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Abstract
Worldwide, the production of agricultural residues exceeds five billion metric tons per year. Regardless of their many applications and
substantial potential to increase crop and animal productivity, many crop residues, particularly in Asian, African, and Arabian nations,
are burned. This detrimental practice limits the recycling of soil nutrients while increasing air pollution and wellness risks. Enhancing
feed efficiency while simultaneously lowering production costs and increasing animal protein is a key objective of nutritional supple-
ments in livestock feeding. Antibiotics have been utilized in farm animals at sub-therapeutic levels to increase feed use effectiveness and
digestion, as well as animal welfare and performance. However, the present ban on antibiotics as nutritional supplements has boosted the
search for substitutes, with natural feed additives considered cutting-edge options. On the other hand, feed that has undergone biological
treatment improves animal productivity, feed intake, and digestibility. Nevertheless, the absence of agents and expertise and substrate
weight decrease may result in a 40% dry matter loss limits application. In this review, we look at the importance of detrimental residue

administration and the advancement and adoption of technologies to handle surplus residue.
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The livestock industry, crucial for smallholder farm-
ers and meat production, faces challenges like insuf-
ficient feed, diseases, low-quality breeding stock, and
inadequate policies affecting performance globally (Ki-
danemariam and Fesseha, 2020; Banda and Tanganyika,
2021). According to Martens et al. (2022), ruminants’
lack of roughage because of the drought that hit parts of
Europe in 2018 and 2019 has sparked a renewed hunt for
sources of fiber besides “traditional” forages like grass.
In Europe, cereal hay is easily obtainable throughout the
year. A few variables that affect forage quality are type,
variety, maturity, height, climate, mass production, and
storage technique. Animal health is affected by variations
in dry matter consumption, feeding expenses, and forage
quality (Boga and Ayasan, 2022).

Globally, the food processing and agricultural sec-
tors produce billions of by-products, including animal
and plant-derived by-products (Abdelnour et al., 2019;
Bandara and Chalamaiah, 2019; Alagawany et al., 2020;

Abd El-Hakim et al. 2021; Ayyat et al., 2021). These by-
products are accessible and inexpensive but must be used
to prevent pollution. Investigating techniques to enhance
agricultural by-products’ value is crucial, as crop residue
is a significant livelihood source (Duncan et al., 2016;
Schrobback et al., 2023). Crop residues play a bigger
role in cattle diets due to arable land scarcity and reduced
feeding resources. However, small-scale farmers in de-
veloping countries comprise an important part of the feed
used for ruminants during the dry season (Lukuyu et al.,
2012; Ugwoke et al., 2023).

For many poor farmers worldwide, combined crop
farms serve as their primary source of income. Addi-
tionally, much of the world’s food comes from them;
according to current projections, mixed systems contrib-
ute about 50% of global food production (Herrero et al.,
2010). Due to the incorporated structure of combined
crop farming with livestock, crops and livestock provide
complementary inputs to one another, most notably crop
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residues (straws and stoves) that support livestock. Ani-
mals give essential inputs for cultivable production, such
as feces and traction (Powell et al., 2004; Pédéches et al.,
2023).

The amount of meat produced per head of animals
is typically poor due to various issues, given the high
demand for animals and agricultural goods in develop-
ing nations (Thornton, 2010; Ederer et al., 2023). In-
sufficient nourishment is the primary global cause of
low animal productivity. Feeding accounts for approxi-
mately 60% to 70% of livestock and poultry production
expenses. An essential factor is optimal feed utilization
(Seré et al., 2008; Mohamed et al., 2024). Organic feed
additives have recently replaced synthetic growth boost-
ers and antibiotics to optimize growth performance and
improve carcass features in birds and farm animals. Re-
searchers use these additives to boost immunity and ef-
ficiency (Abd El-Hack et al., 2023; Kamal et al., 2023 a,
b; El-Ratel et al., 2024). Crop leftovers, like high-fiber
straws, are crucial for tropical regions’ nutrition but un-
suitable for animal feed due to low digestion (Elghan-
dour et al., 2014). Alsersy et al. (2015) have developed
techniques to break down carbohydrate-lignin complex-
es, improve straw nutrient content, and enhance health
benefits.

To improve cellulosic division and digestion, sci-
entists are looking into how microbes, especially ba-
sidiomycetes fungi, can break down lignin-carbohydrate
structures and bypass lignin-mediated physical protec-
tion barriers (Suryadi et al., 2022). This enhances the
use of the plant materials in the rumen by making more
fermentable energy available to ruminal microbes (Ta-
desse, 2014). Biological substances like fungi are an ef-
fective remedy to boost the digestibility of poor-quality
forages and eliminate lignin (Sharma and Arora, 2015).
Basidiomycetes, representing 32% of the species, includ-
ing white-rot fungi, can break down lignin in cell walls,
transforming easily digested carbohydrates into complex
sugars (Khattab et al., 2013). Fungus metabolism in-
cludes taking in sugar and secondary metabolism, which
improves the nutritional value and environmental safety
of agricultural waste, even though it has low nutritional
quality and high production (Kholif et al., 2014). Table
1 is an inventory of technologies utilized to improve
crop residues’ quality, improve forage varieties, utilize
by-products and processed concentrates, and promote
private sector participation in feed production and mar-
keting.

