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A B S T R A C T   

Livestock manure contributes to global warming due to greenhouse gas (GHG) emissions, especially nitrous oxide 
(N2O) and methane (CH4). In the arid and semi-arid lands of Sub-Saharan Africa (SSA), extensive pastoral 
grazing systems are common, with cattle grazing in the savanna during the day and kept in enclosures (called 
bomas in Kenya) during the night. Manure is usually not removed from bomas but left to accumulate, leading to 
excessive local nitrogen loads, making these bomas an overlooked N2O emission hotspot in SSA that is currently 
not accounted for in national and regional GHG budgets. Here, we present the first in-situ isotope measurements 
of N2O fluxes from 37 cattle bomas along an age gradient ranging from 0 to 5 years after boma abandonment in 
Kenya along with functional gene analysis of soil and manure samples. The isotopic composition of the emitted 
N2O from bomas suggests that on average 91 ± 8% N2O was produced via bacterial denitrification and/or 
nitrifier denitrification, with little variation across boma age class. We also found high levels of N2O reduction to 
N2 across all sample sites (81 ± 9%), indicating high levels of N2O consumption. The abundances of 
denitrification-related genes (nirK and narG) were significantly higher than those of nitrification-related genes 
(amoA: AOA and AOB) in the cattle manure samples taken from the bomas, corroborating N2O emissions largely 
being attributed to denitrification. Significant abundance of the reduction-related gene (nosZ) also corroborated 
the high potential for microbial N2O reduction in bomas. Thus, by combining dual-isotope and functional gene 
analysis, we were able to identify source processes that govern N2O emissions from these systems. More 
generally, making use of the manure by spreading it in the vicinity of the bomas or on dedicated forage plots 
could provide a win-win by enhancing savanna productivity while simultaneously mitigating GHG emissions.   

1. Introduction 

Nitrous oxide (N2O) is an important contributor to global warming 
and stratospheric ozone depletion and thus plays a critical role in the 
global nitrogen (N) cycle (Ravishankara et al., 2009; Tian et al., 2020). 
Atmospheric N2O concentrations have dramatically increased from 
pre-industrial levels of 270 ppbv–333 ppbv in 2020 (WMO, 2021) due to 
anthropogenic activities, especially livestock manure management and 

the use of synthetic and organic fertilizers to increase crop yields 
(Davidson, 2009; Tubiello et al., 2014; Tian et al., 2016). Over the past 
four decades, it is assumed that N2O emissions from livestock manure 
increased significantly at a rate of 0.1 ± 0.01 Tg N yr− 1 per decade (Tian 
et al., 2020). 

The increase in N2O emissions from terrestrial systems is closely 
linked to increased N availability for microbial nitrification and deni-
trification (Tian et al., 2016). During the last six decades, livestock 
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numbers on the African continent have increased dramatically to meet 
the growing demand of protein for a growing population (Butterbach--
Bahl et al., 2020). Africa is home to 20% of the world’s cattle, 27% of the 
sheep, and 31% of the goats, and most of these animals roam in the 
extensive grazing systems of Africa’s arid and semi-arid lands (ASALs) 
(Gilbert et al., 2018). To protect them from theft and predators, livestock 
is usually kept in overnight enclosures (“bomas” in Kiswahili, “kraals” in 
Afrikaans, “corrals” in English). A single boma can be used from as short 
as one week up to years or even decades. Given the large quantities of 
manure that accumulate in bomas, they remain N2O emission sources for 
years to decades after their abandonment (Butterbach-Bahl et al., 2020). 
Nevertheless, the processes of N transformation and N2O formation and 
consumption during the use and after the abandonment of African cattle 
bomas have not been studied. Although some studies have focused on 
effects of bomas on soil nutrients and vegetation biodiversity (Marshall 
et al., 2018; Muchiru et al., 2008, 2009), there are only few studies that 
measured N2O emissions in the field. A study conducted by Butter-
bach-Bahl et al. (2020) in Kenyan rangelands highlights significant N2O 
emissions from bomas, which are often overlooked hotpots of N2O 
emissions. Leitner et al. (2024) found that bomas contribute up to 32% 
of total N2O emissions at farm-scale on a Kenyan cattle ranch. Zhu et al. 
(2024) found that sheep bomas are also large sources of N2O emissions. 
However, the mechanisms underlying the high N2O emissions from 
livestock enclosures remain unexplored. 

