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ARTICLE INFO ABSTRACT

Keywords: Extensive livestock production in pastoral areas supports millions of livestock keepers in Sub-Saharan Africa
MVEtha"e ) (SSA). However, it is also linked to environmental externalities such as greenhouse gas (GHG) emissions.
Nitrous oxide Corralling of livestock overnight in fenced enclosures (“bomas” in Kiswahili) is common to protect animals from
Boma . . . .

Manure theft and predation and is practiced across SSA. Boma manure is usually not removed and accumulates over

years, making bomas GHG emission hotspots. The following study presents the first full year of CO5, CHy4, and
N20 emissions measurements from cattle bomas in a savanna ecosystem in Kenya, comparing active (in use) and
inactive (i.e., abandoned) bomas. Active bomas were used for 1-3 months before being abandoned and cattle
were moved to a new boma. GHG emissions were measured using static chambers inside three replicate bomas
and along three 100 m transects from bomas into undisturbed savanna. Compared to savanna background fluxes,
it was found that GHG flux rates from bomas were elevated by several orders of magnitude, with mean fluxes of
487 + 8mg CO2-Cm 2 h™}, 325 4+ 11 ug NoO-N m~2 h™!, and 3245 + 234 pg CH,-C m ™2 h™! for active bomas,
and 167 + 52mg CO,-Cm 2h™}, 610 + 186 pg NoO-Nm ™2 h™}, and 3127 =+ 1262 ug CH4-C m~2 h™* for inactive
bomas, while surrounding savanna soils only emitted 22.3 + 18.2mg COo-C m 2 h™}, 2.5 + 2.2 ug NoO-N m 2
h7), and 0.1 + 0.7 ug CH4-C m~2 h™l. Assuming that bomas are used for 45 days per year, annual manure
emission factors were 2.43 + 0.42%N for N2O and 0.49 + 0.07%C for CHy4, which corresponds to 2.64 + 0.37 g
CHy4 kg’1 volatile solids (VS). These emission factors were similar to IPCC default values for feedlots for low-
producing cattle in warm climates; however, the IPCC only considers emissions in year when bomas are in
use and does not account for emissions following boma abandonment. At the farm scale, boma manure
contributed little (2.2%) to total CH4 emissions, which were dominated by enteric CH4 emissions (97.6%); but
bomas were a substantial source for N,O, contributing over 32% to total NoO emissions on the farm. This calls for
the inclusion of active and inactive bomas in the activity data collection for national GHG inventories, as bomas
are currently overlooked hotspots for GHG emissions that are not represented in the GHG budgets of African
nations. To mitigate GHG emissions, manure should be removed regularly and used as fertilizer to return nu-
trients to the grassland, preventing nutrient mining and ensuring long-term rangeland productivity and resil-
ience, or it might be used to grow crops and livestock feeds.
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1. Introduction

Methane (CHy4), nitrous oxide (N,O) and carbon dioxide (CO,) are
atmospheric greenhouse gases (GHGs) that cause rising global surface
air temperatures as their atmospheric concentrations increase. In 2019,
the agriculture, forestry, and other land use (AFOLU) sector contributed
21% (8.4 Gt C) to CO, emissions, 53% (195 Mt CH4) to CH4 emissions
(FAO, 2021), and 52% (3.8 Tg N2O-N) to N»O emissions globally (Tian
et al., 2020, FAO, 2020).

In many developing countries, the livestock sector is the major
source of anthropogenic GHG emissions, most of which originate from
enteric fermentation (39%) and manure emissions (26%) (FAO, 2020;
Herrero et al., 2013). In 2018, Africa contributed 24% of global agri-
cultural emissions. a contribution that is projected to increase (FAO,
2020). However, these estimates are largely based on modelling and
upscaling of limited field- and laboratory-based observations, as mea-
surements of GHG emissions from livestock systems in developing
countries, particularly in Sub-Saharan Africa (SSA), are scarce (Graham
et al., 2022). As a result, there is significant uncertainty in the accuracy
of these estimates, which is particularly critical as Africa has the fastest
growth rates in livestock numbers globally (Latino et al., 2020; Thorn-
ton, 2010).

This knowledge gap can be addressed by performing in situ GHG
emission measurements that capture the diversity of livestock manage-
ment practices in the region. In SSA, herding of ruminant livestock (e.g.,
cattle, sheep, goats) is often the primary source of income for rural so-
cieties (Barrett et al., 2003). In arid and semi-arid lands (ASALs), where
the climate is less suitable for crops, pastoralism is the dominant live-
stock system and is practiced across ca. 40% of Africa’s terrestrial area
(ILRI et al., 2021). In SSA, 25 million pastoralists and 250 million
agropastoralists depend on livestock as their primary source of income
(MacCarthy, 2000). In such pastoral livestock systems, cattle typically
graze during the day and are taken to water points to drink in the
morning and afternoon, followed by being grouped overnight in per-
manent or semi-permanent enclosures (boma in Swahili; kraal in Afri-
kaans; corrals in English). The accumulation of large quantities of
manure in such bomas renders them GHG emission hotspots with the
potential to contribute largely to total non-COy GHG emissions in pas-
toral systems (Butterbach-Bahl et al., 2020; Carbonell et al., 2021;
Mgalula et al., 2021). Although there are some studies on GHG emissions
from livestock manure in SSA (Briimmer et al., 2008; Leitner et al., 2021;
Pelster et al., 2016; Zhu et al., 2021b, 2020b, 2018), to our knowledge
only two have included in situ measurements of GHG emissions from
bomas in SSA (Butterbach-Bahl et al., 2020; Zhu et al., 2024). Neither of
these studies measured emissions for more than short field campaigns.
Until such point sources of GHG emissions in SSA pastoral livestock
systems have been thoroughly quantified, proper estimation of regional
or national GHG budgets, and consequently the implementation of
proper climate change mitigation strategies, will be challenging and
incomplete.

Furthermore, the IPCC currently does not include bomas as a manure
management system in its Guidelines for National GHG Inventories, nor
does it include N,O emissions from inactive livestock enclosures after
abandonment (IPCC, 2019, 2006). The manure management category in
the IPCC system that most resembles bomas is feedlots. However,
feedlots are primarily found in industrialized livestock systems with
improved, high-producing, cattle breeds fed on nutrient-dense feeds for
fattening and finishing, and where manure is removed regularly from
the animal enclosure. In addition, emissions from feedlots are only
considered for the year in which the enclosures are in use and not for
subsequent years after abandonment, when they may no longer be in
use. In contrast, pastoral systems in SSA are characterized by small
indigenous cattle breeds (e.g., Zebu, Boran, Sanga) (Mwai et al., 2015)
as well as poor feed quality and seasonal feed scarcity (Goopy et al.,
2018; Ndung’'u et al., 2018). In addition, manure from bomas in remote
areas not connected to crop production is rarely removed but
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accumulates in the boma and is left to decompose when the herd moves
on and the boma is abandoned. Consequently, bomas are N,O emission
hotspots for years to decades that are estimated to contribute ca. 5% of
the total anthropogenic NoO emissions on the African continent (But-
terbach-Bahl et al., 2020). Given the large number of cattle in pastoral
systems (estimated 3 Mio. in Kenyan rangelands) (Ogutu et al., 2016),
precise GHG emission factors for bomas are urgently needed to account
for these emissions in national GHG inventories of African nations. To
address this knowledge gap, we observed GHG emissions from active
and inactive bomas and surrounding savanna in an East African range-
land system for the duration of one full year covering two dry and two
wet seasons.

CO- in manure is produced by microbial respiration, and emissions
are controlled by C and N availability and environmental conditions
(temperature, moisture). CH4 emissions from manure are controlled by
moisture (which regulates Oy availability), temperature, and C and N
availability. During manure storage, CH4 emissions are usually high
immediately after excretion, then decrease (Zhu et al., 2021b), and only
increase again if continuously anoxic conditions prevail. For example,
inside the moist core of a manure heap (Chadwick, 2005), or in a slurry
tank.

N-O is produced through several N transformation processes (But-
terbach-Bahl et al., 2013), with nitrification and denitrification
considered as dominant sources of N-O in livestock manure (Chadwick
et al., 2011; Maeda et al., 2010). Manure N3O emissions are highest
under moist but not completely water-saturated conditions (Aguilar
et al.,, 2014). Furthermore, N3O emissions from manure are usually
highest after a time lag of few days (Petersen et al., 2004; Zhu et al.,
2021Db) to several weeks (Leitner et al., 2021) after excretion because
fresh manure (a mix of dung and urine) contains primarily NHZ from
urine and organic N from dung, which first need to be broken down and
converted to NOj3 before they can be denitrified to N»O.