Therefore, this review aims to clarify the importance
of detrimental residue administration and the advance-
ment and adoption of technologies to handle surplus resi-
due.

Importance of crop residues

Bogale et al. (2008) examined the nutritional compo-
sition of primary agricultural byproducts in the Sinana
and Dinsho sub-districts, identifying differences in their
accessibility. The harvest season had no significant im-

pact on crude protein levels, neutral detergent fiber, or
in vitro dry matter digestibility (IVDMD). Compared to
barley and emmer wheat, wheat straw exhibited a lower
IVDMD. Conversely, cereal residues displayed a high-
er hemicellulose content. Crop residue, as defined by
Schiere (2010), is the biomass from fibrous crops (such as
leaves, stem cuts, and seed pods) that remains following
more worthwhile sections, like grain, that are harvested.
This biomass is frequently viewed as the noneconomic
portion of crop production. Shinde et al. (2022) estimated
that utilizing a grain-residue transformation aspect, the
global output of crop residue was 5 billion metric tons in
2020-2021, more than a third bigger than the production
levels from 1960-1961.

In agricultural cost-benefit analyses and technology
assessments, crop residue’s many applications and finan-
cial advantages are not fully considered. Forecasts of the
quantity of crop residues produced and utilized in various
cropping systems and nations are also scarce. The yield
of crops and area harvested figures are roughly converted
to the amount of residue production using common con-
version coefficients (Faostat, 2021). Because of a lack of
data and hazy emissions converting factors, predictions
of the contribution of burning crop residues to green-
house gas (GHG) emissions have the highest level of un-
certainty among all the emission categories reported by
the Intergovernmental Panel on Climate Change (IPCC)
(Solazzo et al., 2021). A significant portion of crop resi-
due is burned each year, with detrimental effects on ag-
riculture, the environment, and the general population,
despite its many uses, government subsidies, and public
efforts for responsible utilization (Chen et al., 2019; Shy-
amsundar et al., 2019).

Feeding animals that ruminate with crop residues is
the most common and traditional use of them. Conven-
tional animal feeds like husks, straws, stovers, bagasse,
and other fibrous lignocellulosic materials can be di-
gested more easily with the help of biological treatments
(Mahesh and Mohini, 2013). The research conducted
in Morocco demonstrates that crop residue constitutes
around 25% of cereal production in a typical year with
sufficient rainfall and 75% in a drought, vital for small-
scale farmers who engage in crop cultivation and animal
rearing. The economic significance of crop leftovers
and the potential loss of opportunities from other land
uses discourage farmers from transitioning to high-value
cash crops or utilizing crop residue for soil conservation
(Magnan et al., 2012). Nonetheless, considerable het-
erogeneity due to variations in farmers’ perceptions of
the perceived quality regarding using a particular crop
residue as feed is present, as does an extensive range in
the dietary value of residues from various crops regard-
ing consumption and organic matter digestion (Lopez et
al., 2005; Lamega et al., 2024). These variables deter-
mine the market value of crop residue as feed, as well as
automated farming, the use of contemporary variety in
farming, and the number of ruminant animals in the area
(Erenstein and Thorpe, 2011).
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Disrupting the presence of agricultural residues im-
pacts the circulation of water and nutrients. Ignoring this
can result in unanticipated impacts on other aspects of
crop productivity. Johnson (2019) examined how ad-
dressing a single problem might lead to unforeseen con-
sequences. An excessive crop residue harvest primarily
leads to heightened erosion, causing soil surface crust-
ing, diminished water infiltration, and heightened water
stress. Overall, these effects can decrease the effective-
ness of nutrients and intensify pest problems (Hansen et
al.,2013). The residual harvest significantly impacts crop
development, productivity, and excellence. According to
a study by Satiro et al. (2019), removing straw from sug-
arcane in Brazil leads to a drop in soil carbon but does not
affect crop output.

Improvement methods for crop residues

Based on a grain-to-straw percentage of 1:0.8, the
continent produced 213 million tons of wheat straw in
2019, nearly 35% of the world’s total production (Fa-
ostat, 2019). However, the primary barrier to the wide-
spread use of straw in animal nutrition is its high lignin
content, resulting in low digestibility (Adesogan et al.,
2019). The cell wall structure of plants is extremely
intricate. There are connections between lignin, hemi-
cellulose, and cellulose (Lee et al., 2014). Certain pro-
cesses can break these bonds, increasing the palatability
of both hemicellulose and cellulose for the rumen mi-
crobiota (Weimer, 2022).