In soils, the production of N2O can be divided into biotic and abiotic 
processes (Baggs, 2008). Over the past decades, studies based on labo-
ratory experiments have significantly advanced our understanding of 
the various biotic and abiotic mechanisms associated with the processes 
of N2O formation from soils (Butterbach-Bahl et al., 2013). The biotic 
processes of nitrification and denitrification are considered to be the 
main pathways of N2O production, contributing more than 70% to 
global N2O emissions (Syakila and Kroeze, 2011; Tiedje, 1998). During 
nitrification, nitrite (NO2

− ) can be directly reduced to nitric oxide (NO) 
directly and followed by the reduction of NO to N2O and N2, resulting in 
nitrifier-denitrification (Kool et al., 2011; Wrage et al., 2001). If nitri-
fiers are considered responsible, the process is called 
nitrifier-denitrification, whereas it is called nitrification-coupled deni-
trification when denitrifiers are responsible. Moreover, dissimilatory 
nitrate reduction to ammonium (DNRA), which is performed by a 
diverse group of bacteria and fungi of the Ascomycota phylum, has also 
been found to be a relevant process for N2O formation (Pandey et al., 
2020; Silver et al., 2001; Tiedje, 1998). However, compared to labora-
tory incubation conditions with sieved soil, in-situ field conditions are 
different and more complex, causing challenges to study the production 
and consumption processes of N2O (Wei et al., 2023). Quantifying the 
consumption of produced N2O to N2 is particularly challenging under 
field conditions (Friedl et al., 2020). The reasons for that are multifold, 
such as (i) the mixing of soil produced/consumed N2O with background 
atmospheric N2O in different soil layers and the subsequent diffusion to 
the atmosphere (Amundson et al., 2023), (ii) difficulties linking N2O to a 
wide range of abiotic factors, (iii) competing of abiotic and biotic pro-
cesses in soils under field conditions that makes distinguishing the 
different processes more difficult (Wei et al., 2023), and (iv) the 
complexity of N2 gas diffusion processes in soils (Well et al., 2019). 

New approaches of in-situ stable isotope techniques have become 
more widely available to explore the processes of N2O emissions under 
field conditions (Harris et al., 2021; Su et al., 2022). In particular, the 
position-specific analysis of 15N within the linear N2O molecule (site 
preference; δ15NSP) has gained attention over the past two decades 
because of its ability to distinguish between the production processes 
and consumption of N2O (Decock and Six, 2013; Yu et al., 2020). While 
δ15Nbulk describes the average δ15N of the central (δ15Nα) and terminal N 
atom (δ15Nβ), δ15NSP is calculated as the difference between δ15Nα and 
δ15Nβ. Unlike δ15Nbulk, δ15NSP is independent of the isotopic signature of 
the substrates, providing a more robust way to distinguish the different 
processes of N2O production. One way to extract the information carried 

by the isotopic composition of N2O is via the stable isotope mapping 
approach (Denk et al., 2017; Yu et al., 2020; Decock and Six, 2013; 
Toyoda et al., 2011; Lewicka-Szczebak et al., 2017; Wu et al., 2019). 
This method relies on the information carried by δ15Nbulk, δ15NSP and 
δ18O of emitted N2O to distinguish the different microbial production 
processes, as well as to further quantify the reduction of N2O to N2 
during denitrification. So far, this method has been used in a wide range 
of terrestrial and aquatic systems, such as croplands (Li et al., 2021b; 
Gao et al., 2023; Wei et al., 2023; Verhoeven et al., 2019), forests 
(Gallarotti et al., 2021; Barthel et al., 2022), grasslands (Buchen et al., 
2018; Ibraim et al., 2019), peatlands (Nishina et al., 2023; Berendt et al., 
2023), lakes (Tischer et al., 2022; Liang et al., 2022), wastewater 
(Gruber et al., 2022), estuaries (Gao et al., 2020; Su et al., 2021; Ho 
et al., 2023) and oceanic waters (Breider et al., 2015). 

Another way to improve our understanding of N2O emissions is the 
analysis of microbial functional genes encoding for enzymes related to 
N2O production and consumption processes (Hu et al., 2015). In general, 
nitrifiers can be analyzed by targeting nitrification-encoding genes 
(amoA for ammonia-oxidizing archaea [AOA] and bacteria [AOB]), and 
denitrifiers by targeting denitrification-encoding genes (nirK, nirS and 
narG) (Schauss et al., 2009; Kandeler et al., 2006). Moreover, the nosZ 
gene encodes the N2O reductase that performs the last step in denitri-
fication and can be used as a marker to determine the reduction of N2O 
to N2 (Henry et al., 2006; Sanford et al., 2012). Recently, the combi-
nation of both position-specific stable isotope analysis and functional 
genes has been used to overcome methodological weaknesses in the 
understanding of N2O production and consumption processes in soils 
(Gallarotti et al., 2021; Guo et al., 2022; Wei et al., 2023), lakes (Liang 
et al., 2022), and sediments (Su et al., 2021) which was summarized 
lately in a review article (Deb et al., 2024). 

Here, we combined analyses of the in-situ natural abundance N2O 
dual-isotope signatures with microbial functional genes for nitrification 
and denitrification in cattle bomas to reveal the mechanisms behind 
high N2O emissions from livestock enclosures in Kenya. We also assessed 
the potential of produced N2O being further reduced to N2 during 
denitrification, which adds to our understanding of N2O production and 
consumption in livestock enclosures in Kenya. More specifically, we 
hypothesize that the overall boma N content decreases from time after 
abandonment due to continuous losses of gaseous N species and leach-
ing. We further expect a general shift from a nitrification-dominated 
system to a denitrification-dominated system due to initial nitrifica-
tion of ammonium from urea and the mineralization and subsequent 
nitrification of organic N. While these hypotheses are based on the 
change of substrate with time it is important to note that these processes 
are additionally driven by oxygen availability which changes over the 
course of the year due to changes in soil/manure moisture. If supported, 
these hypotheses would point towards a low bioavailable N retention in 
livestock systems and further confirm the large potential of livestock 
systems to contribute significantly to global N2O emissions. 