In addition to emissions originating directly from the manure,
manure deposition also influences soil GHG emissions (Zhu et al.,
2020b). Cattle congregate around the boma before being confined at
night and after being released in the morning. During that time, they
drop their faeces in the vicinity of the boma, which provides input of C,
N and moisture from urine to soil microorganisms, thereby promoting
CO4 and N,O emissions. Zhu et al. (2024) reported an increase in GHG
emissions in the vicinity of sheep bomas compared to background
savanna emissions in Kenya. In addition, fresh dung contains entrapped
enteric CH4 and viable methanogens, which leads to short-lived CHy4
pulses after dung deposition on grasslands (Zhu et al., 2021b, 2018).
Consequently, it can be expected that GHG emissions around cattle
bomas will be elevated compared to savanna background fluxes. How-
ever, the range of influence with increasing distance to bomas as well as
effects of seasonality on GHG emissions remain to be quantified.

To address this lack of data and understand the underlying mecha-
nisms, GHG flux data from cattle bomas and the savanna soils sur-
rounding them were collected on a pastoral ranch in south-central Kenya
over the course of one year. The specific objectives of the study were i) to
quantify soil and manure GHG emissions from cattle bomas and adjacent
soils in a grazed savanna landscape, and ii) to analyse temporal variation
of boma and savanna soil GHG fluxes due to rainfall seasonality and
seasonal mobility of cattle herds. Our hypotheses were (i) that bomas are
a major N5O emission source at the landscape scale, and that peak N,O
emissions occur a few weeks after boma abandonment, when urinary-N
has been converted to NO3 and is fuelling denitrification, as well as for
short periods after rainfall events, (ii) that CH4 emissions from bomas
are highest in fresh manure immediately after excretion, when metha-
nogens from the rumen are still viable, as well as during the rainy sea-
son, when the manure layer is wet for an extended period, (iii) that CO4
emissions are higher in bomas than adjacent savanna soils due to
manure C input and increased microbial activity, and (iv) that savanna
soil GHG emissions are elevated in the vicinity (up to 30 m) of bomas
due to manure C and N input.
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2. Materials and methods
2.1. Experimental site and boma management

This study was conducted at the Kapiti Research Station and Wildlife
Conservancy (1°37°06.14°°S, 37°06°09.02’E) of the International
Livestock Research Institute (ILRI). This 14,000-ha farm is located in a
semi-arid region in south-central Kenya, ca. 70 km south from the cap-
ital Nairobi (Carbonell et al., 2021). The climate is typical for semi-arid
savannas, with precipitation below potential evapotranspiration. The
mean annual precipitation is 550 mm, with rainfall being distributed in
a bimodal precipitation regime (March-May and November-December).
Approx. 80% of the annual precipitation occurs during these two pe-
riods. The mean annual temperature is 20.2°C, with 4°C of annual
variation and substantial day and night variability. The soils in the study
area are Salid Sodic Pellic Vertisols (Magnesic), locally known as “black
cotton soils” (Charles K. K. Gachene, pers. comm.). The study area is
dominated by savanna grasses (e.g., Themeda triandra, Panicum spp.,
Chloris virgata), with very few dispersed trees (e.g., Vachellia and Sene-
galia genera) and shrubs (e.g., Euphorbia spp. and Hibiscus spp.) (Muthoka
et al., 2022).

Livestock management on the farm is representative for pastoral
livestock production systems, where herders graze animals during the
day and enclose them in corrals (bomas) during the night. During the
time of the study, three herds of Boran cattle (Bos indicus) of 95-170
animals per herd were enclosed in three separate bomas ca. 5 - 10m
apart from 6 pm to 8 am (Fig. 1). The area where the bomas were located
(1°36°7.42'"S, 37° 7'52.54'"E) is usually used for grazing for a few months
every year, until cattle are moved to another area of the farm when the
pasture in the area around the bomas is exhausted. While cattle were
present, the position of the three bomas was moved by 10 — 30 m to an
undisturbed area every 4-12 weeks and more frequently after heavy
rains. This is a common practice in African pastoral systems where
herders follow rainfall and pasture availability to allow the rangeland to
rest and vegetation to regrow. During the duration of this study, the time
during which bomas were actively used ranged from 26 days (Boma IV)
to 85 days (Boma I) and was on average 45 + 11 days (Table 1). The
number of cattle per boma ranged from 95-170 head (mean 140 + 6
head).

2.2. Sampling design

To cover temporal variation of GHG fluxes from bomas and savanna
soils around the bomas, gas samples were collected at least weekly from
November 2016 to December 2017, for a total of 67 sampling days.
During this period, cattle were present in the study area from November
2016 until June 2017 and from October until December 2017. During
the 2017 long dry season (June-October), cattle were moved to a
different area of the farm, outside the study area (Table 1) to allow
resting of the rangeland around the bomas.

The study area (250 m x 250 m) consisted of three replicates of
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moving bomas and the savanna soil around the bomas (Fig. 1). To
capture GHG fluxes during and after active boma use, three GHG sam-
pling points were set in each boma (Fig. 2), with each sampling point
consisting of three chambers for gas pooling (see details in Section 2.3
below), giving a total of 9 sampling points with 27 chambers inside
bomas. To capture background soil GHG fluxes and identify the extent of
boma influence, samples were collected in the surrounding savanna
along three transects of five sampling points (in the centre of the boma
cluster, and at 5m, 15 m, and 30 m from the boma fence of the first
boma position of the study, see Fig. 2). On 28-Jun-2017, additional
transect points were added at 100 m from the boma fence to include
more undisturbed savanna locations, as the transect points at 30 m
distance showed signs of frequent cattle presence (e.g., dung droppings,
vegetation bite marks). Each sampling point along the savanna transects
consisted of three chambers for gas pooling (see details on GHG sam-
pling in the next section), giving a total of 15 fixed sampling points with
45 chambers in the savanna (Fig. 2). The sampling points along the
savanna transects were kept at the same position throughout the entire
year of measurements, whereas the boma positions were moved four
times by 10 — 30 m to a new spot between November 2016 and June
2017 until the herders abandoned the area (Fig. S1). Following the
movement of the bomas, the sampling points inside the bomas were
changed accordingly:

Boma position I: 09-Nov-2016-01-Feb-2017
Boma position II: 01-Feb-2017-15-Mar-2017
Boma position III: 15-Mar-2017-28-Apr-2017
Boma position IV: 28-Apr-2017-25-May-2017
Boma position V: 25-May-2017-20-Jun-2017

Measurements continued in the study area along the transects and at
Boma position V after the cattle herds were moved elsewhere to a
different location on the farm, outside the study area (20-Jun-2017-05-
Oct-2017), and until the end of the experiment in December 2017.

2.3. Method of GHG sample collection and concentration measurement

The non-flow-through, non-steady-state GHG chamber technique
was used (also known as closed static chamber) (Rochette, 2011) to
collect headspace gas samples. Each sampling point along the savanna
transects was composed of three PVC chambers, each consisting of a
frame inserted 5 cm into the soil and a removable lid (length x width x
height = 37 cm x 26.5 cm x 11.5 cm). For the sampling points in the
bomas, the lids were placed directly in the manure, and height of the
manure inside the chambers was measured to correct the volume of the
chamber headspace. Each lid was fitted with a fan for headspace air
mixing, a vent tube for pressure equilibration, and a thermometer port to
measure headspace temperature during gas sampling. Gas samples were
collected using the gas pooling technique (Arias-Navarro et al., 2013),
where 20 ml of air were drawn from each replicate chamber using the
same syringe to form a 60 ml composite air sample for each sampling

Fig. 1. Boma infrastructure at the study site. (photo credit: Lutz Merbold).
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Table 1
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Boma cattle numbers and manure accumulation for the different seasons and boma periods. ,,Active boma“, cattle were enclosed in the boma at nighttime; ,.inactive
boma*, cattle had been moved elsewhere and there was no fresh manure input into that boma; Boma A-C are replicates; FW, fresh weight; DW, dry weight.

