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Introduction


Enteric methane (CH4) emissions from ruminant livestock production systems pose a significant challenge to efforts to mitigate global climate change. The novel feed additive 3-nitrooxypropanol (3-NOP) has the capacity to inhibit rumen methanogenesis and significantly reduce the volume of enteric CH4 emissions produced by livestock systems. However, heterogeneity in CH4 mitigation from 3-NOP supplementation prevents livestock producers from determining the actual impact of supplementation on CH4 emissions. This meta-analysis aimed to understand the variables responsible for the heterogeneity in CH4 mitigation from 3-NOP supplementation in confinement-fed beef and dairy cattle.







Methods


Using 30 in vivo studies (83 treatments) that continuously supplemented 3-NOP at a range of doses from 40mg to 338mg dose (mg 3-NOP/kg dry matter intake; DMI), a mixed-effects multistep regression examined the impact of 3-NOP supplementation on CH4 yield.







Results


On average, 3-NOP supplementation reduced CH4 yield by 25.9% in beef cattle and 26.4% in dairy cattle, at the recommended dose of 60mg 3-NOP/kg DMI. Results showed that the anti-methanogenic potential of 3-NOP was influenced by 3-NOP dose (mg 3-NOP/kg DMI) and DMI kg/head-1/day-1.







Discussion


Although studies showed a strong positive relationship between 3-NOP dose and CH4 emissions (P <0.0001), DMI was observed to have a greater influence of CH4 abatement than 3-NOP dose. This suggests that the volume and timing of CH4 production influences the availability of 3-NOP in the rumen during methanogenesis more than 3-NOP dose itself. This paper uses this understanding to develop equations that can estimate future CH4 abatement in real farm systems, allowing producers the capacity to quantify the impact of 3-NOP on their greenhouse gas emissions and receive recognition for avoided CH4 emissions. However, these equations are highly influenced by DMI and are only suitable for confinement-fed systems that consume an equal or greater volume of ration and are not a substitute for measuring CH4 emissions, which would provide producers with the actual volume of CH4 emissions avoided.
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1 Introduction


In response to the growing climate crisis, ruminant livestock producers are under pressure to reduce their greenhouse gas emissions (GHGe) (3). Enteric methane (CH4) emissions contribute 6% of all anthropogenic GHGe (Ripple et al., 2014; Beauchemin et al., 2020), and also consume 2%–12% of ruminants’ gross energy intake, reducing the efficiency of livestock production (Johnson and Johnson, 1995). Inhibiting or reducing the volume of CH4 produced by ruminants would lessen the livestock industry’s contribution to climate change while increasing livestock productivity. Until recently, livestock system managers had few options to reduce emissions without reducing animal numbers, risking increased global emissions through leakage (Henderson and Verma, 2021). Currently, livestock systems can improve animal productivity and health, utilize genetic selection, incorporate legumes into pastures, and enhance the digestibility of diets (Black et al., 2021; Arndt et al., 2022) to achieve modest but cumulative reductions in GHGe. However, due to the potency and volume of CH4 produced by ruminants, these methods alone are insufficient to achieve the reductions in emissions required to limit global warming to 1.5°C (United Nations framework convention on climate change, 2015; Global Methane Pledge, 2021). Meeting emission reduction targets and industry supply chain commitments (Doran-Browne et al., 2018) requires safe, affordable, novel technologies capable of inhibiting or reducing the production of enteric CH4.


