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Abstract: The present study aimed to evaluate the use of biochar as a feed additive on nutrient utilization and live-
stock performance by employing a meta-analysis method. Various in vitro and in vivo studies regarding the effects 
of biochar on rumen fermentation, nutrient disappearance, total gas, methane production, microbial population, 
feed intake, growth performance, blood constituents, nutrient digestibility and nitrogen retention were tabulated 
in a database. Data were analysed using the mixed model method in which the different studies were considered 
as random effects while the biochar addition was treated as a fixed effect. The addition of biochar reduced methane 
production (quadratic pattern; P < 0.05), but increased the total gas production (P < 0.001). Addition of biochar 
decreased (quadratic pattern; P < 0.05) volatile fatty acids and acetic acid in the in vitro rumen fermentation 
data. In the in vivo data, a reduction in feed conversion ratio (quadratic pattern; P < 0.05), as well as a reduction 
(P < 0.05) in the feed intake parameters of dry matter, organic matter, crude protein, and neutral detergent fibre 
were observed with biochar addition. Ammonia production and propionic acid tended to increase linearly (P < 0.05) 
with the biochar supplementation. The biochar supplementation increased (P < 0.05) the nutrient digestibility 
(dry matter, organic matter, crude protein, neutral detergent fibre) and nitrogen retention. In conclusion, biochar 
supplementation of ruminant diet modulates rumen fermentation by increasing propionic acid but decreasing 
methane emissions, and enhances livestock performance by increasing nutrient digestibility, growth performance 
as well as nitrogen retention. 
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The demand for animal protein-based products is 
increasing along with the increasing number of the 
human population. In general, animal products 
contribute about a third of the human protein con-
sumption, where ruminant-based products sup-
ply high protein products. An increase in supply 
and demand for food requires important changes 
to ensure food security. A nutrition sustainabil-
ity strategy is needed to increase livestock per-
formance efficiently so that it does not interfere 
with health and welfare or have to rely on the use 
of antibiotics, is beneficial to business sectors, and 
does not have a negative impact on the environ-
ment. Increasing the efficiency of feed for live-
stock production is a very important agricultural 
topic (Flachowsky et al. 2013), because 70% of the 
cost of livestock production input is used for feed 
(McGrath et al. 2018). Previously, antibiotics were 
widely used as feed additives since the compounds 
can increase the weight, growth, and performance 
of livestock (NRC 1999). However, if used con-
tinuously, antibiotics may cause resistance to mi-
crobes and have residues for livestock and humans 
(Marshall and Levy 2011), and these have led to the 
ban of their use as growth promoters. Due to the 
prohibition of using antibiotics, farmers have tried 
several alternatives, including active ingredients 
from plants (phytogenic), organic acids, probiotics, 
prebiotics, and zeolites to improve the health and 
performance of livestock (Papatsiros et al. 2013). 
More recently, plant extracts and plant bioactive 
compounds have gained attention to replace anti-
biotics since they are natural and considered to be 
safe for animals and environment. Furthermore, 
these natural compounds have been shown to miti-
gate enteric methane emissions from ruminants, 
i.e., essential oils (Calsamiglia et al. 2007), saponins 
(Holtshausen et al. 2009), and tannins (Jayanegara 
et al. 2015).

Another promising material as an alternative 
to antibiotics is biochar. Biochar is a carbonized 
material from the pyrolysis of biomass. This mate-
rial is porous and has a large surface area, which 
allows it to absorb gases and carbon, binds to tox-
ins, and provides a biofilm habitat for microbiota 
to proliferate (Hansen et al. 2012). Biochar may 
be used as a treatment of animal poisoning as well 
as for eliminating toxins (Naka et al. 2001). Biochar 
also holds electron-mediating properties in bio-
logical redox reactions (Yu et al. 2015) and provides 
benefits in the form of feed efficiency in ruminants 

and a reduction in greenhouse gas emissions (Leng 
et al. 2012a; Schmidt et al. 2019). 

Although there have been a number of experi-
ments investigating the effects of biochar on ru-
minant livestock both in vitro and in vivo, there 
has been no study to date that attempted to quanti-
tatively summarize the results obtained. Therefore, 
the purpose of this study was to evaluate the use 
of biochar as a feed additive in relation to nutrient 
utilization and livestock performance by integrat-
ing data from various studies and to analyse them 
by using a meta-analysis method. 