Season Period Start-End (days) Replicate  Cattle Fresh Dry Manure- Manure- Manure volatile
number manure manure C N solids
(head) (Mg FW) (Mg DW) Mg ©) (kg N) (Mg VS)*
Dry season Boma I (active) 09.11.2016-01.02.2017  Boma A 139 153.6 28.8 9.9 422 23.4
(85) Boma B 95 105.0 19.7 6.8 288 16.0
Boma C 156 172.4 323 11.1 473 26.3
Boma II (active) 02.02.2017-15.03.2017 Boma A 164 89.5 16.8 5.8 246 13.7
(42) Boma B 159 86.8 16.3 5.6 238 13.3
Boma C 118 64.4 12.1 4.2 177 9.8
Wet season Boma III (active) 16.03.2017-28.04.2017  Boma A 164 93.8 17.6 6.0 258 14.3
(44) Boma B 156 89.2 16.7 5.8 245 13.6
Boma C 123 70.3 13.2 4.5 193 10.7
Boma IV (active)  29.04.2017-24.05.2017 Boma A 170 57.5 10.8 3.7 158 8.8
27) Boma B 161 54.4 10.2 3.5 149 8.3
Boma C 119 40.2 7.5 2.6 110 6.1
Dry season Boma V (active) 25.05.2017-20.06.2017 Boma A 121 42.5 8.0 2.7 117 6.5
(26) Boma B 147 51.6 9.7 3.3 142 7.9
Boma C 115 40.4 7.6 2.6 111 6.2
Dry & wet Boma V 21.06.2017 Boma A 0 - - - - -
season (inactive) -07.12.2017 Boma B 0 - - - - -
(171) Boma C 0 - - - - -
“ Manure volatile solids (VS) were calculated assuming an ash content of 18.5% DM (Korir et al., 2022).
\\\ Transect 2
100m
O ()]
|- -3
@ &
Transect 1

Fig. 2. Deployment of replicate bomas (Boma A, B, C) and flux chambers (grey boxes) for GHG sampling at the study site. Inside each boma, three sampling points
composed of three replicate chambers for gas pooling were set up. In addition, three transects composed of five sampling points (each containing three chambers for
gas pooling) were set at the center of the first boma cluster (“Center”) and at four distances (5 m, 15 m, 30 m, and 100 m) from the initial boma positions (Boma
position I) at the beginning of the experiment in November 2016. Transect positions remained the same throughout the experiment, while flux chambers inside
bomas were relocated following the boma positions, which were moved by a few meters every 1-3 months (Boma periods I to V).

point. 35 ml of the sample were flushed through a 10 ml gas vial to
remove ambient air, and the remaining 25 ml of gas were filled into the
vial, resulting in a slight overpressure. After closing the chamber lids,
four gas samples were taken at 0, 12, 24 and 36 minutes (in the bomas)
and at 0, 15, 30 and 45 minutes (in the savanna) to ensure points to stay
within linear concentration increase. From June 2017 until the end of
the experiment, sampling time was reduced to 0, 6, 12 and 18 minutes in
bomas and savanna transects to ensure that all points stay within the
time of linear concentration increase. Gas samples were stored at room
temperature and were transported to ILRI’s Mazingira Centre for Envi-
ronmental Research and Education (https://mazingira.ilri.org) in Nai-
robi within <2 weeks after sampling, where they were analysed for CHy,
N2O and CO» concentrations using a gas chromatograph (GC; SRI

Instruments, model 8610 C). The GC was fitted with a flame ionization
detector (FID) equipped with a methanizer for CH4 and CO,, and a %3Ni
electron capture detector (ECD) for N,O, both heated to 350 °C. The GC
column oven was run at 70 °C, and the flow rate for the carrier gas (N3)
was 25 ml min ! (Leitner et al., 2021). Calibration gases with known
CH4, N3O and CO concentrations (ranging from 4.28-49.80 ppm for
CHy4, 360-2530 ppb for N3O, and 400-2420 ppm for CO5) were injected
at the beginning and after every 20-30 samples to determine headspace
gas sample concentrations. These were calculated through the relation
of peak areas of samples and peak areas of calibration gases, using a
linear regression for CH4 and CO5 (Eq. (1)) and a power regression for
N,O that leads to a better fit due to the non-linearly behaviour of the
ECD (Eq. (2)):
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Conccy, co, = ax+f (@)
Concy,o = ax’ (2)

where Conccy, co, are the methane and carbon dioxide concentrations
(ppm), Concy,o is the concentration of nitrous oxide (ppb), x is the
sample peak area from the GC, and a and p are model coefficients from
the calibration curve.

2.4. GHG flux calculation

Greenhouse gas flux rates for bomas and savanna transects were
calculated from the linear change in gas concentration in the chamber
headspace over the chamber closure time, corrected for mean chamber
temperature and air pressure (Metcalfe et al., 2007) (Eq. (3))

6. P 273 M VvV

5, 1013 (T +273) 2241 A 3

Foue =

where Fgpe is the greenhouse gas flux (mg CO»-C m 2 h’l, pg CH4-C
m 2 h7!, and pg NyO-N m~2 h™1), sc/st is the change of gas concen-
tration over time (i.e. slope, in ppmv h™! for CO,, and ppbv h™! for NyO
and CHy), P is the air pressure at the study site (mbar), 1013 is the air
pressure at sea level (mbar), T is the mean chamber headspace tem-
perature during deployment (C), M is the molar mass of nitrogen (2 x14
= 28 for N30) or carbon (12 for CH4 and CO»), 22.41 is the Ideal Gas
Volume (L mol ™), Vis the chamber headspace volume (m®), and A is the
area covered by the chamber (m?).

Calculated GHG fluxes were discarded if the correlation coefficient
(r) of the linear slope of 5c/6t was <0.9 for CO; and <0.8 for CH4 and
N5O. Moreover, we also discarded fluxes for NoO and CH4 with r<0.9 for
CO4, fluxes, assuming that the chamber was leaking.

Cumulative GHG emissions were calculated by trapezoidal integra-
tion. For this, data gaps were filled with a running mean (window size
+4 data points, linear weighting), then hourly fluxes were multiplied
with *24 to derive daily fluxes and summed over the respective periods.
To calculate manure-induced GHG emissions (i.e., emissions that were
caused by deposition of manure onto the soil), cumulative GHG emis-
sions from bomas were corrected for background soil GHG emissions by
subtracting them with cumulative emissions from the transect at 30 m
distance from bomas (since the point at 100 m distance was only added
in the second half of the study).

Emission factors (EF) were calculated following Eqs. (4) and (5)
below and expressed as % manure-C that was emitted as CO2-C or CHy-
C, and % manure-N that was emitted as N,O-N:

Cumulativemanure CH, or CO, emissions (kg Cboma™")

EFcyy & EF, %)=
CH4 co2 (%) Cinaccumulated manure (kg C boma™")

100
(C)]

Cumulative manure N,O emissions (kg N boma™")

EF 0 (%) = +100  (5)

N in accumulated manure (kg N boma™")

To allow comparison with IPCC default values, CH4 EFs were also
calculated based on excreted volatile solids (VS) following Eq. (6) and
expressed as g CH4 kg™! VS (IPCC, 2019):

- Cumulative manure induced CH,, (g CHy boma ™"
EFcus vs (§ CHykg ! VS) = 4(gCH, )

VS inaccumulated manure (kg VS boma™")
(6)

To compare the contribution of different livestock emission sources
at the farm scale, emissions of CH4 and N,O from boma manure were
calculated using the manure EFs from this study converted to a per-
animal basis using a manure excretion rate of 2.4 + 0.3kg DW per
night (see Section 2.5). Furthermore, emissions of CH4 and NO from
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manure deposited on pasture were estimated using EFs from Zhu et al.
(2021a) for manure from Kenyan cattle, and enteric CH4 emissions were
estimated using emission factors from Wolz et al. (2022) for Boran cattle
from the same farm as the present study. All manure emission factors
were multiplied by the total number of cattle at the farm (3800).
Grassland emissions were calculated by multiplying the total area of
grassland without bomas on the farm (10,400ha) by the emissions per
area measured at 100m distance from the bomas. The area around the
bomas was not taken into account, so the emission estimates are con-
servative. All emissions were converted to COy-equivalent (CO2eq) using
a 100-year global warming potential (GWP) of 28 for CH4 and 265 for
N3O (calculated on a per-mass basis and including climate-carbon
feedback effects, IPCC, 2013, p. 714).

2.5. Soil and manure sampling

At the beginning of the experiment, soil samples from two profiles
inside bomas and two profiles in the savanna soil were taken. From each
profile, four replicate samples were collected at 0-5, 5-10, 10-20,
20-40, 40-70 and 70-100 cm depth. At each depth, samples for bulk
density and water content were collected with stainless-steel cylinders of
5.6 cm diameter and 4 cm height (100 cm? volume) at each soil depth,
individually packed in zip-lock bags and transported to the lab within 5
days. A forced-air oven was used to dry the soil samples to constant
weight at 105°C for 48 hours.

After the end of the experiment, soil samples were taken at each GHG
sampling point to determine C and N concentration, pH, water content
and bulk density. Four replicates were taken at 0-5, 5-20 and 20-50 cm
depths. Three replicates were pooled into one sample for C, N, and pH
analysis. The pooled samples were oven-dried at 60°C overnight and
analysed for C and N with an elemental combustion system (VarioMAX
Cube elemental analyser, Elementar GmbH, Hanau, Germany) and for
pH with a pH meter in water solution (1:2.5). The fourth replicate was
oven dried to constant weight at 105°C for 48 hours to determine bulk
density and water content.