The feed additive 3-Nitrooxypropanol (Bovaer®; 3-NOP) is one such novel supplement. This additive can achieve reductions in enteric CH4 emissions of up to 88.8% (Almeida et al., 2023) in confinement-fed bovines. More than 90 peer-reviewed studies, including six meta-analyses (Dijkstra et al., 2018; Jayanegara et al., 2018; Kim et al., 2020; Kebreab et al., 2023; Martins et al., 2024; Orzuna-Orzuna et al., 2024) have consistently demonstrated reductions in enteric CH4 volume (g CH4/head-1/day-1) and yield (g CH4/kg dry matter intake [DMI]) of confinement-fed bovines, regardless of ration composition, production system, or animal type. The impact of inhibiting methanogenesis on ruminants and rumen function has been comprehensively summarized by existing meta-analyses. The most significant change occurs due to the increased volume of hydrogen gas (H2) in the rumen, which alters the volume and composition of volatile fatty acids and reduces rumen pH (Jayanegara et al., 2018; Kim et al., 2020; Yu et al., 2021; Martins et al., 2024; Orzuna-Orzuna et al., 2024; Pepeta et al., 2024). Studies also observed reductions in the populations of methanogenic archaea (Jayanegara et al., 2018; Yu et al., 2021), and bacteria responsible for producing volatile fatty acids (Kim et al., 2020; Orzuna-Orzuna et al., 2024). These changes were temporary, as 3-NOP is rapidly metabolized after consumption (Thiel et al., 2019), and excreted primarily through eructation and urine (Duin et al., 2016).


3-NOP has no mutagenic or genotoxic potential (Thiel et al., 2019) and has been approved by the Panel on Additives and Products or Substances used in Animal Feed (FEEDAP et al., 2021) at a recommended dose of 60 mg/kg DMI. Although 3-NOP is commercially available in Japan, Australia, the European Union, and the United States, it is only suitable for confinement-fed systems that can ensure 3-NOP is continuously consumed (Shephard et al., 2024), and only accessible to systems that can afford the cost of an additional input. While slow-release formulations (Muetzel et al., 2019) can reduce barriers to adoption in grazing systems, the cost of 3-NOP will likely remain prohibitive for many producers unless financial incentives are available to mitigate the ongoing expense. Financial incentives for reducing GHGe, however, would require producers to know the impact of supplementation on the volume of CH4 emissions avoided to receive compensation. This is difficult to achieve without directly measuring CH4 emissions and is complicated by the significant and unexplained heterogeneity in CH4 abatement observed in in vivo confinement-fed beef and dairy studies of 3-NOP.


Existing meta-analyses (Dijkstra et al., 2018; Jayanegara et al., 2018; Kim et al., 2020; Kebreab et al., 2023; Martins et al., 2024; Orzuna-Orzuna et al., 2024) have worked to identify this heterogeneity, understand its causes, and quantify the impact of 3-NOP supplementation on GHGe (Dijkstra et al., 2018; Kebreab et al., 2023). To date, dietary variables—neutral detergent fiber (NDF), crude fat, and starch—have been identified as capable of modifying the CH4 abatement achieved through 3-NOP supplementation. Identifying these dietary variables offers valuable insights into drivers of heterogeneity, but the underlying mechanisms influencing CH4 abatement remain unclear, as exploring them was beyond the scope of those studies. Existing meta-analyses also largely focused on studies of dairy cattle, which are more homogeneous and contain less diversity in ration composition and 3-NOP dose than beef cattle studies, and included studies where 3-NOP was pulse fed. Pulse-fed treatments used methods of delivery that prevented 3-NOP from being consistently consumed. This includes studies that used a rumen fistula (Reynolds et al., 2014), pellets (Kim et al., 2019; Van Wesemael et al., 2019), and grazing systems (Muetzel et al., 2019; Costigan et al., 2024; Muñoz et al., 2024).These limitations make it challenging to partition CH4 abatement effects into direct (i.e., 3-NOP dose) and indirect (i.e., diet composition) pathways and to understand the impact of 3-NOP on CH4 in previous meta-analyses. Consequently, farmers still lack clear answers about the impact of 3-NOP supplementation on enteric CH4 emissions in real livestock systems.