MATERIAL AND METHODS

Development of the database

A database was developed based on data from 
various published articles that reported the sup-
plementation effects of biochar on nutrient utili-
zation and ruminant livestock performance, both 
from in vitro and in vivo experiments. The articles 
were searched using a number of electronic data-
bases such as Scopus, Science Direct and Google 
Scholar with the following keywords: “activated 
carbon”, “biochar”, “charcoal”, “rumen”, “methane”, 
“growth performance”, “feed intake”, “nutrient di-
gestibility”, “blood constituents” and/or “nitrogen 
retention”. Initially, a total of 51 articles were re-
trieved that comprised 20 in vitro and 31 in vivo 
papers. After further screening, 15 literature 
sources were excluded since they either were a re-
view paper or did not report any additional levels 
of biochar. The final database consisted of 128 and 
105 data points for the in vitro and in vivo experi-
ments, respectively. The literature sources used 
in the database are presented in Table 1 for the 
in vitro experiments and Table 2 for the in vivo 
experiments. 

The parameters included in this database were 
rumen fermentation products [pH, ammonia, total 
volatile fatty acids (VFA), acetic acid (C2), pro-
pionic acid (C3), n-butyric acid (C4), iso-butyric 
acid (iso-C4), n-valeric acid (C5), iso-valeric acid 
(iso-C5), the ratio of non-glucogenic to glucogenic 
acid, ratio of C2 to C3, iso-volatile fatty acid]; nu-
trient disappearances (dry matter, crude protein, 
neutral detergent fibre, acid detergent fibre); total 
gas and methane productions; protozoa popula-
tion; growth performance (initial body weight, 
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RESULTS

Addition of biochar in vitro study

The effects of biochar doses on in vitro rumen 
fermentation, nutrient disappearance, total gas, 
methane production, and protozoa number are 
shown in Table 3. Biochar supplementation in-
creased total gas production in a  linear pattern 
(P < 0.001) but it reduced methane production 
in a quadratic pattern (P < 0.05). The supplemen-
tation of  biochar did not affect pH, ammonia, 
n-valeric acid, and the  ratio of non-glucogenic 
to glucogenic acid. The biochar supplementation 
decreased the total VFA by following a quadratic 
pattern (P < 0.05). Supplementation of biochar de-
creased the acetic acid (C2) with a quadratic pat-
tern (P < 0.01), and simultaneously it increased 
the propionic acid (C3) by following a quadratic 
pattern as well (P < 0.01). Biochar supplementation 
tended to decrease n-butyric acid (C4) production 
(P < 0.1). Supplementation of biochar decreased 
the  iso-volatile fatty acid with a quadratic pat-
tern (P < 0.01). Not all nutrient disappearances 
were affected by biochar supplementation, except 
that the biochar increased that of NDF quadrati-
cally (P < 0.01). Total protozoa were not affected 
by biochar supplementation. 

Addition of biochar in vivo study 

The effects of biochar doses on growth perfor-
mance, feed intake, rumen fermentation, blood 
constituents, nutrient digestibility and nitrogen uti-
lization are shown in Table 4. Growth performance 
parameters were not generally influenced by bio-
char supplementation, but biochar reduced the feed 
conversion ratio by following a quadratic pattern 
(P < 0.05). Biochar supplementation linearly de-
creased the daily nutrient intake (dry matter, or-
ganic matter, crude protein, and NDF) (P < 0.05) 
but it did not cause any effects on total VFA con-
centration and blood-related parameters. Rumen 
fermentation products, i.e. ammonia, propionic 
acid, n-valeric acid linearly increased (P < 0.05) 
while the ratio of non-glucogenic to glucogenic 
acid decreased linearly (P < 0.05) by  increasing 
the dose of biochar. The biochar supplementation 
did not decrease methane emissions in ruminants. 
Nutrient digestibility (dry matter, organic matter, 

metabolizable energy, final body weight, average 
daily gain, average daily intake, feed conversion 
ratio); feed intake (dry matter, ash, organic mat-
ter, crude protein, neutral detergent fibre, acid 
detergent fibre, hemicellulose); blood constituents 
(packed cell volume, glutamic pyruvic transami-
nase, red blood cell, white blood cell, eosinophil, 
neutrophil, lymphocyte, monocyte); nitrogen 
utilization (nitrogen in faeces, nitrogen in urine, 
digested nitrogen, nitrogen retention, nitrogen 
retention to digested nitrogen ratio, faecal and 
urinary nitrogen ratio). Data for identical varia-
bles are translated to the same measurement units 
in the process of tabulating data into the database, 
which allowed further analysis.