To estimate the amount of manure that accumulated in each period
in the bomas, three to four cattle were enclosed in a separate small boma
overnight that was lined with a waterproof tarp on the floor, and total
dung and urine were collected each morning, weighed, and subsampled
for analysis of water, C and N content. This was done on 23 separate
occasions between June and September 2019. Manure volatile solids
(VS) were calculated following Eq. (7) by subtracting manure ash con-
tent from manure dry matter (DM) (IPCC, 2019):

VS(g) = DM(g) — ASH(g) )

assuming an ash content of 18.5% DM (as measured for Boran cattle fed
on tropical forage grass in Kenya, Korir et al., 2022).

2.6. Environmental data

A weather station at the sampling site fitted with a data logger
(EM50, Decagon, Pullman, WA; USA) recorded environmental data
throughout the experiment every 15 min. Air temperature and relative
humidity were measured with a temperature/relative humidity sensor
(ATMOS 14, Decagon, Pullman, WA; USA). Precipitation was recorded
with a tipping rain gauge (ECRN-100 high-resolution, Decagon, Pull-
man, WA; USA). Soil water content and temperature in the bomas and in
the savanna soils were measured with Decagon 5TM soil sensors at 5 cm
depth. Wind speed and direction were recorded every 15 min (mean of
1-minute intervals) with an anemometer (Davis cup Anemometer,
Decagon, Pullman, WA; USA).

2.7. Data analysis

Gap filling for cumulative emission calculation was done using the
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package “imputeTS” (Moritz and Bartz-Beielstein, 2017). Differences in
GHG flux rates and cumulative GHG emissions between season (dry
versus wet), location (boma, center, 5m, 15 m, 30 m, 100 m), status
(active versus inactive boma), and their interactions were tested with an
ANOVA using the aov function of the “stats” package (base R) on
cube-root transformed data (cube-root transformation can be applied on

Agriculture, Ecosystems and Environment 367 (2024) 108980

positive and negative values). Because GHG fluxes and cumulative
emissions from bomas were orders of magnitude larger than those from
transect points, residuals were not normally distributed, and data were
heteroscedastic (i.e., variance was not homogeneous) despite data
transformation. Consequently, the dataset was split into boma data and
transect data, and a two-way ANOVA was run on the boma dataset with
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Fig. 3. Fluxes of CO, (mgC m2h™1, N,0 (ug C m~2h~!) and CHy4 (ugC m~2h!) as well as cumulative emissions of CO, (t C ha™'), CHy4 (kg C ha~!) and N,O (kg N
ha™') from bomas from Nov-2016 to Dec-2017. The bottom panel shows daily means of air temperature (Tair, °C), soil temperature (Ts, °C), volumetric moisture
content (VWC, m® m~%) measured in the bomas (5 cm depth), and daily rainfall sums (mm). Vertical lines labelled “Boma I” to “Boma V” represent dates when boma
clusters were moved to a new spot. Bomas A-C are replicate bomas, each of which contained 9 replicate soil flux chambers.
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season (dry versus wet), status (active versus inactive), and their in-
teractions as fixed factors. For the transects, an ANCOVA was run with
distance from the boma in m as numeric variable (2 m for Center, 5 m,
15m, 30 m, and 100 m), and season (dry versus wet) as categorical
variables. All statistical analyses were done with RStudio 2022.07.2
using R version 4.2.1 (R Core Team, 2019). ANOVA and ANCOVA were
calculated using the aov function of the “stats” package in base R, and
group differences were compared with Tukey’s HSD test using the
emmeans function from the “emmeans” package (Lenth, 2023). Corre-
lations between GHG fluxes, environmental parameters, and soil prop-
erties were analysed with a Spearman correlation test using the cor.test
function (“stats” package). Annual EFs for NoO and CH4 were compared
to the IPCC default factors for drylots with a t-test using the t.test func-
tion (“stats” package). Results of statistical significance testing are given
in Tables S2, S3, and S4. We only report significant differences in the text
unless explicitly stated otherwise. Data are expressed as mean =+ stan-
dard deviation.

3. Results
3.1. Soil characteristics and environmental factors

Annual precipitation at the study location was 506 mm between 07-
Dec-2016 and 07-Dec-2017, with 84% of the precipitation falling during
the two rainy seasons (mid-March to end of May and October to mid-
November). Mean annual air temperature was 18.1°C and mean
monthly air temperature ranged from 16.8°C in July to 20.3°C in March
(Fig. 3).

Soil characteristics at the locations of bomas and savanna transects at
the start of the experiment are given in Table S1. There were no sig-
nificant differences between transect and boma soil. The soil was neutral
with a pH of 7.1 £ 0.2. Soil C decreased with soil depth and was 1.55 +
0.09% (0-5cm), 0.83 + 0.03% (5-20cm), and 0.54 + 0.04%
(20-50 cm). Similarly, soil N decreased with soil depth and was 0.13 +

Table 2
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0.01% (5-20 cm), 0.06 + 0.003% (5-20 cm), and 0.05 + 0.004%
(20-50 cm). Soil C/N ratio was 12.8 £ 0.5 and did not change with soil
depth because soil C and N concentrations were highly correlated over
all depth layers (r=0.986, p<0.001). Bulk density was 1.37 =+
0.04 g m~3 in the topsoil (0-5 and 5-20 cm) and decreased to 1.12 +
0.20 g m~2 in the subsoil (20-50 cm).

Manure in the bomas accumulated up to a 30 cm layer for the longest
study period (Boma period I, 85 days). The amount of manure deposited
per cattle overnight was 13.0 + 1.5 kg FW, corresponding to 2.4 +
0.3 kg DW. Manure C and N concentrations in fresh manure did not
differ between dry and wet seasons and were 34.4 + 1.04%C and 1.47 +
0.11%N, with a C/N ratio of 23.6 + 2.4. Because manure accumulation
is a function of animal numbers and duration of active boma use, the
amount of manure that accumulated in the different bomas varied over
time: the largest accumulation was observed in Boma Period I (85 days),
with a manure accumulation of 144 + 20 Mg FW or 26.9 + 3.8 Mg DW,
corresponding to 9.3 + 1.3 Mg C, 394 + 55 kg N, and 21.9 + 3.1 Mg VS
per boma (Table 1). In contrast, during Boma period IV, which was the
shortest active time (26 days), bomas accumulated 3-times less manure,
namely 50.7 + 5.3 Mg FW or 9.5 + 1.0 Mg DW, corresponding to 3.3 +
0.3 Mg C, 139 + 15kg N, and 7.7 £+ 0.8 Mg VS per boma.

3.2. Carbon dioxide flux rates and cumulative emissions

CO,, flux rates ranged from 8-1937 mg C m~2 h™! in active bomas
and from 6-1580 mg Cm™2h ™! in inactive bomas and peaked during the
rainy season and after rainfall events in the dry season (Fig. 3). Mean
CO4, fluxes in active bomas did not differ between dry season (409 +
181 mgC m~2h~1) and wet season (497 + 112 mg C m2h~1) (Table 2,
Fig. 5). In contrast, mean CO; fluxes from inactive bomas were 3-times
higher in the rainy season (305 + 62 mg C m~2 h™!) than in the dry
season (98 + 15 mg C m 2h1). Mean CO-, fluxes from adjacent savanna
were a factor 2-15 lower than from bomas and decreased with
increasing distance from bomas (ranging from 121 + 85 mg Cm 2 h™!

Flux rates of NoO (ug Nm~2h 1), CH,; (mg Cm2h 1) and CO, (mg Cm~2h!) and cumulative emissions (kg N2O-N ha !, kg CH4-C ha~!, Mg CO,-C ha™!) from bomas
and transects for the wet seasons (mid-Mar to end of May and mid-Oct to end of Nov, 123 days), dry seasons (242 days), and over a full year. Points along the transect
were taken in the center of the boma cluster (‘Center’), and with increasing distance (5, 10, 30 and 100 m) from the initial boma location (see Fig. 2 for the study
layout). Values are means + SD (n = 3). Significant differences between dry and wet season are marked with lowercase letters (a, b), differences between active and

inactive bomas are marked with capital letters (A, B).