The dietary variables identified as capable of moderating the efficacy of 3-NOP are already known to influence CH4 production in ruminants (Johnson and Johnson, 1995). They affect both the volume of feed consumed and the duration of time feed spends in the rumen, producing enteric CH4. This suggests that the causes of heterogeneity in CH4 production may also influence heterogeneity in CH4 abatement from 3-NOP supplementation. This study hypothesizes that the main cause of heterogeneity is not related to 3-NOP dose but to indirect dietary variables that influence the volume and rate of CH4 produced per unit of intake, determining the availability of 3-NOP in the rumen during methanogenesis. Using previously identified dietary variables and applying basic principles of ruminant digestive function, we sought to further identify potential causes of heterogeneity, quantify their direct and indirect effects on 3-NOP abatement of CH4, and explain their influence on efficacy within the limitations of meta-analysis. Focusing on the rumen level allows this meta-analysis to utilize in vivo studies on beef and dairy cattle, increasing the diversity of systems and values present in the analysis. This provided further insight into the impact of differences in confinement-fed beef and dairy systems—such as 3-NOP dose, diet composition, and DMI—on the CH4 abatement of 3-NOP. This study addresses a significant gap that has not previously been explored, partitioning the impact of 3-NOP dose from modifiers and using an understanding of the rumen to inform the impact 3-NOP may have on livestock system GHGe in practice.






2 Methods


This meta-analysis used only published peer-reviewed articles capable of providing insight into the impact of supplementation with the novel feed additive 3-NOP on the production of enteric CH4 in adult ruminants.





2.1 Literature screening


The PRISMA protocol (Moher et al., 2010) was used to identify, screen, and assess the eligibility of peer-reviewed articles. Literature searches were conducted through the online citation databases SCOPUS (Elsevier, scopus.com), Web of Science (Thomson Reuters Science, webofknowledge.com), and EBSCO Information Services (research.ebsco.com), using the search terms: ((3nop) OR (3-nitrooxypropanol) OR (3-nop)) AND ((CH4) OR (methane)). Developed using the Population, Intervention, Comparison, and Outcome (PICO) research strategy (Santos et al., 2007), search terms sought to identify studies that documented the impact of 3-NOP supplementation on CH4e in ruminants. The literature search identified 93 novel peer-reviewed articles that met the PICO characteristics and were assessed for eligibility. For inclusion in the meta-analysis, studies were required to (1) report novel in vivo experiments, (2) observe bovine ruminants, and (3) measure enteric CH4 emissions. Excluded studies contained one or more of the following characteristics: (1) did not report the composition of the ruminant diet, (2) were unpublished or unavailable, (3) did not study adult bovines, (4) did not report a measure of variability or sufficient data to calculate one, and (5) pulse fed 3-NOP i.e. pellets. No restrictions were placed on language or year of publication, as no studies in languages other than English and no articles published before 2014 were identified. In total, 63 articles were excluded from the meta-analysis after screening (
Supplementary Figure 1
). Data from the remaining 30 articles were extracted and comprised the database for this meta-analysis (
Table 1
; 
Supplementary Table 1
).



Table 1 | 
Descriptive statistics for dietary composition and methane (CH4) emissions (yield and volume) for all cattle treatments included in this meta-analysis: beef and dairy combined (n=83), beef (n = 39), and dairy (n = 44).





	Item

	Beef and Dairy cattle

	Beef cattle

	Dairy cattle




	Mean

	Median

	SD

	Max

	Min

	Mean

	Median

	SD

	Max

	Min

	Mean

	Median

	SD

	Max

	Min






	3-NOP (mg/kg DMI)
	107
	80
	57
	338
	40
	140
	125
	63
	338
	50
	77
	72
	29
	200
	40



	3-NOP (mg/head-1/day-1)
	1428
	1,425
	607
	4,660
	415
	1,208
	1,210
	442
	2,405
	415
	1,623
	1,522
	669
	4,660
	868



	NDF (% of DM)
	32
	32
	8
	66
	15
	33
	29
	11
	66
	15
	32
	32
	5
	43
	22



	Starch (% of DM)1

	28
	23
	12
	57
	10
	40
	42
	12
	57
	13
	2
	21
	6
	43
	10



	Control DMI (kg/day)
	16
	19
	7
	25
	6
	9
	9
	2
	11
	6
	22
	23
	2
	25
	18



	Treatment DMI (kg/day)
	15
	16
	7
	26
	6
	8
	8
	2
	12
	6
	21
	21
	3
	26
	15



	Control CH4 yield (g CH4/kg DMI)
	18
	17
	5
	28
	5
	18
	18
	7
	28
	5
	17
	17
	3
	24
	11



	Treatment CH4 yield (g CH4/kg DMI)
	13
	13
	5
	25
	1
	13
	14
	7
	25
	1
	13
	12
	3
	18
	7