2. Materials and methods 

2.1. Study areas 

This study was conducted in October 2021 at the Kapiti Research 
Station and Wildlife Conservancy of the International Livestock 
Research Institute (ILRI; Carbonell et al., 2021) located in the semi-arid 
savanna region (1◦35.8′W-1◦40.9′W, 36◦6.4′E-37◦10.3′E) of the 
Athi-Kapiti ecosystem in Kenya. The Kapiti ranch is in Machakos 
County, southern Kenya, covering an area of 13,000 ha. The ranch is 
home to ca. 2500 cattle of the local Boran breed; 1200 sheep; and 250 
Galla goats that coexist with wildlife such as lions, zebras, wildebeests, 
and giraffes. The soil in this area is classified as Vertisol (Leitner et al., 
2024), and the climate is a tropical savanna climate with annual mean 
air temperature of 19.3 ◦C and annual mean precipitation of 550 mm 
(Zhu et al., 2024). The Kapiti ranch is divided into grazing units to 
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facilitate grassland management. Each grazing unit contains 3–4 herds 
of 100–150 cattle that graze in the grassland throughout the year, with 
minimal supplementation of minerals. Each herd is confined into a 
separate boma that measures 30 m diameter. Bomas are usually clus-
tered in groups of 3–4 bomas, which are positioned at strategic locations 
to have daily access to water from water holes. Boma clusters are used 
for one to three months depending on rainfall history and pasture 
availability (Fig. S1a), after which clusters are abandoned and cattle are 
moved to a different grazing unit. In this study, a gradient of different 
boma ages from 0 to 5 years was selected for sampling. In addition, 
samples were taken from adjacent savanna sites (ca. 500 m from boma 
edge) for background measurements. 

2.2. Nitrogen content and isotopic composition of manure and soil 

In each boma cluster, a manure sample was taken from each indi-
vidual boma (n = 3) by taking a handful of the entire manure layer 
without mineral soil, and subsequently combined to one composite 
sample per cluster. For soil sampling, the manure layer was carefully 
removed, and the top 5 cm mineral soil were sampled and also combined 
to one composite sample per cluster. Samples were dried at 50 ◦C, and C, 
N concentration, δ13C and δ15N natural abundance enrichment of soil 
and manure were measured with an elemental analyzer (Flash IRMS 
IsoLink CN, Thermo Scientific, Bremen Germany) coupled via a Conflo 
IV interface (Thermo Scientific GmbH, Bremen, Germany) to an isotope 
ratio mass spectrometer (Delta VPlus, Thermo Finnigan MAT GmbH, 
Bremen, Germany) (Arab et al., 2023) at the Center of Stable Isotope 
Analysis of KIT/IMK-IFU. Isotope values are given in delta notation 
referenced to AIR-N2, V-PDB, and V-SMOW for 15N, 13C and 18O 
respectively: 

δZX=

(
Rsample

Rreference
– 1

)

where R refers to the ratio of 13C/12C, 15N/14N or 18O/16O and ZX refers 
to the heavy stable isotope Z of the element X. 

2.3. N2O fluxes 

N2O flux measurements were conducted in each individual boma of 
an age cluster (n = 3) and at 3 adjacent savanna sites by using the fast- 
box chamber method (Fig. S1b). For this, a opaque static chamber with a 
diameter of 30 cm was coupled to an ultra-portable LGR-ICOS laser N2O 
and CH4 gas analyzer (ABB-Los Gatos Research Inc., Zurich, 
Switzerland) running at a measurement frequency of 1 Hz (Modell 
909–0041) (Zhu et al., 2024). The chamber was permanently connected 
to the analyzer and repositioned at each site. The N2O concentration 
change was measured for at least 5 min at each point and the individual 
flux rate was calculated by linear regression over the sample period with 
a running average of 1s interval. Additional samples were also taken for 
gas chromatography (GC) analysis to confirm LGR-ICOS readings. The 
comparison between the LGR and GC showed a good agreement (R2 =

0.93) between them, but the GC tended to measure slightly higher 
concentrations than the LGR (slope = 1.16). Note, it was often difficult 
to perfectly match the manual sampling with the LGR readings as con-
centrations were increasing very rapidly during manual sample with-
drawal which in part explains the slight mismatch. 

N2O fluxes were measured at 37 individual bomas during the dry 
season. Due to the dry conditions, N2O fluxes were too low to analyti-
cally measure the position-specific isotopic composition of N2O (Wei 
et al., 2023). In order to stimulate N2O flux rates to obtain more robust 
N2O isotope measurements, 30 of the 37 measurement sites were 
rewetted with a simulated 20 mm rain event prior to N2O flux mea-
surement. Sampling took place approximately 10 min after rewetting. 