Data analysis

The database was further processed in a statisti-
cal meta-analysis based on a mixed model meth-
odology (St-Pierre 2001; Sauvant et  al. 2008). 
Different experiments were grouped as random 
effects and the fixed effects were the dosage or 
different types of biochar. The following statistical 
model was used:

Yij = B0 + B1Xij + B2Xij
2 + si + biXij + eij 	  (1)

where:
Yij 	  – dependent variable;
B0 	  – overall intercept across all studies (fixed effect);
B1 	  – linear regression coefficient of  Y on X (fixed 

effect);
B2 	  – quadratic regression coefficient of Y on X (fixed 

effect);
Xij 	  – value of the continuous predictor variable;
si 	  – random effect of study i;
bi 	  – random effect of study i on the regression coef-

ficient of Y on X in study i;
eij 	  – unexplained residual error.

When the respective quadratic regression model 
was not significant at P < 0.05, the correspond-
ing linear regression mixed model was applied. 
Variable study was declared in the class statement 
since it does not contain any quantitative informa-
tion. Model statistics used were P-value and Akaike 
information criteria (AIC). All statistical analyses 
were carried out using the R software v3.60 (https://
www.R-project.org/). 
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crude protein, NDF) and nitrogen retention in-
creased by following quadratic patterns (P < 0.01), 
whereas the ratio of nitrogen retention to digested 
nitrogen linearly increased (P < 0.05) due to bio-
char supplementation. 

DISCUSSION

Influence of biochar on rumen fermentation

Biochar supplementation increased total gas pro-
duction in vitro. Biochar has been known as a good 
adsorption material because of its relationship with 
various types of molecules. An increase in gas pro-
duction may indicate a stimulatory effect of bio-
char on rumen microbial activity and fermentation. 
Gas production during the fermentation process is 
an evaluation of the fibre digestion kinetics in vitro 
(Menke et al. 1979; Menke and Steingass 1988). On 
the other hand, biochar supplementation decreased 
in vitro methane production. Methane produced 
during fermentation causes a significant loss of en-
ergy for animals (from 2% to 12% of total energy 
intake) (Tapio et al. 2017). Biochar in the feed may 
act as an electron acceptor and reduce methane 
production in the rumen (Leng et al. 2012a, b). This 
porous biochar structure absorbs methane in the 
rumen. Pores are a habitat  for several bacterial 
communities including methanogens and methano-
trophs (Leng et al. 2012b). Methanogenic bacteria 
are bacteria that produce methane, while methano-
trophic bacteria are bacteria that utilize methane. 
Mitsumori et al. (2014) reported that the existence 
of methanotrophic bacteria such as Proteobacteria 
in the rumen can utilize methane so that methane 
production is lower with the addition of biochar. 
There are several reasons that may explain the re-
duction of methane caused by biochar. Biochar 
supplementation reduces methane apparently due 
to the physical effect of biochar, which has multiple 
and uniform pores. Biochar has been used as a food 
additive in order to build new microbial habitats 
and can change biofilm activity in the rumen (Leng 
2014). These pores function to absorb gases in the 
rumen, including methane. Simultaneously, there 
are methanotrophs around the rumen as methane 
users, which causes the methanogen population and 
methane gas production to decrease (Saenab et al. 
2018). The ability of biochar to absorb methane and 
other gases produced in the rumen may be affected Pa
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by the pore size. It was revealed that the addition 
of smaller-sized, powdered biochar had a greater 
reduction rate compared to larger granular biochar 
(Zhou et al. 2017). Besides, the decrease in methane 
could be related to the presence of secondary com-
pounds in biochar such as phenolic compounds. 
It was reported that phenolic compounds could 
inhibit the growth of methanogens and some other 
bacteria, thereby reducing methane production 
(Jayanegara et al. 2015). In the pyrolysis process 
in the manufacture of biochar, lignin and cellu-
lose will indeed be degraded but not completely so 
that there are still remaining phenolic compounds. 
What is lost are usually water-soluble phenolics 
(phenolic compounds that dissolve in water/po-
lar solvents). In addition, it was shown by FTIR 
analysis that organic functional groups were still 
present in the biochar. These groups can also in-
dicate the presence of phenolic compounds in the 
biochar which are still bound (Mierzwa-Hersztek 
et al. 2019).