	Control CH4 volume (g CH4/head-1/day-1)
	281
	263
	140
	525
	52
	151
	144
	52
	276
	52
	396
	425
	78
	525
	203



	Treatment CH4 volume (g CH4/head-1/day-1)
	196
	186
	115
	474
	6
	98
	102
	52
	200
	6
	282
	269
	82
	474
	102







1Starch (% of DM) was calculated using a smaller subset of the data, because starch was not reported in 9 studies (23 treatments) (Vyas et al., 2016a; Haisan et al., 2017; Martinez-Fernandez et al., 2018; Kim et al., 2019; Melgar et al., 2020a; Alemu et al., 2021b; Garcia et al., 2022; Araújo et al., 2023).








2.2 Identification of variables


The rate of 3-NOP consumption and the composition of ruminant diets have consistently been identified as causes of heterogeneity (Martínez-Fernández et al., 2014; Vyas et al., 2016a; Dijkstra et al., 2018; Melgar et al., 2020b; van Gastelen et al., 2022; Kebreab et al., 2023; Ma et al., 2024b; Martins et al., 2024; Pedrini et al., 2024; Van Gastelen et al., 2024). However, considerable heterogeneity between studies supplemented with the same dose and diet (
Supplementary Table 1
) strongly suggests that additional causes of heterogeneity in CH4 abatement remain unidentified. Furthermore, the mechanism by which variables influence CH4 production in ruminants has yet to be established, which presents a challenge when partitioning the effect of 3-NOP dose on CH4 abatement. A directed acyclic graph (DAG) (Textor et al., 2017), depicting known environmental and dietary variables responsible for heterogeneity in CH4 production, was constructed to aid in the identification of the minimum set of variables to include in the analysis (alongside 3-NOP rate), as a means of controlling heterogeneity in estimates of 3-NOP efficacy across studies (
Figure 1
). The DAG (or causal map) focused on DMI, the largest determinant of CH4 (Charmley et al., 2016), with other variables capable of influencing DMI, and thus CH4 mapped accordingly. Other known influences on CH4 production included dietary components (such as soluble starch) and their impact on overall ration composition.


[image: Diagram showing relationships in a system measuring methane production influenced by 3-NOP dose, CH4/kg DMI, DMI, NDF, starch, microbiome, and other factors. Arrows indicate interactions between elements such as breed, production system, feed form, oil, and monensin.]
Figure 1 | 
Directed acyclic graph identifying (1) environmental variables that indirectly influence CH4 production (CH4/kg DMI) through their influence on dietary variables; (2) dietary variables that directly influence the volume and rate of CH4 produced; and (3) variables that directly influence digestion and thus the efficacy of 3-NOP (mg 3-NOP/kg DMI). It should be noted that the absence of an arrow between variables is a more definitive statement about the absence of a relationship than the inclusion of an arrow suggesting a relationship.








2.3 Database development


Data from 30 articles (83 treatments), including 13 beef cattle studies (Romero-Perez et al., 2015; Vyas et al., 2016b, a, 2018; Martinez-Fernandez et al., 2018; Kim et al., 2019; Alemu et al., 2021a, b, 2023; Almeida et al., 2021; Zhang et al., 2021; Araújo et al., 2023; Pedrini et al., 2024), and 17 dairy cattle studies (Haisan et al., 2014, 2017; Lopes et al., 2016; Van Wesemael et al., 2019; Melgar et al., 2020b, a, 2021; van Gastelen et al., 2020, 2022; Schilde et al., 2021; Garcia et al., 2022; Maigaard et al., 2024a, 2024b; Kjeldsen et al., 2024; Ma et al., 2024a, b; Van Gastelen et al., 2024) met the criteria for this meta-analysis (
Supplementary Table 1
). Studies from Canada, Spain, the United States, Australia, Belgium, the Netherlands, Germany, Argentina, Brazil, Switzerland, and Denmark supplemented 3-NOP at a rate ranging from 40 mg/kg DMI (Melgar et al., 2020b) to 338mg 3-NOP/kg DMI (Martinez-Fernandez et al., 2018) for a minimum duration of 14 days (Lopes et al., 2016). CH4 emissions were measured using GreenFeed systems (45 treatments), respiration chambers (34 treatments), or the sulfur hexafluoride tracer gas technique (5 treatments) and were reported as CH4 yield (g CH4/kg DMI), and CH4 volume (g CH4/head-1/dayStudies formed two subgroups for analysis: beef cattle (13 studies; 39 treatments) and dairy cattle (17 studies; 44 treatments). We also analyzed all bovine studies combined (30 studies; 83 treatments).