2.4. N2O position-specific isotope analysis 

Position-specific N2O isotope analysis (δ15Nbulk, δ18O, δ15NSP) was 
conducted using the mixing model approach as described in Krüger et al. 
(2001). That is, during the placing of the chamber and immediately 
before chamber removal, gas samples for the analysis of the N2O isotopic 
composition were withdrawn from the chamber headspace using a 60 
mL syringe (Fig. S1). For each sample, a total amount of 180 mL of gas 
were stored in 110 mL serum crimp vials and shipped to ETH Zurich for 
analysis. δ15Nbulk, δ18O, and δ15NSP of emitted N2O were measured using 
a gas preparation unit (Trace Gas, Elementar, MCR, UK) coupled to an 
IRMS (IsoPrime100, Elementar, MCR, UK) at ETH Zurich. For a detailed 
description of the measurement system and calibration refer to Verho-
even et al. (2019) and Gallarotti et al. (2021). The isotopic signature of 
the emitted N2O (

[
δZX) was then calculated using: 

δZX=
[N2O]e × [δZX]e-[N2O]s × [δZX]s

[N2O]e-[N2O]s  

where [N2O]s and [N2O]e are the N2O mixing ratios [ppmv] in the 
samples at the start and at the end, respectively, and [δZX]s and [δZX ]e 
are the corresponding δ-values [‰] of the N2O samples. Respective N2O 
concentrations of LGR were recorded during sampling for N2O isotopes. 

2.5. N2O isotope mapping approach 

To determine the main production pathways of N2O and quantify the 
reduction percentage of N2O to N2, we applied a dual isotopic mapping 
approach as described in Lewicka-Szczebak et al. (2017). We produced 
two dual isotope maps of SP-N2O/δ15Nbulk-N2O signatures and 
SP-N2O/δ18O-N2O signatures with the expected range of end-member 
isotopic signatures for nitrification, bacterial denitrification, nitrifier 
denitrification and fungal denitrification. In short, two scenarios were 
considered to quantify the shift in isotopic compositions of our samples: 
(1) a reduction then mixing scenario in which N2O sourced from deni-
trification is first reduced, leaving a fraction of unreduced N2O, which is 
then mixed with N2O sourced from nitrification; and (2) a mixing then 
reduction scenario in which N2O sourced from denitrification is first 
mixed with N2O sourced from nitrification and then reduced to N2 
(Lewicka-Szczebak et al., 2017). The fraction of N2O derived by deni-
trification (in this case bacterial denitrification and/or nitrifier denitri-
fication) and the amount of reduced N2O was then semi-quantitatively 
estimated for every sample using N2O reduction slopes and mixing tra-
jectories between possible end-member N2O production pathways (Wu 
et al., 2019). We interpret and discuss semi-quantitative estimates from 
the reduction then mixing scenario given that it has been argued to be 
the most likely process leading to observed isotope signatures from N2O 
emitted from soils (Wu et al., 2019). Due to the large range in 
end-member ranges in the SP-N2O/δ15Nbulk-N2O mapping approach, we 
discuss here only estimates from the SP-N2O/δ18O–N2O isotope maps. 

In the isotope mapping approach, the fraction of N2O derived by 
bacterial denitrification and/or nitrifier denitrification (often collec-
tively termed denitrification) and the fraction of reduced N2O can be 
semi-quantitatively estimated for every sample using N2O reduction 
slopes and mixing trajectories between possible end-member N2O pro-
duction pathways (Lewicka-Szczebak et al., 2017; Wu et al., 2019; Yu 
et al., 2020). In this study, reduction slopes were taken from Yu et al. 
(2020) and ranged from 0.23 to 0.98 with a mean of 0.45 for 
δN2-N2O

15 NSP/δN2-N2O
18 O and from 0.51 to 2.78 with a mean of 0.96 for 

δN2-N2O
15 NSP/δN2-N2O

15 NBulk. Respective end-member δ15N values, δ18O and 
SP values were also derived from Yu et al. (2020). We corrected our 
isotope source fields for bacterial denitrification, nitrifier denitrification 
and fungal denitrification using average δ18O-H2O values in precipita-
tion (δ18O = − 3.34‰, n = 15) taken at the nearest location to our study 
area (Muguga; latitude: − 1.22, longitude: 36.63) accessed via the GNIP 
database. Because of the stable nature of atmospheric δ18O–O2 and the 
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absence of direct measurement, δ18O end-member values for nitrifica-
tion were not corrected for substrate composition. Note that we assumed 
a value of 0‰ for δ15N in the precursor nitrate and ammonia in our 
SP-N2O/δ15Nbulk-N2O map. We used mean values for mixing, fraction-
ation, and reduction whenever possible. However, if samples were 
distributed outside the mean mixing-reduction area, we used either their 
minimum or maximum values, in keeping with previous studies using 
this methodology (e.g., Buchen et al., 2018). 