Location Season CO;, flux N0 flux CH4 flux Cum. CO, emissions™ Cum. N5O emissions™ Cum. CH4 emissions™
mg C m2h! ug N m2h! ug C m2h?! Mg C ha! kg N ha! kg C ha!
Bomas
Active Dry season 490 + 313" 292 + 277 3639 + 3052 3.54 + 2.10° 2.96 + 1.71 17.28 + 17.56
Wet season 497 + 195 382 + 3724 3150 + 1836° 3.60 + 1.07 3.05 + 2.38 17.81 + 5.33%
Annual 487 + 8° 325 + 114 3245 + 234 43.30 + 8.72° 36.37 + 7.38 212.39 + 14.56
Inactive Dry season 98 + 274 498 + 108 4718 + 1862° 0.87 + 0.274 3.57 + 0.91 18.96 + 4.94°
Wet season 305 + 108 829 + 345° -5 + 8442 1.84 + 0.56 5.06 + 2.19 -0.03 + 0.6742
Annual 167 + 52% 610 + 186° 3127 + 1262 14.58 + 4.14" 49.55 + 16.26 152.77 + 42.48
Transect
Center Dry season 82.6 + 62.8% 15.8 + 14.2% 96.3 + 346.5 0.57 +0.17% 0.11 + 0.06% 0.50 + 1.04
Wet season 191.7 + 78.6° 45.8 + 31.8" 235.9 + 225.6 1.40 + 0.36" 0.35 + 0.20° 1.17 + 1.56
Annual 121.1 + 85.3 28.6 + 27.3 145.6 + 309.3 10.31 + 2.79 2.30 + 1.26 8.85 + 14.67
5m Dry season 65.8 + 81.7% 18.6 + 24.2% 42.2 + 53.6 0.42 + 0.36% 0.13 +0.12* 0.36 + 0.21
Wet season 161.5 + 120.0° 62.2 + 72.5" 67.1 +95.1 1.19 + 0.90° 0.45 + 0.37° 0.46 + 0.37
Annual 111.1 + 110.2 37.3 + 54.0 54.0 + 74.9 8.24 + 6.59 2.87 + 2.50 4.75 + 3.05
15m Dry season 55.7 + 35.0° 16.5 + 16.5% 6.7 + 83.8 0.35 + 0.07% 0.11 + 0.05% 0.04 + 0.39
Wet season 104.1 + 69.8° 35.8 + 20.9° 5.2 + 47.2 0.78 + 0.09" 0.25 + 0.08" 0.05 + 0.31
Annual 79.9 + 59.1 24.8 + 20.5 6.0 + 66 6.04 + 0.94 1.92 + 0.70 0.54 + 4.40
30m Dry season 35.5 + 29.1% 11.0 + 12.6% 8.8 + 46.3 0.27 + 0.19% 0.08 + 0.08% 0.10 + 0.27
Wet season 126.3 + 101.0° 17.7 + 16.9° 8.4 + 44.9 0.93 + 0.60" 0.13 +0.13° 0.00 + 0.20
Annual 72.9 + 80.2 13.9 + 14.6 1.7 £ 45.1 5.96 + 3.94 1.17 + 1.16 0.80 + 2.95
100 m Dry season 6.9 +0.1% 1.4+ 1.0 -1.4+55 0.05 + 0.00% 0.01 + 0.01 -0.01 + 0.03
Wet season 52.8 + 16.8" 4.2+3.1 1.4+ 45 0.38 +0.11° 0.03 + 0.03 0.01 + 0.03
Annual 22.3 +18.2 2.5+ 22 0.1+0.7 1.95 + 0.49 0.22 +0.17 0.01 + 0.33

" To account for different lengths of boma periods and seasons, cumulative emissions for dry and wet season were calculated for 30 days (kg or Mg C ha~! month ! or
kg N ha~! month™'), and annual emissions were calculated for 365 days using 123 wet-season days and 242 dry-season days (kg or Mg C ha~! year ! or kg N ha ™!

year’l).



S.M. Leitner et al.

in the Centre to 22 + 18 mg C m~2h ! at100 m distance) (Fig. 4, Fig. 5).
Furthermore, there was a strong effect of seasonality on savanna COy
fluxes, with 2-5 times higher fluxes observed in the rainy season than in
the dry season (Table 2). CO5 fluxes were positively correlated with soil
moisture (p<0.001, r=0.55).

Calculated over a full year, cumulative CO2 emissions from active
bomas (43.3 + 21.3 Mg C ha™! year ') were 4-20 times higher than
from adjacent savanna soils (ranging from 10.3 + 2.8 Mg C ha™! year™!
in the Centre to 2.0 + 0.5 Mg C ha™! year™! at 100 m) (Table 2). After
bomas were abandoned, annual cumulative CO5 emissions were similar
between bomas (14.6 + 4.5 Mg C ha™! year 1) and nearby savanna soils
(Center and 5m) and decreased with increasing distance (>15 m).
When corrected for background savanna respiration, cumulative
manure-induced CO, emissions in active bomas did not vary between
dry season (3.39 + 1.14 Mg C ha~! month™!) and wet season (2.89 +
1.16 Mg C ha! month’l) (Table 3). Similarly, in inactive bomas cu-
mulative manure-induced CO, emissions were similar between dry
season (0.57 + 0.25 Mg C ha! montlfl) and wet season (0.16 + 0.82
Mg C ha™! month™1), but they were ca. 5-10 times lower than in active
bomas. Calculated for a full year (assuming 123 wet-season days per
year), cumulative manure-induced CO, emissions from active bomas
(39.2 4+ 13.9 Mg Cha~! year ! or 2.7 & 0.88 Mg C boma ! year™!) were
eight times higher than from inactive bomas (5.24 + 5.37 Mg C ha?
year ! or 0.42 + 0.24 Mg C boma ! year 1). The EF¢o; for active bomas
were similar in the dry season (6.85 + 2.57%C) and wet season (6.19 +
1.82%C), but they were higher for active than for inactive bomas (1.39
+ 0.41%C for the dry season and 0.77 + 0.37%C for the wet season).
Calculated over a full year and assuming 45 days of active boma use, the
annual boma EF¢oy was 12.6 + 5.3%C.

3.3. Nitrous oxide flux rates and cumulative emissions

N0 flux rates from active bomas ranged from 1 to 1222 pg N m 2
h™! (mean 292 + 277 ug N m 2 h™1) in the dry season, and from 3 to
1607 pg N m 2 h™! (mean 382 + 372 pg N m 2 h™1) in the wet season
(Fig. 3, Table 2), with no significant differences between seasons
(Fig. 5). In inactive bomas, N2O flux rates were higher in the wet season
(823 + 345 uyg N m 2 h™!) than in the dry season (498 -+ 108 pg N m~2
hH (Fig. 3, Table 2). In the adjacent savanna soils, N2O flux rates were
up to a factor of 20 lower than from bomas, and N3O fluxes further
decreased with increasing distance from the bomas (Fig. 4, Table 2), but
these differences were not significant due to the large data variability
(Fig. 5). NoO flux rates from savanna soils increased after rainfall events,
and mean N0 fluxes were higher in the rainy season in the vicinity of
the bomas (<30 m). N;O fluxes were positively correlated with soil
moisture (r=0.21, p<0.001).

Cumulative NyO emissions from active bomas were 10-100 times
higher than from adjacent savanna soils in both dry and wet season
(Table 2). There was no difference in cumulative NyO emissions from
active bomas between seasons, or when comparing active and inactive
bomas. Cumulative N»O emissions from adjacent savanna soils
decreased with increasing distance from bomas and were higher in the
wet season than in the dry season. Calculated over a full year, cumula-
tive N,O emissions from active bomas (36.37 + 7.38 kg N ha~! year 1)
and inactive bomas (49.55 + 16.26 kg N ha! year’l) were 12-40 times
higher than from adjacent savanna soils (<30 m), and up to 200-times
higher than from the most distant savanna point at 100 m (0.22 +
0.17kg N ha! year’l) (Table 2).

Manure-induced N,O emissions (Table 4) in active bomas were
similar between dry season (2.74 + 0.80 kg N ha! month™!) and wet
season (3.15 + 0.76 kg N ha™! month’l). Similarly, manure-induced
N2O emissions from inactive bomas were in the same range and did
not differ between dry season (3.50 + 0.55 kg N ha~! month™!) and wet
season (4.88 + 1.37kgN ha™! month™). Consequently, EFygo for
active bomas were similar for both seasons (0.14 &+ 0.05%N), as were
EFNg0 for inactive bomas in both the dry season (0.20 + 0.03%N) and
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wet season (0.28 4 0.07%N) (Table 3). Annual manure-induced N,O
emissions were similar between active (35.0 + 8.94 kg N ha™! year™!)
and inactive bomas (48.3 + 10.0 kg N ha! year’l). N5O emissions
calculated over a full year assuming 45 days of active boma use resulted
in an annual EFyy0 of 2.43 + 0.42%N, which is similar to the IPCC
default EFyyo for feedlots for low-producing non-dairy cattle (2.0 +
1.0%N) (t=1.77, p=0.109) (IPCC, 2019).