The relative mean difference (RMD) of CH4 yield (g CH4/kg DMI), expressed as a percentage, was the outcome used for analysis. The RMD was calculated by dividing the mean difference between treatment and control values by the value of the control. The formula was therefore:






R
M
D
 
i
n
 
C

H
4

 
y
i
e
l
d
 

(
%
)





=

[



T
r
e
a
t
m
e
n
t
 

(

g
 
C

H
4

/
k
g
 
D
M
I

)

−
C
o
n
t
r
o
l
 

(

g
 
C

H
4

/
k
g
 
D
M
I

)



C
o
n
t
r
o
l
 

(

g
 
C

H
4

/
k
g
 
D
M
I

)



 

]

×
100








For studies where the average CH4 yield could not be calculated from the average CH4 volume (g CH4/head-1/day-1) and average DMI (kg/head-1/day-1) of the treatment, the last values measured were used for analysis.






2.4 Model development


The metafor package (version 4.2-0) in R (version 4.3.0) (Assink and Wibbelink, 2016), a mixed-effects meta-regression program, was used for analysis. The RMD (%) allowed all treatments to be meaningfully compared regardless of the volume of CH4 produced by control ruminants, which often varied significantly between studies, and the standard error of the mean (SEM) provided the approximate variance to weight studies (
Supplementary Equation 1
).


3-NOP rate was first included on its own without any additional explanatory variables for dairy cattle studies, beef cattle studies, and all bovine studies combined. This quantified the overall impact of 3-NOP consumption on RMD before all hypothesized explanatory variables were subsequently included. Explanatory variables identified by the DAG (
Figure 1
) were included using a multiple stepwise meta-regression. Variables were removed first in a backward stepwise manner and then added in a forward stepwise manner, ensuring that all remaining predictors were statistically significant (P<0.05).







3 Results and discussion


Across all studies, enteric CH4 was reduced by 3-NOP regardless of dose, animal type, and ration composition, providing further evidence of 3-NOP’s ability to inhibit enteric CH4 production. Studies showed a clear dose-related suppression response (P =<0.001), with greater abatement in CH4 observed at higher doses of 3-NOP (
Figure 2
). However, evidence suggested that other variables also significantly influenced reductions in CH4 emissions in addition to 3-NOP dose. This is demonstrated in 
Figure 2
, where the dosage of 125mg 3-NOP/kg DMI showed the largest reduction in RMD, 88.8% (Almeida et al., 2023), also achieved reductions of 12.2% (Vyas et al., 2018), 36.7% (Haisan et al., 2014), 47.7% (Vyas et al., 2018) and 76.0% (Alemu et al., 2021b). This indicates that dose alone is not the sole determinant of CH4 reduction in ruminants supplemented with 3-NOP. While the different methods used to measure CH4 (i.e., respiration chambers, SF6 tracer, and GreenFeed) were suspected of contributing to heterogeneity, available evidence did not support this. Different methods yielded similar values (Ma et al., 2024b), suggesting that causes of heterogeneity primarily impact the volume of CH4 produced.


[image: Scatter plot depicting the relative mean difference in methane yield (%) against 3-NOP concentration (mg/kg DMI) for dairy and beef animals. Blue circles represent dairy, and orange circles represent beef. Circle size indicates inverse SEM, with larger sizes showing higher values. Data points are scattered, mostly between 0 and -50% methane yield difference on the y-axis and up to 300 mg/kg DMI on the x-axis.]
Figure 2 | 
Relationship between 3-nitrooxypropanol (mg 3-NOP/kg DMI) and the relative mean difference (% RMD) in methane yield (g CH4/kg DMI) in beef and dairy cattle. Each point represents an individual treatment, with size proportional to the inverse of the square of the standard error of the mean (SEM). Studies with larger points therefore had a lower SEM and were weighted higher in the analysis than studies with smaller points.