Increasing feed intake, digestibility, or both are the
aim of chemical, biological, and physical procedures,
separately or in combination, particularly for rumi-
nants (Kulkarni et al., 2022). Supplemental feeding
has been employed to enhance the diet’s nutritional
content by providing additional nitrogen, calories,
and minerals. Additionally, we have utilized chemical
and physical treatment procedures for the same pur-
pose. The compounds included are sodium hydroxide
(NaOH), calcium hydroxide (Ca(OH),), ammonium
hydroxide (NH,OH), calcium oxide (CaO), urea,
ozone (O,), and sulfur dioxide (SO,). The available in-
formation indicates that NaOH treatment is currently
cost-prohibitive. It is recommended to prioritize am-
monification and consider using urea as a more viable
option, particularly for developing nations (Elseed,
2005; Gabriel et al., 2018). Unlike the current efforts
(Yoswathana et al., 2010) to produce bioethanol from
straw, this does not involve converting cellulose to
sugar before the rumen.

There were numerous attempts at physical and
chemical treatments to boost digestion or enhance pal-
atability and feed quality. But each of these therapies
has drawbacks, and some are not good for the environ-
ment (Silverstein et al., 2007). Due to concerns and
warnings regarding the use of chemicals and the lim-
ited effectiveness and unsuitability of physical meth-
ods for producing large quantities and higher-quality
improved crop residues for animal feed, there has been

a significant shift away from chemical and physical
methods. Breeders now employ biological methods in-
stead to produce superior crop residues (Bocquier and
Gonzalez-Garcia, 2010; Soares et al., 2023). Investi-
gators are currently very interested in the biological
processing of crop residues to enhance the availability
of cellulosic parts, thereby enhancing their digestion
and nutritional value (Zhang et al., 2007; Yu et al.,
2009). Feed residue additives employ microorganisms
such as bacteria or fungi to decompose lignin, pro-
vide sugars that may be easily digested, and enhance
the synthesis of microbial proteins (Asmare, 2020).
Lignin’s physical defense against enzymes hinders lig-
nocellulose transformation. Basidiomycetes fungi can
partially break down the lignin-carbohydrate complex,
enhancing plant material utilization in the rumen by
providing fermentable energy for microbes (Keller et
al., 2003). The methods for treating crop residue are
depicted in Figure 1.

Physical treatment

Chopping

The most popular physical treatment for crop resi-
dues that smallholder farmers employ is chopping.
It is particularly significant for crop residues such as
pearl millet, sorghum, and maize that have thick stems.
Chopping roughages reduces its size and increases the
surface area to mass ratio. This makes it more accessible
to rumen bacteria. Nevertheless, an excessive amount
of grinding can result in accelerated transit, causing a
decrease in retention time and limiting the chances for
effective digestion. The decrease in particles facilitates
animal ingestion by making it easier to grab and chew
and improving palatability (Assefa et al., 2022). Exces-
sive meal ingestion leads to increased pressure and de-
creased retention time in the intestines. It diminishes
the digestibility of paddy straw. The processes of chop-
ping, grinding, and pelleting have advantageous effects
on disintegrating the cellular components of rice straw
(Aquino et al., 2020) and enhancing its palatability.
However, exercising caution and avoiding excessive
food consumption is important. Animals can better di-
gest the food and conserve energy by chaffing fodder
and straws into smaller pieces before feeding them (EI
Ghobashy et al., 2023).

Grinding

Grinding is the process of crushing and sieving res-
idues into tiny sizes of 0.6 to 0.8 mm using grinding
machines. The residue can then be made into pellets
or mixed directly with animal-derived fuels. Assefa et
al. (2022) state that animals consume more than 25%
more crop residue when chopped and ground. Addi-
tionally, these methods have been shown to increase
feed transit rate and feed effectiveness in general. To
increase intake and quality, farmers combine chopped
or sifted straws or stover alongside their haulms of
legumes.
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Figure 1. Techniques treating crop residue

According to Izadbakhsh et al. (2024), utilizing
small fiber sources as pasture alternatives, they found
that the size of the particles does not correlate with ru-
men pH or mastication time. The size of particles has a
favorable effect on the way animals eat and digest NDF,
resulting in longer chewing times, a higher rumen pH,
and an increased acetate-to-propionate ratio (Zhang et
al., 2024). Reducing the size of particles enhances the
ability of microorganisms to access and efficiently fer-
ment them, which may lead to a decrease in methane
generation (Salami et al., 2019). The size of fibrous
substrate particles impacts rumen microbial fermenta-
tion, but it does not alter the fermentation rate. The effi-
ciency of digestion has a direct impact on animals’ feed-
ing habits. There is no substantial difference in methane
generation between the feed and straw presentations.
The degree of fermentation impacts methane produc-
tion (Ortolani et al., 2020).