The decrease in methane emissions may also 
be caused by the biochar pH. Alkaline pH acti-
vated charcoal (8.2–10.2) did not affect the  in 
vitro production of methane (Hansen et al. 2012; 
Pereira et al. 2014), but acidic pH activated char-
coal (4.8) caused a decline in methane (Saleem 
et al. 2018). The reduction of methane by biochar 
indicated that biochar supplementation could in-
crease the efficiency of energy use in ruminants 
since methane production in the rumen fermen-
tation caused lower energy utilization. According 
to Mukome et al. (2013), pyrolysis method and 
temperature are the  key factors that  influence 
the physical and chemical properties of biochar. 
However, the characteristics of biochar raw ma-
terials are easier to understand, for example, ash 
content is higher in biochar from wood compared 
to biochar from non-wood material. Meanwhile, on 
biochar from wood, its surface area correlates with 
the pyrolysis temperature; if the pyrolysis tempera-
ture is low, then the surface area is small. All bio-
char has common characteristics such as high pH 
(6.8–10.9) and a high C to N ratio (> 20). The rela-
tive proportion of the biochar component deter-
mines the overall chemical, physical, and biochar 
function (Brown 2009), which influences the ap-
plication process, transportation, and impact on 
the environment (Downie et al. 2009). 

Ammonia is the main nitrogen source for mi-
crobial protein synthesis in the rumen and the end 

product of dietary protein degradation by rumen 
microbes (Pisulewski et al. 1981). In the rumen, 
dietary proteins can be hydrolyzed and deami-
nated to form free peptides and ammonia by ru-
men microorganisms (Reynal et al. 2007). The high 
concentration of ammonia increases microbial 
protein synthesis in the rumen system because 
ammonia is a major precursor in microbial cell 
formation. There was no effect between biochar 
supplementation and ammonia concentration 
in vitro, which means that biochar did not in-
hibit protein degradation by proteolytic bacteria 
in the rumen. The pores in biochar may absorb 
ammonia that is produced in the rumen, but later 
on, the ammonia is then released slowly (Leng 
et al. 2012b). Different biochar sources can pro-
vide different responses to rumen fermentation 
due to differences in the structure and composi-
tion of the basic ingredients and the effectiveness 
of biochar. Digestion and metabolism of dietary 
protein can be inhibited by biochar so that free 
ammonia concentration will be reduced. The un-
predicted NH3 concentration after 24-hour in-
cubation showed a decrease after the addition 
of biochar. Because in vitro incubation is a closed 
system, so there are two possible reasons. First, 
differences in NH3 concentrations can be caused 
by a reduction in proteolysis and deamination 
of nitrogen constituents from the substrate, in-
creased incorporation of  NH3 into microbial 
proteins, or even a combination of these two pro-
cesses. The difference in energy supply for micro-
bial growth (gas production or VFA) is small, so 
a reduction in proteolysis or deamination more 
likely seems to occur, but because there is no 
direct measurement, then it is speculative. The 
ability of biochar to adsorb NH3 is inversely pro-
portional to the temperature at which biochar is 
produced (an increase in pyrolysis temperature 
can reduce cation exchange capacity). The ability 
to absorb ammonia is also influenced by biomass 
source (Cabeza et al. 2018). 

Biochar supplementation enhanced the  mo-
lar proportion of propionic acid in  the rumen. 
Propionate is the  final fermentation product 
for different bacterial species, including the family 
Propionibacteriaceae (Chen et al. 2020). Hydrogen 
gas is produced by the acetic acid and butyric acid 
formation. On the other hand, propionate synthe-
sis requires hydrogen. Supplementation of biochar 
can suppress methane production since the hy-
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drogen produced from the fermentation of car-
bohydrates is converted into propionate or used 
to hydrogenate unsaturated fatty acids or reduce 
nitrates. Propionic acid is the  primary source 
of glucose for livestock for gluconeogenesis while 
acetic acid and butyric acid play a role in long-
chain fatty acid synthesis (Morvay et al. 2011). 
The products from the degradation of branched-
chained amino acids in the rumen fermentation are 
isobutyrate and isovalerate. Biochar increased is-
ovalerate suggests that certain protein degradation 
of branched-chain amino acids could be induced. 
However, the stimulation may occur partially, and 
the degradation of amino acids to ammonia was not 
impaired because the  production of  ammonia 
in the rumen was not increased. It was reported 
that most ruminal cellulolytic microorganisms 
such as Ruminococcus albus, Ruminococcus flave-
faciens, Fibrobacter succinogenes, and Butyrivibio 
fibrisolvens require branched-chain volatile fatty 
acids for their growth (Shi et al. 1997). Ruminal 
microorganisms use these branched-chain volatile 
fatty acids (isobutyric, isovaleric and 2-methylbu-
tyric acid) to synthesize branched-chain amino ac-
ids, i.e., valine, leucine, and isoleucine (Zhang et al. 
2013). Therefore the addition of biochar would be 
beneficial for the growth of some cellulolytic bacte-
ria in the rumen and, hence, it improves the digest-
ibility of NDF. The increased disappearance of NDF 
suggests that biochar can contribute to the growth 
of a more efficient ruminal microbial population 
(Saleem et al. 2018). The addition of biochar to ru-
men fermentation products (in vitro study) had 
a positive effect with a maximal dose of 39.6 g/kg  
substrate. 