In addition to the dual isotope mapping approach, we analyzed our 
data using a newly developed tool based on the Markov-Chain Monte 
Carlo (MCMC) algorithm known as Fractionation And Mixing Evalua-
tion (FRAME; Lewicki et al., 2022). This was undertaken to ensure our 
dual isotope mapping results produced reasonably similar results had we 
modelled three-dimensional mixing and reduction using δ15Nbulk-N2O in 
addition to SP-N2O and δ18O-N2O. A comparison between these two 
approaches can be found in the Supporting Information. Our results 
have also been qualitatively compared and validated against mixing and 
reduction estimates acquired using TimeFRAME (Harris et al., 2023). 

2.6. Gene abundance 

We performed Real-time qPCR to measure each abundance of 
nitrification-related and denitrification-related microbial group 
including ammonia monooxygenase (amoA: AOA and AOB), nitrate 
reductase (narG), nitrite reductase (nirK), and nitrous oxide reductase 
(nosZ). DNA from the collected soil and manure samples were extracted 
from 0.25 g fresh soil or manure using the DNeasy Pro PowerSoil Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s recom-
mendation using the QIAcube System (Qiagen). Using the QIAxpert 
System (Qiagen, Hilden, Germany), we measured the concentration of 
DNA through UV/Vis spectrophotometry. To reduce inhibition, the 
extracted DNA was diluted to 10 ng/L. Employing a SYBR Green-based 
qPCR approach, we evaluated the abundance of functional groups. We 
tested the presence of inhibitory compounds that may have been co- 
extracted during DNA extraction by introducing pGEM-T plasmid 
(GenBank® Accession No. X65308; Promega, Madison, WI, United 
States) into all samples at equimolar concentrations and amplifying a 
region on the plasmid using specific primers SP6 and T7 (Microsynth). 
The qPCR standards were produced using purified PCR products of each 
functional gene obtained by pooling normalized DNA from all samples, 
and subsequently were diluted to obtain a standard curve comprising of 
the concentrations ranging from 10− 7 to 10− 3 ng of the target template. 
A negative control containing PCR grade water was included. The in-
formation about the primers used for each functional genes including 
primers name, sequence, thermal profile and produced size is detailed in 
Table S1. Each reaction was conducted with 0.4 μM of each primer, 1X 
SSO AdvancedTM Universal SYBR Green Supermix (Bio-Rad Labora-
tories, Hercules, CA, United States), and 40 ng of template DNA. The 
cycling conditions for all reactions included a polymerase activation 
step at 98 ◦C for 3 min, denaturation at 95 ◦C for 15s, annealing at 
primer-specific temperatures (see Table S1) for 30 s, elongation at 72 ◦C 
for 15s, followed by image acquisition at 80 ◦C for 15s. All qPCRs were 
performed in technical triplicates using a thermocycler CFX96 Touch 
Real-Time System (Bio-Rad Laboratories, Hercules, CA, United States). 
To verify the amplification specificity, melting curves were generated. 
The results were documented and analyzed using the CFX Maestro 
software (Bio-Rad Laboratories, Hercules, CA, United States). For all 
runs, the qPCR efficiency was 80-95%, and the R2 value was >0.99. 

2.7. Data analysis 

Differences between N content and δ15N values in soil and manure, 
as well as differences between abundance of functional genes in bomas 
with different years since boma abandonment and savanna sites were 
evaluated using one way and two-way analyses of variance (ANOVA) 
with Tukey’s HSD test. Testing for normality distribution and variance 

heterogeneity was done using the Shapiro-Wilk test and Levene’s test. 
The correlations between δ15N value in soil/manure and boma age were 
examined by spearman correlation analyses. All statistical analyses were 
performed using R, all plots were generated using R (Version 4.1.3), and 
statistical significance was determined at the 0.05 probability level. 

3. Results 

3.1. Physicochemical soil characteristics 

Soil N content in bomas averaged 0.25 ± 0.02%, which was signif-
icantly higher than in adjacent savanna soil (0.05%) (p < 0.01, Fig. 1a). 
The N content in manure of bomas averaged 1.50 ± 0.08%, which was 
significantly higher than that in soil of bomas (p < 0.01, Fig. 1a). N 
content of boma soils or manure did not change with boma age. How-
ever, soil δ15N values in bomas showed a significant increase with age 
since boma abandonment (from 6.83 to 10.59‰) and were significantly 
higher in all age classes than in background savanna soil (5.61‰) (p <
0.01, Fig. 1b). Moreover, the averaged δ15N value in boma manure was 
lower than that in boma soil, and also increased with boma age (from 
2.77 to 10.60‰) (Fig. 1b). The C/N ratio in manure was significantly 
higher than that in boma soil, and it showed a significantly decrease 
with age since boma abandonment in both manure and soil of boma (p <
0.01, Fig. 1c). However, the C/N ratio in boma soil was significantly 
lower than that in background savanna soil (p < 0.01, Fig. 1c). The δ13C 
in boma soil was significantly higher than that in manure (Fig. S3). 