Chemical treatment

Urea treatment of crop residues

Various chemical treatments were established to en-
hance the cereal crop residues’ feeding values. One such
treatment is urea therapy, which has been used for a long
time in many nations to improve the metabolism of grain

crop residues and the amount of nitrogen CP (Sharma
and Arora, 2015). Because urea treatment is so simple to
utilize and obtain, it is appropriate in numerous develop-
ing countries contexts. The ease of use of the urea treat-
ment processes is the primary advantage for smallholder
farmers. Many places have easy access to urea, and using
it has no detrimental impacts on the health of humans or
animals (Mudzengi et al., 2014).

According to Suharyono et al. (2014), the facilities
and inputs required for the processing of crop residues
include chopped grains, straw and stover, or poor-quality
hay, disposable plates for mixing, fertilizer-grade urea,
molasses (optional), clean water, various types of si-
los, or other containers like bags made of plastic, mate-
rial containers, and sealing materials like airtight plastic
sheets, watering cans, and weighing balance devices.

According to Reshi et al. (2022), farmers in India
frequently feed their livestock with fibrous feeds and
agro-industrial by-products, which causes malnutrition.
Livestock requires fortification and supplemental feed-
ing to reach their full genetic potential. Urea molasses
mineral blocks, also known as multi-nutrient blocks,
are useful for strengthening lower-quality roughages.
These blocks offer an inexpensive and abundant supply
of nutrients for maximum growth, development, repro-
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duction, and health. They contain mineral combinations,
oil cakes, urea, molasses, and bran. They are the go-to
option for feeding livestock in the summer and winter.
Besides, adding urea molasses mineral blocks boosts
dietary intake, digestion, weight gain, and blood indica-
tors of growing Mithun calves. Therefore, adding to the
urea-molasses multi-nutrient block (UMMB) might be
advised to improve Mithun’s growth and overall health,
according to SungChinTial et al. (2023).

NaOH treatment of crop residues

Germany conducted extensive research on the chemi-
cal processing of straw in the 1980s (Flachowsky, 1987).
Global reports on research and implementation exist
(Owen et al., 2012; Adesogan et al., 2019). While some
of these methods were promising, they are impractical
due to EU environmental regulations and how NH, or
NaOH were previously used. For instance, the straw
was primarily cleaned with NaOH, which led to the by-
product of tainted residual water. Gas emissions were
caused by the frequent application of ammonia in a gase-
ous state. NaOH is prescribed as a regulator of acidity
for dogs, cats, and decorative fish (Code 1j524) in the
European Union Register of Feed Additives (EC, 2021).
On the other hand, it can be described as a processing aid
in this particular use (EC, 2003). Conversely, feed-grade
urea can be used on ruminants (EC, 2012).

According to Martens et al. (2022), urea and NaOH
treatments were significantly less effective at 400 g/kg™!
moisture content. Nevertheless, digestibility was not im-
proved by doubling the NaOH concentration. They also
stated that higher temperatures and longer storage times
resulted in higher gas production. Wheat straw digestibil-
ity in vitro after urea or NaOH treatment was increased;
however, storage at 25°C is necessary.

Physicochemical treatment

Climate change is causing a rise in drought, high tem-
peratures, and heavy precipitation in areas with substan-
tial agricultural output, like Central Europe and Central
North America (Lorenz et al., 2019; Zhao et al., 2020).
Due to crop and pasture shortages, this will significantly
reduce the production of food and feed (Hénsel et al.,
2019). The forage shortages Europe experienced in
2018-2020, combined with these forecasts, have prompt-
ed a renewed effort to find alternative forage sources. Be-
cause of their symbiotic relationship with rumen micro-
bial populations, ruminants are adept at using high-fiber
feeds. For this reason, by-products from food production,
grassland, forests, and agricultural land can all be utilized
with some degree of achievement (Koike and Kobayashi,
2009). This is another reason that considering continuing
climate change, ruminants will be crucial to the success
of global land use and agricultural processes in the fu-
ture (Schader et al., 2015). Cereal straws are still widely
available year-round despite the scarcity of forage.

An estimated 321 million tons of straw waste were
produced globally in 2020 from the following crops:

60% of barley, 60% of oats, 86% of rye, 34% of wheat,
and 94% of triticale (Gauder et al., 2011; FAO, 2022).
However, because straws contain up to 17% of their dry
matter (DM) in the form of lignin, they are not well ab-
sorbed by the body (Buranov et al., 2008; Adesogan et
al., 2019). Lignin, a key cell wall component, provides
rigidity, water and nutrient transport, and protection. Its
polymer, composed of phenylpropane units, forms link-
ages to form structures with other polymers, such as cel-
lulose and hemicellulose (Buranov et al., 2008).