3.4. Methane flux rates and cumulative emissions

Methane flux rates ranged from —194-6690 ug C m~2 h™! (mean
3443 + 2567pgC m 2 h7!) in active bomas and from
~167-19750 pg C m 2 h™! (mean 2357 + 2834pugC m 2 h™Y) in
inactive bomas (Fig. 3, Table 2). Short-lived CH4 pulses in active and
inactive bomas were observed after rain events, and the highest single
CHj, flux (25,200 pg C m 2 h™1) was measured four weeks after a large
rain event (ca. 100 mm precipitation in three days) in a boma that had
recently been abandoned. There was no difference in mean CHy fluxes
from active bomas between dry season and wet season (Fig. 5,Table 2),
but we found that in inactive bomas, mean CH4 flux rates were higher in
the dry season (4718 + 1862 pg C m~2h~1) than in the wet season (-5 +
84 g C m~2 h!) because of the large rain-induced CH,4 pulses
mentioned above.

Compared to active bomas, CH4 fluxes from adjacent savanna soils
were 10-50 times lower or slightly negative (Fig. 4). Savanna soil CH4
flux was highest after rain events and when cattle were present in the
study area. Mean CH4 fluxes from savanna soils were highest in the vi-
cinity of the bomas and decreased with increasing distance (ranging
from 145 + 309 pg Cm~2h~! in the Centre to 0.1 £ 0.7 pg Cm 2h ™! at
100 m) (Table 2). When calculated over the entire study duration, CHy4
fluxes did not differ between savanna transect locations. However, when
calculated only for the times that cattle were present in the study area
and there was fresh manure input (09-Nov-2016 until 19-Jun-2017 and
06-Oct-2017 until 07-Dec-2017), CHy4 fluxes increased significantly with
increasing vicinity to bomas (Table S2). CHy fluxes were not correlated
with soil moisture or temperature.

Cumulative CH4 emissions from active bomas were not different
between dry season and wet season (Table 2). In contrast, cumulative
CH4 emissions from inactive bomas were higher in the dry season than in
the wet season. Similar to CH4 flux rates, annual cumulative CHy4
emissions from active bomas (212 + 164 kg C ha™! year 1) and inactive
bomas (153 + 43 kg Cha ! year 1) were 20-100 times larger than from
adjacent savanna soils, where emissions decreased with increasing dis-
tance from bomas (ranging from 8.9 + 14.7 kg C ha™! year™! in the
Centre to 0.01 =+ 0.33 kg C ha™! year ! at 100 m).

Cumulative manure-induced CH4 emissions from active bomas were
similar between dry season (17.6 + 7.2 kg C ha~! month™') and wet
season (17.3 + 4.3 kg C ha! month™1) (Table 5). In inactive bomas,
manure-induced CH4 emissions were higher in the dry season (18.7 +
3.1kgC ha—! month™!) than in the wet season (-0.2 + 0.7 kg C ha!
month™ ). Consequently, for EFcy4, there was no difference between dry
season (0.04 + 0.02%C) and wet season (0.03 £ 0.01%C) for active
bomas (Table 5), whereas for inactive bomas the EFcys was 0.05 =+
0.01%C in the dry season and zero in the wet season. Calculated over a
full year and assuming 45 days of active boma use, bomas had an annual
EFcy4 of 0.49 £ 0.07%C. Calculated following the IPCC method based
on manure VS excretion, the annual EFcp4 ys in this study was 2.64 +
0.37 g CH4 kg~ ! VS, which was not different from the IPCC default value
for feedlots for low-producing non-dairy cattle in warm climates, which
is 1.70 + 0.51 g CHy kg~ VS (t=2.56, p=0.062).

3.5. GHG emissions at the farm scale
The Kapiti farm covers 10,400 ha of grassland and was holding a

total of 3800 cattle during the study period. Calculated for the entire
farm (Table 6), the total GWP of all livestock CH4 sources was 8223 Mg
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Fig. 4. Fluxes of CO, (mg C m 2 h’l), N0 (ug C m2h Y and CH4 (ug C m~2h!) as well as cumulative emissions of CO, (tC ha’l), CH,4 (kg C ha ') and N,O (kg N
ha~!) from savanna soils along a transect of increasing distance to cattle bomas (Center, 5, 15, 30, and 100 m) from Nov-2016 to Dec-2017. “Center” represents the
location in the middle of the boma cluster. The bottom panel shows daily means of air temperature (Tair, °C), soil temperature (Ts, °C), volumetric moisture content
(VWC, m® m~%) measured in the bomas (5 cm depth), and daily rainfall sums (mm). The grey area represents the time when cattle were absent from the study area.
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Fig. 5. Box and whisker plots of flux rates of CO,, NoO and CH,4 for bomas and transect locations with increasing distance from the bomas (Center, sampling point in
the center of a cluster of 3 replicate bomas). Please note the difference in y-axis size of bomas versus transects. Significant results shown are from a two-way ANCOVA
with season (dry versus wet) as categorical and distance from bomas (in m) as numerical variable. Asterisks denote significant differences between seasons at in-

dividual transect locations. See Tables S2 and S3 for full statistics results.

CO9eq, to which enteric fermentation contributed 97.6% (8023 Mg
CO2eq). Manure was only a minor CHy source at the farm scale, with
bomas contributing 2.2% (183 Mg CO2eq) and manure deposited on
pasture contributing 0.2% (13 Mg COzeq). CH4 emissions from the
grassland were negligible. In contrast, manure was an important source
for farm-scale N2O emissions, with bomas contributing 32.6% (990 Mg
CO2eq) and manure on pasture contributing 4.6% (140 Mg COseq). CO,
emissions are not included here because CO, from animals and manure
originates from photosynthetic carbon (i.e., plant biomass) that is
released via respiration and is therefore not considered to be a net

10

contributor to anthropogenic CO2 emissions (IPCC, 2006; Owen and
Silver, 2015).

4. Discussion
4.1. Nitrous oxide emissions
In line with hypothesis 1, cattle bomas were significant sources of

N,O emissions at the landscape scale, contributing over 32% to farm-
scale NoO emissions. This is in line with a study from a savanna
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Table 3

Manure-induced cumulative CO, emissions and CO, emission factors (EF¢o2, % manure-C emitted as CO»-C) for active and inactive bomas, calculated for dry and wet
season (Mg C ha~! month ! and Mg C boma ™! month ™), and annually (Mg C ha~! year ! and Mg C boma ! year '). Annual emissions are weighted for dry season
days (242) and wet season days (123) per year. Total annual EFo, was calculated assuming 45 days of active boma use in one year. Significant differences between
active and inactive bomas are marked with capital letters (A, B). Dry and wet season did not differ significantly.

Location Season Manure-induced cumulative CO, emissions EFco2
Mg cC ha ™) Mg C boma ) (% manure C emitted as CO5-C)

Active bomas Dry season 3.39 + 1.14% 0.23 + 0.08 6.85 + 2.57

Wet season 2.89 £ 1.16" 0.21 £ 0.07® 6.19 +1.828

Annual* 39.18 +13.88 2.71 £ 0.88 6.63 + 2.32
Inactive bomas Dry season 0.57 + 0.25% 0.04 £+ 0.01 1.39 £ 0.41

Wet season 0.16 £ 0.82* 0.02 £ 0.03* 0.77 £ 0.37%

Annual* 5.24 £5.37 0.42 £ 0.24 13.48 + 5.72
Total bomas** Annual 9.43 + 6.26 0.71 + 0.30 12.63 +5.30

*assuming 123 wet season days per year
**assuming 45 active use days per year

Table 4

Manure-induced cumulative N,O emissions and N,O emission factors (EFy20, % manure-N emitted as N;O-N) for active and inactive bomas, calculated for dry and wet
season (kg N ha~! month ™! and kg N boma~! month™!) and annually (kg N ha™! year! and kg N boma ! year™!). Annual emissions are weighted for dry season days
(242) and wet season days (123) per year. Total annual EFy20 was calculated assuming 45 days of active boma use in one year. Significant differences between active
and inactive bomas are marked with capital letters (A, B). Dry and wet season did not differ significantly.