We suspect that variables capable of directly influencing CH4 production in ruminants may also influence CH4 abatement from 3-NOP indirectly. The DAG (
Figure 1
) included variables that directly influence the volume and rate of CH4 produced (g CH4/head-1/day-1). This builds on previous research showing that variables influencing CH4 production also affect the efficacy of 3-NOP (Dijkstra et al., 2018; Kebreab et al., 2023). This analysis aims to identify new cause(s) of heterogeneity and improve understanding of the mechanism(s) by which variables influence the efficacy of 3-NOP. DMI (mean kg/d), NDF (% DM), and starch (% DM) were the dietary variables that directly influenced CH4 production by controlling the volume of feed consumed and the duration of time feed remained in the rumen. Each variable identified by the DAG was statistically significant (P =<0.0001) when analyzed individually with 3-NOP dose (P =<0.0001) in dairy studies, beef studies, and the combined dataset. However, starch (% DM) was not reported in all studies, and analysis therefore excluded nine studies (Vyas et al., 2016a; Haisan et al., 2017; Martinez-Fernandez et al., 2018; Kim et al., 2019; Melgar et al., 2020a; Alemu et al., 2021b; Garcia et al., 2022; Araújo et al., 2023) from the analysis of 3-NOP and starch.


Early meta-analyses combined beef and dairy studies (Dijkstra et al., 2018; Jayanegara et al., 2018), but as the number of 3-NOP publications increased, meta-analyses began focusing on beef (Orzuna-Orzuna et al., 2024) or dairy (Kebreab et al., 2023) cattle. Although beef and dairy cattle studies observed different outcomes from 3-NOP supplementation (
Figures 2
–
4
), the cause of heterogeneity was not attributed to animal type (P =0.8405) but rather the differences between beef and dairy systems, captured by treatments.


[image: Two side-by-side forest plots show the relative mean difference in methane yield for beef and dairy. Each plot lists references and 3-NOP doses on the y-axis, and the x-axis shows relative differences with confidence intervals. Beef data spans from about -100 to 50, while dairy data ranges from -75 to 25, relative to the control.]
Figure 3 | 
Relative mean difference in methane yield (g CH4/kg DMI) relative to control (95% CI) for beef and dairy cattle treatments.




[image: Three heatmaps compare the effects of methane (CH4) and dry matter intake (DMI) with dose in dairy, beef, and beef and dairy. The first heatmap for dairy shows CH4 at -0.44 and DMI at 0.22. The second for beef displays CH4 at -0.1 and DMI at -0.48. The third for beef and dairy presents CH4 at -0.26 and DMI at 0.17. Color gradients represent positive and negative correlations, ranging from red to blue.]
Figure 4 | 
Relationship between DMI (kg/head/day), 3-NOP dose (mg/kg DMI), and CH4 yield (RMD, %) in beef and dairy cattle included in this meta-analysis.




These differences—including 3-NOP dose (mg 3-NOP/kg DMI), ration composition (NDF, crude fat, starch), and DMI (kg/head-1/day-1), provide valuable insight into the cause(s) of heterogeneity. Combining dairy and beef cattle studies aided in further understanding the cause(s) and mechanism(s) that drive heterogeneity in ruminants. For example, beef cattle achieved higher reductions in CH4 yield (%) (
Figure 2
; 
Table 1
), while dairy cattle obtained higher absolute reductions in CH4 emissions (g) (
Table 1
). With beef treatments receiving a higher mean dose of 3-NOP/kg DMI (140mg for beef cattle versus 77mg for dairy cattle; 
Table 1
) and consuming a lower volume of DMI (8 kg/ head-1/day-1 for beef versus 21 kg/ head-1/day-1 for dairy; 
Table 1
). The higher 3-NOP dose contributed to beef studies achieving greater relative reductions in CH4 emissions (%). Meanwhile, the high volume of feed consumed by dairy cattle resulted in larger reductions in total avoided emissions (g CH4). Due to dairy cattle producing a higher mean volume of CH4 (282g CH4/ head-1/day-1 compared to 98g CH4/head-1/day-1 for beef cattle; 
Table 1
) and consuming a higher mean total dose of 3-NOP (1,623mg 3-NOP/ head-1/day-1) for dairy cattle and 1,208mg 3-NOP/ head-1/day-1 for beef cattle; 
Table 1
). This suggests that CH4 abatement is not influenced by animal type but rather by 3-NOP dose and the volume of CH4 produced, which is determined by the volume of feed consumed and its composition (Charmley et al., 2016). The greater heterogeneity and variation observed in beef cattle studies (
Figure 2
; 
Table 1
; 
Figure 3
), which were significantly less homogeneous than their dairy counterparts, also supports the conclusion that heterogeneity is linked to production system rather than animal type. Diversity in ration composition, DMI, and 3-NOP dose (
Table 1
; 
Supplementary Table 1
) in beef systems resulted in greater variability (
Figure 3
) and heterogeneity (
Figure 2
) than in dairy studies.