Chemicals can be used besides physical and biologi-
cal techniques to break the interpolymer bonds in straw
cell walls, releasing carbohydrates (including hemicel-
luloses) that rumen microorganisms do easily ferment
(Weimer, 2022). The paddy straw undergoes treatment
with 1.5% NaOH for 18-20 hours, followed by rinsing
with tap water. This treatment reduces proteolysis and
speeds up delignification by breaking down phenol-cel-
lulosic bonds (Harun and Geok, 2016). Urea treatment
is a chemical method employed to enhance the protein
content of paddy straw during fermentation. It involves
dissolving urea in water, promoting rumen microbes’
growth, and releasing ammonia. Consequently, the straw
becomes softer and more easily digestible. The recom-
mended ratio is 4 kg of urea per 100 kg of straw (Ma et
al., 2020). Utilization of alkalis, such as NaOH, KOH, Ca
(OH),, or urea, is primarily linked to improved digestibil-
ity (Adesogan et al., 2019) and might enhance the value
of poor-quality feeds. Treatments with NaOH and urea
have been extensively investigated and their effects are
well-established (Adesogan et al., 2019).

According to Bachmann et al. (2022), cereal straws
supplement the diet of ruminants by offering an extra
source of fiber and possibly energy. Straw fiber can be
fermented in the rumen more successfully when treated
with NaOH or feed-grade urea on farms. This releases
fermentable components of the cell walls. When straw
has been treated with NaOH, the quantity used in a to-
tal mixed ration (TMR) cannot reduce feed intake or
digestibility. Crude ash content rises after NaOH treat-
ment, lowering energy density. When straw was exposed
to NaOH, the fiber digestion increased by 10%, whereas
urea treatment reduced metabolizable and digestible en-
ergy concentrations. Phytochemical metabolites may ex-
acerbate metabolic energy losses from treated phenolics.

Biological methods

Roughages have been treated in various ways, but
societal and ecological issues have limited their prac-
tical application. Biological treatment, like utilizing
ligninolytic fungi and the enzymes they produce, may
offer a workable and sustainable way to increase the
nutritional content of roughages. However, for the best
feeding quality, choosing the right white-rot species
and ensuring the ideal incubation environment are es-
sential. In tropical regions, integrating these procedures
with pre-treatments may increase the productivity of
animals and crop residues (Asmare, 2020). Biological
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substances like fungi are a viable treatment option to
remove lignin and increase the dietary value of poor-
quality forages (Sharma and Arora, 2015). Fungi are
effective treatments that eliminate lignin and make
low-quality forages easier to digest (Lankiewicz et al.,
2023). Basidiomycetes fungus can break down lignin
in the cell walls (Cardoso et al., 2022). White rot fungi
can break down and convert plant cell components into
simpler sugars. This process occurs when the fungi col-
onize a suitable substrate and convert easily digested
carbohydrates (Latif et al., 2023). This is referred to as
the fungus’ main metabolism. The fungus completely
consumes these sugars, and then secondary metabolism
begins. This process uses extracellular enzymes such as
laccase, manganese peroxidase, and peroxidase to break
down structural polysaccharides and lignin from sub-
strates (Silva et al., 2021).

The fungi known as basidiomycetes can break down
the lignin found in cell walls (Khattab et al., 2013). Some
of these include white rot fungi, which can break down
and mineralize the different parts of plant cells as they
convert effortlessly; more straightforward sugars are pro-
duced from digestible carbs (Kholif et al., 2014). Despite
the poor quality of nutrition and the large production of
agricultural residues, fungal primary metabolism breaks

Crop Residue

Enhance ‘.‘\

Fermentation, Digestibility, Bioconversion of NH,-N into
microbial protein et gross energy into net energy

O Protozoa

Pre-treated with fibrolytic
enzymes for 12h

U Fibrolytic enzyme

down lignin. It utilizes these sugars, encouraging sec-
ondary metabolism by decomposing outcomes and struc-
tural carbohydrates by extracellular enzymes (Khattab et
al., 2013). Additionally, El-Bordeny et al. (2015) found
that while rice straw that has been biologically handled
marginally (P>0.05) reduced growth performance, it did
not produce adverse impacts on nutrient digestion, nitro-
gen balance, or physiological response when fed to ewe
lambs. Furthermore, the use of biologically handled crop
residues in feeding animals has been linked to positive
responses in terms of body weight gain, balance of nitro-
gen, and use of nutrients (Omer et al., 2012; Shrivastava
etal., 2012).