3.2. N2O fluxes and isotopic signatures 

N2O fluxes in bomas (n = 37) averaged 2983 ± 561 μg N m− 2 h− 1 

with a range of 21–15698 μg N m− 2 h− 1, which was significantly higher 
than that in savanna soil (4.79 ± 0.43 μg N m− 2 h− 1, n = 3) (p < 0.01, 
Fig. S2). N2O fluxes did not differ between different boma age classes 
(Fig. S2). Overall, observed δ15Nbulk-N2O values in all bomas remained 
relatively low (mean: − 9.54 ± 0.93‰), and ranged from − 21.91‰ to 
0.78‰ (Fig. 2a). The observed δ18O-N2O values in all bomas ranged 
from 27.02 to 69.78‰ (mean: 43.43 ± 1.52‰) (Fig. 2b). The measured 
δ15NSP-N2O values in all bomas averaged 1.36 ± 0.62‰, which ranged 
from − 3.93 to 11.63‰ (Fig. 2a). 

3.3. Isotopic mapping and modelling 

Plots of δ15Nbulk-N2O and δ15NSP-N2O showed that 80% of our data 
clustered in the area of heterotrophic bacterial denitrification (Fig. 2a), 
and plots of δ18O-N2O and δ15NSP-N2O showed the distribution of data 
was broadly consistent with the theoretical N2O reduction line (Fig. 2b). 
Using our δ18O-N2O/δ15NSP-N2O mapping approach, we estimated that 
residual N2O fractions (rN2O; the fraction of residual N2O remaining 
after reduction to N2) averaged 19 ± 9% (mean ± 1s.d.), corresponding 
to an average 81 ± 9% reduction of N2O to N2 (Fig. 4a). Among different 
ages since boma abandonment, the reduction from N2O to N2 within the 
5 years after boma abandonment ranged from 60 to 98% (Fig. 4a). 
However, the reduction percent showed no significant difference be-
tween boma ages, meaning the reduction from N2O to N2 remained at a 
steady level after boma abandonment (Fig. 4a). Similarly, we estimated 
that bacterial denitrification and/or nitrifier denitrification contributed 
on average 91 ± 8% to N2O production, and nitrification and/or fungal 
denitrification contributed on average 9 ± 8% to N2O production 
(Fig. 4b). 

3.4. Gene abundance 

We measured abundance of functional genes related to nitrification 
and denitrification. Typically, the mean abundance of denitrification- 
related functional genes (nirK, narG) was significantly higher than that 
of nitrification-related functional genes (AOA amoA and AOB amoA) (p 
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< 0.01; Fig. 3a and b). The abundance of AOB in bomas increased with 
increasing years after boma abandonment (Fig. 3a). The mean abun-
dance of AOB in boma soil was significantly higher than in savanna soil 
(7.77 × 102) (Fig. 3a). The abundance of AOA in boma soil also 
increased with increasing years after boma abandonment, while it 
showed lower level of abundance than AOB (Fig. 3a). However, differing 
from AOB, the abundance of AOA was higher in savanna soil (1.92 ×
104) than in bomas. 

Copy numbers of nirK and narG in boma manure were significantly 
higher than in savanna soil (nirK: 3.03 × 105 and narG: 4.24 × 104) (p <
0.01, Fig. 3b). Moreover, the copy number of nirK and narG increased in 
the first year since boma abandonment, and then remained constant 
during the following years (Fig. 3b). Copy numbers of nirk and narG 

during the 1-5 years since boma abandonment were stable around 1.74 
× 106 ± 6.43 × 104 and 5.26 × 105 ± 4.27 × 104, respectively (Fig. 3b). 
Similarly, copy numbers of nosZ in boma soil increased in the first year 
since boma abandonment and then remained at a steady level (1.44 ×
105), and it was also significantly higher than in savanna soil (1.05 ×
104) (p < 0.01, Fig. 3c). 

4. Discussion 

4.1. N2O production in bomas 

Livestock enclosed in bomas at night produce abundant manure, 
which greatly enriches soil microbial N availability in bomas. 

Fig. 1. Change of (a) N content (%), (b) δ15N value (‰) and (c) C/N ratio in soil and manure of cattle bomas with different years since boma abandonment; 
background savanna site is given as a reference. The orange and blue lines in (a) show the mean N content in soil and manure of bomas. 

Fig. 2. Dual isotope maps for δ15Nbulk, δ15NSP and δ18O; (a) δ15NSP vs. δ15Nbulk dual isotope map and (b) δ15NSP vs. δ18O dual isotope map. The red dashed lines show 
the theoretical reduction line from N2O to N2. The area in between the black dashed lines in (a) show the area of mixing between nitrification and denitrification. 
End-member values of the different boxes and slopes of reduction lines are based on Yu et al., (2020). Note that in (a), source fields are plotted assuming the substrate 
δ15N signature is 0 ‰. 

Fig. 3. Change of the abundance of functional genes of N2O production and consumption processes in the manure layer of cattle bomas along an age gradient; 
background savanna site is given as a reference. (a) Nitrification (AOA amoA and AOB amoA genes), (b) denitrification (narG and nirK genes) and (c) N2O reduction 
(nosZ gene). The orange and blue lines show the mean abundance of functional genes of bomas from 1 to 5 years since boma abandonment. 