The multiple stepwise regression supports this observation. Only 3-NOP dose and DMI remained consistently significant (P =<0.05) during the stepwise regression when analyzed with other variables for beef, dairy, and the combined beef and dairy datasets. Using 3-NOP dose (mg 3-NOP/kg DMI), and DMI (kg/head-1/day-1), Equations 1-3 used the median values in studies as reference levels (
Table 1
) to estimate the predicted abatement in CH4 yield (% reduction) for beef, dairy, and beef and dairy cattle combined. Predicted 3-NOP-induced reductions in CH4 yield ranged from 24.9% (Equation 1) to 26.4% (Equation 3). Reductions in this range would avoid approximately 5g of CH4 from being released into the atmosphere for every kilogram of feed consumed- based on the average CH4 yield of 20.7g CH4/kg DMI (Charmley et al., 2016). While conservative, these values are within the range observed across the studies included in this meta-analysis (
Figure 2
). Increases in DMI (kg/head-1/day-1) and 3-NOP dose (mg/kg DMI) across all subgroups were positively correlated with increases in estimated reductions in CH4 yield (%).
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Equation 2
: Beef
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The average reductions across animal types were relatively consistent, but differences in DMI and 3-NOP dose produced different CH4 emissions for beef and dairy cattle. Beef cattle, which consumed a lower median volume of feed, were more sensitive to increases in DMI, with changes of 1 kg from 8kg/head-1/day-1, influencing reductions by ±8.8% per kilogram (Equation 2). Dairy cattle observed a comparatively more modest ±3.8% change in abatement for each kilogram of feed above 21kg/head-1/day-1 (Equation 3). Changes in 3-NOP dose, conversely, had a greater impact on dairy cattle. A 10 g change in 3-NOP dose resulted in a ±2.6% change in abatement in dairy cattle (Equation 3), compared with ±1.7% in beef cattle (Equation 2). While these equations can be used to estimate reductions in CH4 yield in confinement-fed bovines supplemented with 3-NOP, they are based on previously observed reductions and are not a definitive indication of future reductions. In addition to being a predictive tool, the application of these equations is limited to systems similar to those captured in existing studies: confinement-fed systems, where cattle consume a similar volume of DMI/head/day and receive the recommended dosage of 60 mg 3-NOP/kg DMI.


Previous meta-analyses that quantified the generalized anti-methanogenic effect of 3-NOP on CH4 yield focused heavily on dairy cattle. The most recent study reported a general reduction of 30.8% in dairy cattle (Kebreab et al., 2023), with NDF, crude fat and starch identified as modifiers of the general effect of 3-NOP (Dijkstra et al., 2018; Kebreab et al., 2023). These studies used a smaller number of articles and included treatments where 3-NOP was pulse fed.