A wealth of information on research on the successful
biological treatment of crop residues with white rot fun-
gi was given (Asmare, 2020). The biological treatment
could release cellulose from the lignocellulose structure,
enhance nutrition value, increase nutrition and digestion,
and boost animal output. According to earlier research,
applying white rot treatment to various crop residues
caused notable alterations in the amounts of lignin, ADF,
and NDF, with values ranging from less than 10% to
more than 70% (Adesogan et al., 2019; Asmare, 2020).
Crop residue can produce microbial protein, as shown in
Figure 2.

Fiber

[Simple suga;

Feedstuff
livestock

Figure 2. The various phases involved in utilizing crop residues until microbial protein is obtained
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Bacterial additions

Among the main direct-fed microbial (DFM) types
are bacterial feeding additives. The DFM strains of bac-
teria can be categorized as other microorganism species,
either generating or using lactic acid. Along with other
unique bacterial species like Megasphaera elsdenii and
Prevotella bryantii, common microorganisms employed
by ruminants comprise Bacillus, Enterococcus, Strepto-
coccus, Bifidobacterium, Propionibacterium, and Lac-
tobacillus (Liu et al., 2015). Potentially, bacterial DFM
improves feed efficiency, weight gain, and rumen condi-
tions. Feeding Baladi goats with commercially available
feed additive products containing ZADO® and ZAD®
enzymatic compounds (multi-enzyme feed additives)
improved the digestibility of nutrients, rumen fermenta-
tion parameters, milk structure, and fat content without
changing blood chemistry, according to Khattab et al.
(2011).

Additionally, Valdes et al. (2015), feeding concen-
trates and maize silage to Suffolk lambs and adding ex-
ternal enzymes and Salix babylonica extract increased the
lambs’ live weight, the synthesis of microbial proteins,
and the digestibility of DM and OM. Millions of agri-
cultural by-products are produced with low nutritional
values, according to Abdel-Aziz et al. (2015). As a result,
several techniques were created to increase their use in
ruminant nutrition. Common methods include biological
therapies, direct-fed microbial and exogenous enzymes,
and lowering the amount of crude fiber content.

According to Verardi et al. (2023), crop residue may
be a useful source of compounds with high added value,
such as enzymes, antioxidants, biosurfactants, antibiot-
ics, and bio-alcohols, if they are successfully processed
via lignocellulosic biorefinery using a variety of tech-
nologies and biomass processing strategies. Additionally,
Olagunju et al. (2023) demonstrated that P ostreatus
increased the energetic values, CP, corn stover’s overall
volatile fatty acid levels, and microbial mass, thereby im-
proving its nutritional value. Also, of the edible white rot
fungi, the Pleurotus species has demonstrated superior
efficiency when reusing waste from agriculture and pro-
ducing bioactive with therapeutic qualities (Nurfitri et al.,
2021; Melanouri et al., 2022).

A DFM bacterial supplement is given to ruminants to
enhance feed efficiency and weight gain. Reduced fiber
content and biological therapies may be utilized to use
agricultural by-products for ruminant nutrition. P. ostrea-
tus can enhance nutritional value, and crop residue may
constitute a valuable source of medicinal compounds.

External enzymes

As stated by Abdel-Aziz et al. (2015), lignocelluloses
must undergo biological treatments for their degradation
into cellulose, hemicellulose, and lignin to raise the CP
content. An enzyme treatment guarantees the enhance-
ment of roughages and forages of lower quality. To
improve the digestibility of lignocellulosic materials,
attempts have been made to break down lignin using mi-

crobial and enzymatic methods. Since they strip the hay
of important nutrients that an animal can process, organ-
isms that break down cellulose and hemicelluloses are
useless (Kholif, 2013). Enzymes produced by the animal
or by bacteria in the gastrointestinal tract are used by ani-
mals to aid in the digestion of feed. As a result, adding
enzymes to animal feed to improve digestion efficiency
can be considered a continuation of the animal’s natural
digestive procedure (Alsersy et al., 2015; Salem et al.,
2015). Crop residue digestion is increased using enzymes
by attacking their lignocellulose structure, as Gado et al.
(2013) demonstrated.

Kumar et al. (2023 a) reported that exogenous fi-
brinolytic enzyme supplements (cellulase 8000 and xyla-
nase 16,000 [U/kg diet DM) improved the weaned Black
Bengal children’s growth performance and nutrient in-
take. Enzymes enhance animal performance in milk pro-
duction, live weight gain, feed efficacy, and immunity. It
has a positive relationship with palatable qualities, feed
intake, rumen microbial N synthesis, and digestibility
(Salem et al., 2015). According to Khattab et al. (2011),
enzymatic treatments enhanced milk yield, composition,
and nutrient digestibility (P<0.05) in Baladi goat diets.