Influence of biochar on livestock 
performance and nutrient utilization 

The present meta-analysis  summarized 
that adding biochar decreases nutrient intake, 
apparently due to the bitter taste of the material. 
This could be attributed to the role of biochar 
supplementation: it had an influence on the di-
gestibility of dry matter, organic matter, crude 
protein, neutral detergent fibre, nitrogen reten-
tion, and nitrogen retention to digested nitrogen 
ratio at a certain maximum point, then the effect 
will decrease. The high yield of dry matter digest-
ibility is thought to be due to the high availability 

of N and carbon framework in the feed which 
can optimize microbial growth so that more feed 
is degraded. Biochar raw material and particle 
size are important factors to determine the ef-
fectiveness of biochar as a feed additive to changes 
in feed digestibility. Leng (2014) stated that bio-
chars can enhance some rumen microbial pop-
ulations by offering strong areas of the surface 
where microorganisms can effectively move and 
enhance the efficiency of the production of ATP, 
increasing the digestibility of feed and digestion 
efficiency. A positive effect of biochar addition 
was found on N retention, no effect of biochar 
on nitrogen digestibility was observed. The reten-
tion of N in the ruminant is determined by the 
amount of energy supply and N in the network. 
The amount of energy supply for ruminants comes 
from the production of VFA in the rumen, while 
the N supply comes from the flow of rumen mi-
crobial N and the ruminal bypass feed protein 
(Storm and Orskov 1983). Biochar addition can af-
fect and alter the bioavailability of N and other nu-
trients (Taghizadeh-Toosi et al. 2012). N retention 
and N retention to digested nitrogen ratio were 
both improved by supplementation of biochar. 
Presumably the increase of protein digestibility 
with addition of biochar, required by microor-
ganisms for efficient rumen digestion, increases 
feed efficiency. Degradation of ruminal protein 
is affected by pH of the rumen and predominant 
microbial population in the rumen. 

There was no influence on average daily gain but 
biochar increased feed efficiency. Although the ad-
dition of biochar can improve feed efficiency, it 
is necessary to consider the palatability of  feed 
containing a high level of biochar in  in vivo ex-
periments. The use of biochar to improve livestock 
performance in pigs has been carried out since 
the 1880s and in poultry since the 1940s (Totusek 
and Beeson 1953). The use of biochar as a food 
additive has not been reported to cause any nega-
tive effects (Kammann et al. 2017). Biochar is able 
to increase good bacteria in the digestive tract, 
thereby increasing feed efficiency. Van et al. (2006) 
attributed the increases in digestibility to the ability 
of charcoal to adsorb contaminants and tannins, 
prevent them from accessing the intestines and 
hinder the excretion of enzymes, resulting in bet-
ter digestion. Naka et al. (2001) stated that  the 
use of biochar increased the adsorption capac-
ity of harmful bacteria in the livestock digestive 
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tract. In addition, it increased the ratio of benefi-
cial bacteria to harmful bacteria. In other words, 
the transport of biochar as a matrix of beneficial 
bacteria significantly increased the intestinal flora 
in the digestive tract. Biochar supplementation 
quadratically improved (P < 0.050) FCR. The addi-
tion of biochar to decrease FCR (in vivo study) had 
a positive effect with a maximal dose of 8.71 g/kg  
substrate. Improvement in nutrient digestibility 
caused by biochar addition to the diet would in-
crease nutrient retention and FCR. The biochar 
surface contributes to an increase in the popula-
tion of methanotrophic relatives for methanogenic 
microbes, so as to reduce methane production lead-
ing to improved feed efficiency (Leng et al. 2012a, 
b). Increased efficiency leads to an increase in the 
propionate to acetate ratio.

CONCLUSION

This meta-analysis study found a consistent effect 
of biochar addition between in vitro and in vivo ex-
periments by increasing propionic acid production 
in the rumen and NDF digestibility. The addition 
of biochar to rumen fermentation products (in vitro 
study) and a decrease in FCR (in vivo study) had 
a positive effect with a maximal dose of 39.6 g/kg 
substrate and 8.71 g/kg substrate. The use of biochar 
as a feed additive has the potential to improve animal 
health, feed efficiency, and livestock productivity, re-
duce nutrient loss, and greenhouse gases. The most 
important finding is that there was no significant 
negative effect on animal health in the publications 
reviewed. It cannot be denied that, although there 
are many scientific publications, further research is 
needed to uncover the mechanisms observed and 
to optimize biochar-based feed products.
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