Modeling has demonstrated that the pharmacokinetic effects of 3-NOP require the supplement to be continuously available in the rumen at CH4 suppressing concentrations to inhibit the production of enteric CH4 (Shephard et al., 2024). This cannot be achieved when 3-NOP is pulse fed because of its transient nature; delivery systems such as pellets are metabolized too rapidly to remain available in the rumen throughout the production of CH4 (Costigan et al., 2024; Muñoz et al., 2024; Shephard et al., 2024). Variation in 3-NOP delivery, combined with differences in ration composition, may have partly confounded the interaction between 3-NOP and other dietary variables. Many dietary variables, such as NDF and starch, influence CH4 production directly through the rate of digestion and indirectly through their capacity to influence the amount of feed consumed (Beckman and Weiss, 2005).


Regardless of animal type, dosage, ration composition, or production system, the evidence indicates that 3-NOP has significant capacity to effectively inhibit methanogenesis and reduce CH4 production in ruminants within the well-established range of doses. The novel inclusion of DMI, the exclusion of pulse-fed studies, and the combination of beef and dairy cattle studies in this analysis provided further insight into the causes and mechanisms that influence heterogeneity in CH4 abatement. This suggests that the efficacy of 3-NOP depends on its availability in the rumen during the production of CH4. While 3-NOP dose was a significant driver of availability, feed intake had a greater influence on availability and therefore efficiency (Equations 1-3). DMI determined both the volume of CH4 produced and the dose of 3-NOP consumed, which together controlled the concentration of 3-NOP in the rumen (
Figure 4
).


The dietary variables NDF and starch appeared to influence the heterogeneity of CH4 emissions indirectly by influencing the amount of feed consumed, and the rate it was digested (Charmley et al., 2016). This is the same mechanism through which these variables influence CH4 emissions across all ruminants. The greater sensitivity of all subgroups to changes in DMI rather than 3-NOP dose (Equations 1-3) further supports the conclusion that the key driver of CH4 production heterogeneity is primarily DMI. This limits the usefulness of Equations 1-3 to systems feeding bovines an equal or greater ration than those in the studies captured in this meta-analysis.






4 Conclusions


Analysis of all dairy and beef in vivo studies showed that the mechanisms responsible for heterogeneity in CH4 production in ruminants are also likely to produce heterogeneity in CH4 abatement when cattle are supplemented with 3-NOP. Previous observational studies suggested that the dietary variables NDF, starch, and crude protein influenced the efficacy of 3-NOP CH4 abatement. In our analysis, we included DMI—the largest determinant of CH4 production—and combined beef and dairy studies to create a larger, more diverse dataset. This eliminated the significance of all other dietary variables on CH4 abatement, suggesting that the common pathway through which most dietary variables influence CH4 abatement is their indirect effect on feed intake and, consequently, CH4 production.


Understanding the mechanisms that determine the efficacy of 3-NOP is important to maximize CH4 reductions, lower GHGe from livestock production, and minimize agriculture’s contribution to anthropogenic global warming. Equations 1-3 provide a method for producers to quantify GHGe avoided through 3-NOP supplementation in livestock systems, producing an average value based on existing studies. Further research should investigate how the relationship between DMI and 3-NOP can be optimized to increase CH4 abatement in the short term and inform the development of slow-release technologies for 3-NOP delivery.
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DMI)
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o mg 1428 1425 | 607 | 4660 @ 415 | 1,208 1210 | 442 | 2405 | 415 1,623 152 | 669 4660 868
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NDF (% of DM) = 32 32 8 | 6 | 15 33 29 1| 66 15 32 2 s 43 2
Starch (% of
arch (% o 28 23 12| 57 | 10 40 2 2 s 1 2 21 6 | 4 10
DM)
Control DMI
s 16 19 7 | 25 6 9 9 2 u 6 2 23 2 2518
(kg/day)
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(kg/day)
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yield (g CH,/kg 18 17 s | 28 5 18 18 7 | 28 5 17 17 3 24 o1
DMI)
Treatment CHy
yield (g CH,/kg 13 13 5 | 25 1 13 14 7 | 25 1 13 12 3|18 7
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IStarch (% of DM) was calculated using a smaller subset of the data, because starch was not reported in 9 studies (23 treatments) (Vyas et al., 2016a; Haisan et al., 2017; Martinez-Fernandez et al.,
2018; Kim et al., 2019; Melgar et al., 2020a; Alemu et al., 2021b; Garcia et al., 2022; Aratjo et al., 2023).
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