Additionally, Seresinhe et al. (2023) reported that
goat diets supplemented with exogenous cellulase and
xylanase exhibited advantages due to elevated levels of
ADG, DM intake, and NDF digestibility. Also, Tang et al.
(2023) indicated that the exogenous cellulase enhanced
total VFA production, fiber digestibility from neutral de-
tergents, and forage digestibility. According to Abid et
al. (2023), pre-treatment of sesame seed coat with lig-
uid exogenous fibrinolytic enzymes enhanced its dictary
value and rumen fermentation traits. This suggests that
the eco-friendly bioprocess could transform sesame seed
coats into high-energy feeds. Compared to hay and rape-
seed meal, Uwineza et al. (2023) discovered that fungal
biomass, a form of hay clover silage, has a higher ru-
minal digestibility. With readily rumen degradable car-
bohydrates and crude protein, its greater digestion, gas
production rate, and volatile fatty acid generation suggest
that it has potential as a supplement to ruminant diets.
Enzyme treatment enhances CP, aiding feed and crop
residue digestion by breaking down lignin in animals and
bacteria.

Organic acids

Organic acids, natural by-products of microbial
fermentation and plants, have been used as food pre-
servatives for thousands of years, making them a natu-
ral choice in the industry and considered acceptable
to optimize animal production (Pavlovi¢ et al., 2016).
Organic acids are substitutes for antibiotics because of
their demonstrated ability to eradicate harmful micro-
organisms from the gastrointestinal tract, increase farm
animal yields, and maintain animal health (Gul et al.,
2017). According to Palangi and Macit (2021), organic
acids have an advantageous impact on ruminant nutrition
and can potentially decrease ruminal methane production
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and avoid feed-waste energy. Palangi et al. (2023) found
that adding organic acids to ruminal fermentation can in-
crease lactation values, metabolizable energy, and the di-
gestibility of organic matter without hurting the process.
Mixing organic acids can improve microbial protein syn-
thesis by producing more gas. Additional in vivo research
is required to validate these advantages.

According to Pourbayramian et al. (2021), ideal
conditions to produce VFAs and CP content have been
achieved utilizing a straightforward fermentation method
established to extract value from rumen fluid and potato
waste. With a 17.95% CP content and 92 mM/L total
VFAs, the process is appropriate for use as an additive in
animal feed. Additionally, according to Seifdavati et al.
(2021), probiotic-infused pumpkin by-product silage has
a higher chance of success as animal feed than organic
acids. According to de Oliveira et al. (2017), nutritional
supplements are added to try to improve the nutrition
profile of silage, prevent preservation harm, reduce the
fermentation process loss, and extend the silage bunk’s
shelf life. Furthermore, according to Ren et al. (2018),
acetic acid is the only compound shown to be responsi-
ble for enhancing aerobic stability. Because acetic acid
inhibits spoilage organisms and effectively lowers the pH
of silage, equilibrium improves substantially with acetic
acid concentration.

Also, Hou et al. (2023) observed an increase in al-
cohols and acids and a decrease in main terpenes in
their study of the biotransformation of volatile organic
compounds in marigold mixed silage. According to
Sun et al. (2023), probiotics, organic acids, or plant
secondary metabolites can be added as dietary supple-
ments to help reduce CH, emissions. Although organic
acids present a promising alternative to antibiotics by
improving farm animal yields, health, nutrition, and
protein synthesis, more in vivo research is required.
Table 2 presents the results of using different treat-
ments on crop residue and how those treatments af-
fected the ruminants.

Factors affecting the quality and quantity of crop
residue

A wide variety of biophysical and economic status
limitations are related to the difficulties of enhancing
feed quantity and quality. The primary and prevalent
concerns in numerous countries pertain to the exhaus-
tion of the feed production resources foundation, which
can be caused by excessive grazing and inadequate land
management. The inherent substandard quality of preva-
lent feed resources such as crop residues and natural pas-
ture can also contribute to this issue (Shiferaw, 2011). In
low- and middle-income nations, natural grassland and
poor-quality crop residues are the main sources of feed;
in Ethiopia, for example, they comprise 95% of the feed
biomass (Ethiopia, 2018).

The crop’s genetic profile, growing circumstances,
and procedures for harvesting, shredding, and storing
all impact residue quality and yield, according to Kumar

et al. (2023 b). Additionally, according to Jergensen et
al. (2022), increasing the digestibility of the portion of
the cell walls and the amount of soluble nutrients in the
residue (cell content) will be essential for enhancing its
quality. As stated by Young et al. (2021), the quantity and
quality of crop residues are largely determined by factors
other than genetics. Therefore, it is critical to recognize
and comprehend the ideal crop management variables
that can enhance crop residue quality and yield.

According to Kebede et al. (2016), legume usage in
mixed crop-livestock agriculture boosts agricultural pro-
ductivity by fixing nitrogen, producing high-quality feed,
and enhancing soil fertility. Different integration strate-
gies are used depending on the soil type, forage crops,
amount of rainfall, and social and economic aspects. The
factors influencing the quantity and quality of crop resi-
due are depicted in Figure 3.