X. Fang et al.                                                                                                                                                                                                                                    



Soil Biology and Biochemistry 196 (2024) 109505

6

Consequently, manure also caused the soil N content below the manure 
layer to increase in our study, most likely due to N leaching, from 0.05% 
total N in savanna soil to an average of 0.25% total N in soils across all 
boma age classes. In contrast to our expectations, N content in soil and 
manure across age classes did not decrease with time but was rather 
stable. This is in line with the findings of Butterbach-Bahl et al. (2020) 
who found sustained N2O fluxes even 40 years after boma abandonment. 
Our result of δ15N in manure is in the range (2.6–21.3‰) reported by 
Bedard-Haughn et al. (2003). It is important to note, that the numbers of 
Bedard-Haughn et al. (2003) are mainly based on cattle fed with soy-
bean while savanna cattle primarily forage on savanna grassland vege-
tation with high lignin content. While the N content was stable over time 
in both manure and boma soil (Fig. 1a), the δ15N value increased 
steadily during the first 3 years after boma abandonment before level-
ling out (Fig. 1b). The increasing δ15N signature in both soil and manure 
points to a strong continuous N loss (gaseous and/or leaching) especially 
during the first 3 years after boma abandonment. Initially, δ15N of 

manure and boma soil below showed a difference of about 4‰, but it 
converged after 3 years of boma abandonment. The reasons for this 
difference can be manifold, such as forage, N deposition (Carbonell 
et al., 2021), NH3 volatilization, gaseous N loss, and/or N leaching. The 
initial 4‰ depletion of 15N in manure (as compared to soil) can be 
explained by the only partly digested plant material which composes 
most of the manure material. This is corroborated by the higher C/N 
ratio of manure especially in the early phase after abandonment. If we 
look at the relative enrichment (δ15Nmanure - δ15Nsoil; Fig. S4), we 
observe an enrichment of manure relative to soil during the first two 
years, probably due to gaseous as well as leaching N losses. As the boma 
ages, both, the C/N ratio and δ15N signature of soil and manure converge 
as the manure and soil becoming more mixed. 

The manure-derived excess N in bomas likely caused N2O emissions 
to soar compared to the savanna background with flux rates similar to 
those observed by previous studies (Butterbach-Bahl et al., 2020; Zhu 
et al., 2024). Our analysis of the isotopic composition of N2O revealed 

Fig. 4. Change in (a) reduction percent (%) of N2O to N2 and (b) percent (%) of nitrification and denitrification calculated based on the N2O isotope mapping 
approach along the boma age gradient (0–5 years). The red dotted lines in (a) shows the mean reduction percent across all cattle bomas. Note, in (b), denitrification 
refers to bacterial denitrification and nitrifier denitrification, while nitrification refers to nitrification and fungal denitrification. 

Fig. 5. Main biotic N2O production and consumption pathways (nitrification, denitrification, nitrifier-denitrification, and dissimilatory nitrate reduction to 
ammonium DNRA) in cattle bomas. The thick lines show the main process of N2O production and consumption in cattle bomas. The percentage of nitrification +
fungal denitrification (9%) and bacterial denitrification + nitrifier denitrification (91%), and the reduction percent (81%) are estimated based on the modelling 
approach detailed in the methods section. This figure is modified after Gallarotti et al. (2021). 
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that heterotrophic bacterial denitrification dominated N2O emissions of 
bomas in Kapiti (Fig. 2a). The isotope mapping of δ15Nbulk-N2O and 
δ15NSP-N2O shows that most data (80%) clustered in the area assigned to 
heterotrophic bacterial denitrification (Fig. 3a). This qualitative 
assessment is in line with several other in-situ studies, which found a 
high contribution of heterotrophic bacterial denitrification to total 
denitrification in forests and croplands (e.g. Gallarotti et al., 2021; Wei 
et al., 2023). Our δ15NSP-N2O/δ18O-N2O model results showed that 91 
± 8% of produced N2O originated from heterotrophic bacterial deni-
trification and/or nitrifier denitrification), while only 9 ± 8% was pro-
duced from nitrification and/or fungal denitrification (Figs. 4b and 5). 
Our results are in line with other in-situ studies from farming systems 
which also found that denitrification dominated total N2O emission in 
grasslands (Wolf et al., 2015; Ibraim et al., 2019, 2020; Harris et al., 
2021) and croplands (Wei et al., 2023; Gao et al., 2023). We note, 
however, that a rewetting pulse as conducted in our study might stim-
ulate substantial N2O emissions due to strong microbial respiration 
which in turn causes a rapid depletion in soil oxygen, creating anaerobic 
microsites which favor denitrification (Hu et al., 2017; Leitner et al., 
2017). Rewetting of dried soil and manure is a common scenario in the 
semi-arid rangelands where this study took place. The research site has 
two wet seasons (Apr.–Jun. and Oct.–Dec.) and also experiences irreg-
ular rain events during dry seasons. In a previous study from the same 
study site that was recently published (Leitner et al., 2024), N2O from 
cattle bomas was measured over a full year and several rewetting N2O 
pulses were observed. In fact, rain was the main driver of N2O emissions 
from abandoned bomas that were not actively used. This seems logical 
because the manure layer dries out quickly under the hot savanna 
climate, thereby reducing N2O emissions due to water limitation. Once it 
rains, microbial activity increases, driving N transformation and pro-
moting N2O emissions. Similar patterns of low N2O emissions under dry 
conditions and pulsed N2O emissions during rainy periods have been 
observed by others as well, who have found that rainfall seasonality is 
the main driver of GHG emissions and soil processes in semi-arid sa-
vannas (particularly after manure deposition), whereas temperature 
plays only a minor role because there is little variation (Scholes et al., 
1997; Pelster et al., 2016; Wachiye et al., 2020; Zhu et al., 2024). 
Alternatively, the measured isotopic signature might reflect the N2O 
which had accumulated in pores and is released upon filling the pores 
with water. However, we observed similar results from the isotopic 
mapping for the non-rewetted bomas which points to the fact that 
denitrification occurs independently of moisture status. 