Location Season Manure-induced cumulative N,O emissions EFn20
(kg N ha™ 1) (kg N boma™!) (% manure N emitted as N,O-N)

Active bomas Dry season 2.74 £ 0.80 0.19 £+ 0.06 0.14 + 0.04 2

Wet season 3.15+0.76 0.22 £+ 0.05 0.14 + 0.05"

Annual* 35.0 +8.94 2.47 £ 0.63 0.14 + 0.05
Inactive bomas Dry season 3.50 + 0.55 0.25 + 0.04 0.20 + 0.03%

Wet season 4.88 +1.37 0.34 £ 0.10 0.28 + 0.07°

Annual* 48.27 +10.02 3.41 £0.71 2.75 + 0.47
Total bomas** Annual 46.63 + 9.84 3.30 + 0.70 2.43 £ 0.42

* assuming 123 wet season days per year
**assuming 45 active use days per year

Table 5 Table 6
Manure-induced cumulative CH4 emissions and CH4 emission factors (EFcy4, % Farm-scale emissions from grassland, cattle bomas, enteric fermentation, and
manure-C emitted as CH4-N) for active and inactive bomas, calculated for dry cattle manure deposited on pasture, expressed as CO,-equivalents (CO,eq).

and wet season (kg C ha~' month ! and kg C boma ! month ') and annually (kg
Cha ! year ! and kg C boma ! year™!). Annual emissions are weighted for dry
season days (242) and wet season days (123) per year. Total annual EFcy, was CHy Area CHy4 Farm-level CHy  Source of

Farm-scale emissions

calculated assuming 45 days of active boma use in one year. Significant differ- (ha) e]?‘isg;ms elrv[niszigns emission factor
ences between dry and wet season are marked with lowercase letters (a, b), ;ag,l) 4 (Mg COzeq)
differences between active and inactive bomas with capital letters (A, B).
Grassland 10400 0.013 4 0.0% This study
Location Season Manure-induced EFcus4 Cattle EFcna
cumulative CH4 emissions (head) (kg CH.
(kg C (kg C (% manure C emitted head ™)
ha™ 1) boma 1) as CH4-C) Cattle bomas 3800 1.72%* 183 2.2% This study
Enteric 3800 75.4 8023 97.6% Wolz et al.,
Active Dry 17.6+72 12405 0.04 + 0.02% fermentation (2022)
bomas season Manure on 3800 0.12%* 13 0.2% Zhu et al., 2021
Wet 17.3 & 1.2403° 003 +0.01° pasture
B
season 4.3 Total CH, 8223 100%
*
Annual 2132 + 149 +£53 0.03 £ 0.02 N,O Area N,O Farm-level N,O Source of
75.6 b B (ha) emissions emissions emission factor
Inactive Dry 18.7 £ 1.3+£0.2 0.05 + 0.01 (kg N,O (Mg COeq)*
bomas season 3.1° ha )
A A
Wet 02+ 0.0 £0.0"* 0.0 =+ 0.00" Grassland 10400 0.691 1906 62.8% This study
season 0.7 Cattle EFnso
Annual*  150.0 + 107 +£21  0.55+0.08 (head) (kg N;0
27.3 head™)
Towl  Annual 157.8 & 11.24£23 049 £0.07 Cattle bomas 3800 0.98%* 990  32.6% This study
bomas** 305 Enteric 3800 - - -
* assuming 123 wet season days per year fermentation
o . . Manure on 3800 0.14%* 140 4.6% Zhu et al., 2021
assuming 45 active use days per year
pasture
Total N,O 3036 100%

steppe in Inner Mongolia reporting that cattle sheds contributed 34% to
regional N2O emissions (Chen et al., 2011). For cumulative manure NyO
emissions from livestock enclosures, the same study reported 17 kg N

CO,eq were calculated using a GWP;oo of 28 for CH4 and 265 for N,O **
Manure EF per head were calculated assuming a daily manure excretion rate of
2.4 kg DW head ! and manure chemical composition of 34.4%C and 1.47%N.
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ha™! year™! from summer cattle sheds, which was ca. 50% lower than
found in the present study in Kenya for active bomas (36 kg N ha™?
year’l) and inactive bomas (50 kg N ha! year’l). This can be
explained by the cold winters in Inner Mongolia, during which tem-
peratures drop below zero, limiting microbial activity and N,O forma-
tion (Butterbach-Bahl et al., 2013). In contrast, at our study site the
minimum soil temperature never dropped below 9.5 °C and cattle bomas
emitted considerable amounts of N2O year-round. When calculated on a
per-animal basis, this study found that cattle bomas emitted 0.98 kg NoO
head™! year !, which is within the range reported in a review of N,O
emissions from open-lot cattle feedlots, which found a wide range of
0.002-4.3 kg N,O head™! year’1 (Waldrip et al., 2016). The authors
attributed this wide range of N»O emissions to differences in pen man-
agement, livestock density, animal diet, and environmental conditions
(temperature, moisture). The NoO emissions from our study are in the
lower third of reported cattle feedyard emissions, which seems plausible
given that the animal diet in our study consisted entirely of savanna
vegetation that has a low protein content, subsequently leading to low
manure N-content (1.5%) and high C/N ratio (23.6). For comparison,
the C/N ratio of manure from cattle in more industrialized livestock
production systems ranges from 14 in dairy systems in Austria (Amon
et al., 2001) to 17 for beef cattle feedlots in Brazil (Costa et al., 2014),
and to about 20 for grazing systems in the UK (Parkinson et al., 2004). In
addition, the cattle in our study were of the indigenous Boran breed that
is more efficient in water and N-retention than high-producing dairy or
beef cattle breeds that are raised on N-rich diets and with good water
availability (Wassie et al., 2019).

The savanna grassland at our site emitted 0.22 kg N ha™! year ™},
which is in the same range as reported by others who found N2O
emissions of 0.25 kg N ha™! year™! for a grassland used for cattle and
sheep grazing in Inner Mongolia (Yang et al., 2015), or 0.13 kg N ha™!
year ! for a grazing land in Taita Taveta County, Southern Kenya
(Wachiye et al., 2020). Furthermore, we found an influence of distance
to bomas on soil N3O fluxes, with increasing N,O fluxes in the vicinity of
cattle bomas. Savanna ecosystems are often N-limited and have a tight N
cycle, and several other studies have found low N availability and low
N5O fluxes in similar savanna ecosystems (Briimmer et al., 2009; Cas-
taldi et al., 2006; Grover et al., 2012). Consequently, it is plausible that
the N input from dung and urine of grazing livestock improved N
availability to soil microorganisms in the vicinity of the bomas, and
thereby increased N2O emissions. For the most distant savanna transect
point, at 100 m distance from the bomas, the annual mean N,O flux was
2.5 + 2.2 ug Nm~2h ™!, which is in the same range of what was reported
for grazing land (1.5 + 0.4ug N m 2 h™!) in Taita Taveta, Kenya
(Wachiye et al., 2020). In addition, there was a positive correlation
between soil N,O flux and soil moisture. Moisture increases the con-
nectivity between soil microorganisms and their substrates, thereby
increasing microbial activity (Moyano et al., 2013). Consequently,
several studies have reported an increase of soil NoO flux after rainfall
and rewetting events in tropical pastures, particularly after manure
deposition (Pelster et al., 2016; Scholes et al., 1997; Wachiye et al.,
2020; Zhu et al., 2024). Regarding effects of moisture and seasonality on
boma N0 emissions, NoO emissions increased in the wet season only in
inactive but not in active bomas. This seems plausible as active bomas
receive considerable amounts of urine every night, which leaves the
manure layer continuously moist and therefore, rainfall events do not
trigger additional N3O pulses. In contrast, inactive bomas dry out
quickly under the savanna sun, and rewetting promotes pulses of high
N»O fluxes, as was observed during the rainy season between Oct-Dec
2017 during which the highest NoO fluxes of the study period were
recorded (up to 2120 + 388 pg N m~2 h™! on 17-Oct-2017).

4.2. Methane emissions

As expected, cattle bomas were sources of CH4 emissions (hypothesis
2), and cumulative CH4 emissions from bomas were up to 100-times
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higher than from adjacent savanna soils. The CH4 emissions from
bomas recorded in this study (212 kg C ha™! year™? for active bomas,
153 kg C ha™! year ™! for inactive bomas) were higher than emissions
recorded from sheepfolds and summer cattle sheds in Inner Mongolia,
which ranged from 8 to 93 kg C ha ! year ! (Chen et al., 2022).
Calculated on a per-animal basis, cattle bomas in this study emitted
1.72 kg CH4 head ™! year™!, which is more than five times higher than
values reported for Inner Mongolia (0.31 kg CH, head ™! year™ 1), where
emissions are restricted by cold winters (Chen et al., 2022). Emissions
from open feedlots in Southern Idaho (0.04-0.34 kg CH,; head™!
year’l), where manure is periodically removed (Leytem et al., 2011)
were negligible compared to our findings. In contrast, at our site manure
was accumulating over 1-3 months during boma use, after which it was
left in the bomas. This is a common scenario for pastoral systems in SSA,
where manure is rarely removed from cattle bomas and can accumulate
over months and years (Butterbach-Bahl et al., 2020; Marshall et al.,
2018). Nevertheless, even though bomas in this study showed higher
CH4 emissions than found for livestock enclosures elsewhere, at the farm
scale, enteric CH,4 emissions from the digestive tract of the animals were
by far the biggest source of CH4 (97.6%), while boma manure emissions
only contributed about 2.2%. Therefore, efforts to mitigate livestock
CH4 emissions in African pastoral systems should focus on enteric CHy
emissions, for example by improving productivity per animal to reduce
CH4 emission intensities (emissions per unit of milk or meat).