Reddy et al. (2003) found optimal seed rate and
growth conditions for optimal fodder yields and en-
hanced crop residue quality due to severe drought despite
impacting yields. Grzyb et al. (2020) reported that local
organic plant-based materials are becoming increasingly
accepted globally to restore degraded soils’ fertility and
production potential. The environment impacts this pro-
cess, including temperature, amount of water, chemical
composition, and the presence of microbiomes.

Treating the problem of feed deficiency in dry ar-
eas and its impact on production

Production, efficiency, health, welfare, income,
household safety, utilization of land, water pollution, and
livestock’s greenhouse gas emissions are all greatly im-
pacted by animal feed, which directly or indirectly af-
fects the entire livestock industry (Godde et al., 2021).
According to Pefuelas et al. (2017), climate change
could reduce the fertilizing impacts of eCO,, especially
in the face of severe droughts, but it may still influence
livestock feed. Additionally, plant primary productivity
is stimulated by eCO, levels (Ainsworth et al., 2020),
which raises some species’ potential yields. Greater
growth stimulation is experienced by plants with a C,
photosynthetic pathway, which includes wheat, rice,
soybeans, and temperate grasses, than by C, plants, like
maize, sorghum, sugarcane, and tropical grasses. How-
ever, the effects of CO, fertilization can also lower the
quality of animal feed (Augustine et al., 2018; Smith and
Myers, 2018).

In grazing systems, increased feed supply volatility
poses a significant challenge to managing herd size and
grazing intensity (Sloat et al., 2018; Godde et al., 2020).
According to Makkar et al. (2018), crop residue is essen-
tial for feeding animals, especially in dry areas; however,
its high fiber content and poor quality cause malnutrition,
lower productivity, and heightened susceptibility to dis-
case. Seasonal feed shortages, inefficient use, inadequate
conservation techniques, and ignorance of proper feed
and feeding procedures all have an impact on livestock
productivity (Gelayenew et al., 2016). Farmers often
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neglect hay conservation practices during cropping sea-
son despite the potential benefits of labor-saving tech-
nologies. This could increase fodder conservation and
improve livestock production, as seen with cereal straw
stacking (Ahamed et al., 2023).

Improved farming techniques, biodiversity preser-
vation, and pasture rehabilitation are a few strategies
that can improve feed resources. Inadequate roughage
can also benefit from chemical and physical treatments
that increase nutrient availability. Comprehensive data
on profitable livestock farming in Ethiopia can be found
in Makkar et al. (2018). Ethiopia’s arid and semi-arid
zones rely on naturally available forages for dry sea-
sons, supplemented with crop residues and conserved
hay. In contrast, rainy seasons offer high pasture avail-
ability and satisfactory livestock productivity (Keba et
al., 2013). Therefore, farmers should be aware of the
importance of crop residue and trained on roads that
increase the biological value of these residues to be
well used in animal feeding. According to Bayissa et
al. (2022), in both agroecological zones, native fod-
der trees and shrubs have an increased protein content
compared to naturally occurring grass species and crop
residues. These trees and shrubs are good additional
protein sources, particularly in arid seasons. Never-
theless, the low CP content of crop residues leads to
low animal productivity. Increasing forage output and
treating it with urea could improve livestock produc-
tivity and promote sustainable development. According
to Mengistu et al. (2017), one of the biggest obstacles

to farming in developing nations is the lack and erratic
quality of year-round feed supplies. In developing na-
tions, browse fodders are helpful sources of inexpen-
sive feed for ruminant animals, particularly in the dry
seasons when legumes and herbaceous pasture grasses
are in short supply (Olafadehan and Okunade, 2018).
They are possible sources of protein and energy because
of their foliage’s capacity to stay green and retain its
protein content (Olafadehan, 2013).

Conclusions

In Asian, African, and Arabian countries, the produc-
tion of agricultural residues — which can boost crop and
animal productivity — is primarily burned, creating health
hazards and air pollution. Nutritional supplements aim
to raise animal protein, lower expenses, and increase
feed efficiency. However, the antibiotic prohibition has
prompted people to look for substitutes, such as biologi-
cally treated feed and natural feed additives. Technologi-
cal developments are necessary for the efficient manage-
ment of crop residue. This study will remain a major
challenge for both those interested in feeding ruminants
to achieve the maximum benefit from crop residue due
to climatic changes that affect the productivity of fod-
der crops as well as those interested in the environment
through the optimal exploitation of the remains of crops
and the limit of depleting this energy in damage to the
environment. Therefore, this topic needs many studies,
especially on maximizing the role of biological transac-
tions to benefit crop residues.

} }
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Figure 3. The variables impacting the quantity and quality of crop residu
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