Given the above-mentioned challenges to accurately interpret N2O 
isotopic mapping results using a rewetting pulse to stimulate emissions, 
we further explored the functional genes related to the N cycle to verify 
our isotope results. The abundances of N-cycling functional genes are 
recognized as a strong indicator for linking the microbial community to 
N2O emissions (Baggs, 2008; Butterbach-Bahl et al., 2013). Our results 
of functional genes showed a significantly higher abundance of 
denitrification-related genes than nitrification-related genes (Fig. 3), 
which also supports that denitrification is the main process underlying 
the N2O emissions in bomas. Nevertheless, it has been shown that 
denitrifier gene abundance is not always directly linked to N2O emis-
sions, but rather gene expression (RNA level or even protein level) being 
a better predictor for N2O emissions (Zhang et al., 2022; Wang et al., 
2018). 

4.2. N2O consumption in bomas 

The emission of N2O is not only controlled by N2O production but 
also the consumption of produced N2O through total denitrification 
(Butterbach-Bahl et al., 2013). The reduction of N2O to N2, facilitated by 
the enzyme N2O reductase, is probably the most important biological 
process for the consumption of N2O (Li et al., 2021a). We have 
demonstrated that denitrification was the main process of N2O emission 
in bomas and also quantified the extent of total denitrification through 

isotopic mapping. Our isotope modelling showed that the averaged 
reduction percent of N2O to N2 was 81 ± 9% (Fig. 4a), which was 
substantially higher compared to observations from other grassland soils 
(30–70%) (Ibraim et al., 2020), croplands (52–64%) (Li et al., 2021b), or 
peatlands (9–48%) (Berendt et al., 2023). High reduction of produced 
N2O to N2 in bomas could be caused by the elevated soil/manure bulk 
density in bomas due to trampling of livestock in the confined area over 
extended periods of time; the high bulk density reduces diffusion of N2O 
out of the soil/manure matrix and oxygen into the soil/manure pore 
space, which stimulates total denitrification and thus N2O reduction to 
N2 (Kuang et al., 2019). It is, the reduction of produced N2O to N2 during 
upward diffusion is mainly correlated to the residence time and the 
length of the diffusion pathway of N2O in the soil/manure matrix (Castle 
et al., 1998; Goldberg et al., 2008). 

In addition to the isotopic mapping results of reduction, the func-
tional gene analysis also showed a high enzymatic potential of N2O 
reduction in bomas (total denitrification), indicated by a high gene copy 
number of the nosZ gene relative to the nitrifying genes. Thus, both the 
isotopes and the functional genes indicate that total denitrification is a 
dominant process in bomas (Fig. 5). 

4.3. Implications for boma management 

Bomas are substantial N2O emission sources at the landscape scale, 
and the current practice is that manure is usually not removed but left to 
decompose in the bomas. In order to mitigate N2O emissions from pas-
toral areas, livestock keepers could consider using boma manure as 
fertilizer on the adjacent grassland, thereby replacing N removed 
through biomass consumption by grazing livestock. They could further 
apply boma manure on dedicated forage plots to produce feed for pe-
riods of scarcity such as the dry season or extended drought periods. 
These practices would not only reduce N2O emissions from bomas, but 
have the potential to increase rangeland productivity and resilience. 

5. Conclusion 

Our study explored the mechanisms behind N2O emissions from 
livestock enclosures in Kenya. By combining in-situ dual isotope and 
functional gene analysis, we gained insights into the processes of N2O 
production and consumption in bomas. Both methods suggest that 
denitrification processes dominated N2O emissions from bomas. More-
over, both methods further agreed that a substantial proportion of 
produced N2O undergoes further reduction to N2. We believe that the 
combination of several methods is key to unravel the complex mecha-
nisms of N2O production/consumption as both have their individual 
limitation such as extraction efficiencies (functional genes) or detection 
limits (dual isotope mapping). Overall, our results provide first insights 
into underlying mechanisms of N2O production and consumption in 
bomas and provide a basis to quantify livestock related fluxes from N2O 
emissions hotspots in Sub-Saharan Africa as a basis for targeting in-
terventions to mitigate emissions. 
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