscoring the potential variation in manure quality outcomes
based on the type of bamboo leaves used as supplementation. For
agroforestry practitioners, these insights are crucial. Bamboo
supplementation not only impacts livestock nutrition but also
influences manure composition, thereby affecting nutrient cycling
and soil health. As agroforestry evolves, understanding the
implications of bamboo integration on manure quality enhances
the sustainable and productive potential of these systems.

In addition, the observed fecal pH values in our study, ranging
from 4.8 to 5.3, demonstrated noticeable variability, surpassing the
measurements reported for sheep and goats in the research
conducted by Ansah et al. (2019). Nevertheless, this outcome
aligns with the common notion that fresh manure tends to
exhibit acidity, as indicated by KATC (2004). Intriguingly, our
results carry a significant implication—the highest pH values were
linked to the manure enriched with bamboo supplementation,
which was consistent with the findings of Ansah et al. (2019),
hinting a potential avenue for enhancing soil quality.

The ash content, reflecting mineral composition, exhibited
significant variation (p < 0.001), and was highest for the T3 group,
followed by the T5, T4, T2, then T1 group. This variation, which
likely stems from dissimilar organic matter levels in the two
bamboo supplements, aligns with the idea that varying ash
content in manure indicates that there are different levels of
inorganic components in feeding materials (Ansah et al., 2019).
These findings help elucidate the disparities in fecal mineral
composition observed in our study and earlier ones (Kausar,
1983; Alvasen, 2009; Ansah et al, 2019). Whereas fecal P (p =
0.204) and Fe (p = 0.813) contents were consistent among
treatments, notable variation (p < 0.05) was observed for Ca,
Mg, Mn, Zn, and Cu contents. The order of variation was as
follows: Ca content was greatest for the T5-fed group, followed by
the T4-, T2-, T3-, then T1-fed group; Mg content was greatest for
the T5-fed group, followed by the T2-, T4-, T3-, then T1-fed
group; Mn content was greatest for the T3-fed group, followed by
the T5-, T4-, T2-, then T1-fed group; Zn content was greatest for
the T5-fed group, followed by the T1-, T4-, T3-, then T2-fed
group; and Cu content was greatest for the T5-fed group, followed
by the T4-, T1-, T2-, then T3-fed group. Overall, our documented
fecal mineral compositions paralleled findings from Ansah et al.
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(2019) and Kausar (1983), as referenced in the study by
Alvasen (2009).

Our findings project that a West African dwarf (WAD) goat,
weighing approximately of 9.9 kg and receiving a basal diet with
bamboo leaf supplementation, could yield approximately 71.3 kg of
dry matter-based manure annually, containing 6.5 kg N, 2.1 kg P,
and 2.0 kg K. This projection aligns with the reported values of 3.0
kg N and 1.2 kg K in the fecal samples of Red Sokoto goats (Osuhor
et al, 1998), and of 1.7 kg N and 1.9 kg K in those of WAD goats
(Ansah et al,, 2019). This finding is of particular relevance to Ghana,
given its reported goat population of 8.21 million (Statista, 2022),
potentially enabling the significant reduction or replacement of
synthetic fertilizers. Furthermore, our study suggests that 60 WAD
goats fed a bamboo-supplemented diet could produce 388.2 kg of N
and 121.5 kg of K, meeting the N and K requirements for optimal
maize growth and yield in Ghana, which are recommended at 90 kg
N and 60 kg K,O per hectare (Ansah et al,, 2019).

Conclusion

In this study, we investigated the influence of two bamboo
species as supplements on the quality of manure produced by West
African dwarf (WAD) goats, aiming to contribute to the
advancement of smallholder bamboo-integrated agro-silvopastoral
systems in sub-Saharan Africa. Among the multifaceted impacts
uncovered, the superior nutritional attributes of one of the bamboo
species, Oxytenanthera abyssinica (A. Rich.) Munro, were evident
when compared with those of Bambusa balcooa (Beema). This
outcome, in line with previous research, emphasizes the nutritional
value of O. abyssinica leaves, which is consistent throughout various
seasons, establishing it as a reliable fodder within dynamic agro-
silvopastoral frameworks.

In addition, our study delved into the intriguing effects of
bamboo supplement type on the feeding patterns of goats.
Notably, animals consuming the B. balcooa supplement
exhibited a greater dry matter intake than those fed the O.
abyssinica supplement. However, this heightened consumption
was accompanied by a lower feed conversion efficiency,
contrasting with the more efficient outcomes observed for the
animals fed the O. abyssinica supplement. Moreover, the group of
goats receiving a daily supplement of 400 g exhibited a higher feed
intake-to-manure ratio and fecal N content than the group fed a
600 g daily supplement. This observation implies that a daily
inclusion of 400 g of bamboo leaves especially those of O.
abyssinica in animal ration could be an optimal choice for
smallholder farmers.

To further enhance the significance of our study, we scrutinized
the intricate interplay between supplement type and level on various
manure attributes. Whereas some attributes remained unaffected,
others displayed substantial variation. This included the contents of
fecal nitrogen and organic carbon; carbon-to-nitrogen ratio; pH
levels; and ash, phosphorus, potassium, magnesium, iron, zinc, and
manganese contents.
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Comparative analysis further uncovered specific impacts of the
supplements produced from the two bamboo species on the
resulting manure attributes. Compared with the O. abyssinica-
supplemented groups, the B. balcooa-supplemented animals
yielded manure with elevated contents of organic C; a higher C:N
ratio; and increased zinc, magnesium, manganese, and ash contents.
Conversely, the O. abyssinica-supplemented groups yielded manure
with greater contents of nitrogen, phosphorus, potassium, and
fluorine, and higher pH levels. The interactions between
supplement type and supplementation level also wielded a
significant influence on manure attributes, in turn enriching our
understanding of their combined effects.

Limitations

Although our study has significantly advanced our understanding
of the effects of different bamboo leaf supplements on various aspects of
livestock and bamboo-integrated agro-silvopastoral systems, there are
still uncharted territories in this domain. Future research endeavors
should probe into the long-term consequences of bamboo-based
manure on soil health, crop productivity, and the overall
sustainability of these integrated systems. In addition, a thorough
assessment of the economic viability of implementing such practices
on a larger scale, coupled with an exploration of the potential challenges
and benefits for farmers and practitioners of bamboo-integrated agro-
silvopastoral systems, would offer a more comprehensive
understanding of the practical implications of these findings.
Moreover, further studies on digestibility and nitrogen utilization are
necessary to substantiate the quality of manure produced from animals
fed bamboo leaf supplements, which would contribute to refining the
efficacy of this promising agroforestry strategy.
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