Considering temporal dynamics, during the wet season active bomas
emitted more CH4 than inactive bomas, where flux rates were close to
zero. This partly confirms our second hypothesis that CH4 emissions
from bomas are highest in fresh manure immediately after excretion,
when methanogens from the digestive tract are still viable, and then
decline when methanogens die off due to Oy exposure. However, in
contrast to our expectations, the highest CH4 flux of the study
(25,200 pg C m~2 h™!) was measured in inactive bomas during the dry
season. This emission event occurred three weeks after a heavy rain-
storm (100 mm precipitation in three days) and shortly after bomas had
been abandoned. We assume that it was the combination of recent
moisture input from the rainfall event, together with input of viable gut
methanogens from the animals not too long ago, and the fact that the
bomas were abandoned and the manure layer therefore undisturbed (no
mixing via trampling), which led to optimal conditions for methane
production (stable, water-saturated conditions and sufficient supply of C
and N to enable growth of methanogens) that caused this large CHy
emission event. This highlights the need for high-frequency measure-
ments (at least once per week, ideally more frequent) and a long-enough
study duration (at least one rainy and one wet season, ideally a full year)
(Jungbluth et al., 2001) to ensure that such short-lived emission pulses
that can dominate the CH4 balance are captured. In addition, this can be
used to reduce manure CH,4 emissions, for example through frequent
turning and mixing for aeration, although this may have a stimulating
effect on N3O emissions, (Chadwick et al., 2011), or through regular
removal of manure from livestock enclosures.

Considering the influence of cattle bomas on savanna soil CHy flux,
no effect of distance to bomas was found when calculated over the entire
study period. However, when considering only the period during which
cattle were present in the area and there was input of fresh excreta from
grazing animals, CHy fluxes increased in the vicinity (<30 m) of the
bomas. Once the cattle left the area, this effect disappeared, likely
because CH,4 emissions from excreta deposited on pasture are short-lived
in tropical grasslands because dung patches dry out rapidly (Zhu et al.,
2021b, 2018).

4.3. Carbon dioxide emissions

Bomas were large sources of CO, emissions due to input of manure C
and gut microorganisms, which promoted microbial activity and respi-
ration (hypothesis 3). Consequently, active bomas emitted 43.3 Mg C
ha~! year™!, while inactive bomas emitted only 14.6 Mg C ha™! year™!,
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which was still almost ten-times higher than savanna background
emissions (1.9 Mg C ha™! year™!). Others found similar magnitudes of
CO,, emissions, for example 17.2 Mg C ha™! year™! for sheep and cattle
sheds in Inner Mongolia (Chen et al., 2022), 4.4 Mg C ha™! year™! for
grazing land in Taita Taveta, Kenya (Wachiye et al., 2020), and 4-5 Mg
Cha!year! for average CO, emissions from grasslands globally (Raich
and Schlesinger, 1992). In this study, CO2 emissions were highest in
active bomas and then decreased after bomas were abandoned. How-
ever, rainfall triggered CO2 pulses 3.5 months after abandonment that
reached the same magnitude of CO5 fluxes as measured in active bomas.
This indicates that in abandoned bomas, decomposition and respiration
are limited by moisture rather than C availability. This is in line with a
previous study from Kenya that found very slow manure decomposition
rates in semi-arid rangelands, which was attributed to moisture limita-
tion of organic matter breakdown (Zhu et al., 2020a). In addition,
savanna soil respiration increased during the wet season in response to
rainfall. This is a common pattern for tropical savannas that are limited
by water availability because rainfall increases hydrological connec-
tivity between soil microorganisms and their substrates as stated earlier
(Merbold et al., 2009; Moyano et al., 2013), and it also promotes
vegetation growth and activity, which has been shown to be another key
driver for soil respiration in Kenyan grasslands (Wachiye et al., 2022).

4.4. Methane and nitrous oxide emission factors

In contrast to our expectations, EFy20 and EFcpg4 vs for bomas were
similar to the IPCC default EFs for feedlots for low-producing non-dairy
cattle in warm climates (IPCC, 2019, 2006). This indicates that in
absence of country-specific EFs, governments of SSA countries can use
feedlot default factors to report NoO and CH,4 emissions from cattle
bomas. Nevertheless, this implies that bomas and similar overnight
livestock enclosures need to be captured in the activity data collection
for livestock manure management. To our knowledge, SSA countries
only report emissions from manure deposited on pasture for their pas-
toral systems while emissions from bomas are not captured (Graham
et al., 2022; Ndambi et al., 2019). This can lead to significant underes-
timation of manure GHG emissions from SSA, as has also been stated by
Butterbach-Bahl et al. (2020) who estimated that active and abandoned
bomas from cattle alone contribute 5% to total N,O emissions from the
African continent. Considering that bomas from other livestock,
particularly sheep, goats, and camels, are also common in pastoral sys-
tems and can be GHG emission hotspots (Zhu et al., 2024), and that
livestock numbers in SSA are growing, it is critical that active and
inactive bomas be included in national GHG inventories to reduce cur-
rent uncertainties in anthropogenic GHG emission sources and to better
explain rising atmospheric NoO and CH4 concentrations (Jackson et al.,
2020; Wells et al., 2018). This can be achieved by including bomas and
similar livestock enclosures as manure management category in the
animal activity data collection for GHG inventories (Leitner et al., 2020),
or by using novel techniques such as satellite-based remote sensing to
map bomas from space (Vrieling et al., 2022). In addition, we want to
point out that in the present study, boma EFs were calculated only for
the first year after abandonment, but abandoned cattle bomas can emit
N2O for years to decades. Butterbach-Bahl et al. (2020) estimated that an
additional 1.34%N (range of 0.90-2.56%) is emitted as N,O over 40
years after boma abandonment. In comparison, the EFyz0 in our study is
2.43 £ 0.42%N for the first year after abandonment alone. Assuming
that bomas remain N»O emission sources for at least 40 years, this would
result in a combined EFyy0 of 3.74%N, almost twice as high as the IPCC
default for feedlots (2%N), which assumes regular manure removal and
only accounts for the year when feedlots are in use and does not consider
emissions after abandonment (IPCC, 2019).

Regarding the limitations of our study, we wish to highlight that
boma management across SSA varies considerably by ethnic group and
accessibility. In addition, the number of animals in a boma, the quality
of the feces, or the number of days and seasons that bomas are used vary
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regionally (see e.g. Butterbach-Bahl et al., 2020). Boma management
can only be addressed through targeted surveys combined with remote
sensing analysis (e.g. Vrieling et al., 2022), as very little is known about
the movement patterns of bomas across the landscape.

One way to mitigate NyO emissions from livestock bomas in sub-
Saharan Africa could be to regularly remove manure from bomas
(Costa et al., 2014; Petersen et al., 2013). The collected boma manure
can be used as fertilizer to replenish nutrients removed by grazing
livestock in the adjacent grasslands. Previous research from Kenya re-
ported a net nutrient transfer from grasslands to bomas, and these lo-
cations have been suggested to be hotspots for N loss from the rangeland,
causing a negative N balance (Carbonell et al., 2021). Thus, current
rangeland management risks degradation and nutrient depletion of soils,
reducing rangeland productivity and causing long-term loss of soil
organic matter. Similar findings have been reported from Western Af-
rica, where livestock are left to graze on grasslands and are then penned
on croplands overnight for manure input and soil fertilization, leading to
a net nutrient transfer from grassland to cropland (Powell et al., 2004).
As long as livestock densities are relatively low and pastoralists are
migrating with their animals across vast areas, grasslands can cope with
this nutrient loss, as it resembles the migration of wild herbivores that
have dominated landscape nutrient transfer for millennia (Macharia
et al., 2012; Marshall et al., 2018). However, recent developments, such
as conflict-related restriction of migration routes (Kaimba et al., 2011),
reduced access to traditional grazing grounds due to land-use change
and grassland conversion (Tyrrell et al., 2022; Wafula et al., 2022),
increasing frequency and severity of droughts (Descheemaeker et al.,
2016), and increasing sedentarization and urbanization of pastoralists
(Hauck and Rubenstein, 2017) are leading to locally increased livestock
densities (Augustine, 2003; Edwards et al., 2022). Reduced pastoralist
mobility leads to longer boma use times (Lamprey and Reid, 2004), with
larger quantities of manure accumulating in the bomas, and higher
grazing pressure and nutrient removal from the surrounding grassland.
This likely leads to higher N,O emissions and other N losses (e.g., via
ammonia volatilization and NOj3 leaching) from bomas, and at the same
time reduces N reservoirs in the surrounding soils. To combat these
developments, an integrated landscape-scale approach considering
various stakeholders and institutions is required, the description of
which is beyond the scope of this study. However, from a nutrient
cycling perspective, the aim should be to return as much N and other
nutrients from the bomas back to the surrounding grassland, for example
by spreading boma manure on the grassland or by using short-rotation
bomas (Carbonell et al., 2021; Porensky and Veblen, 2015), or to use
boma manure as fertilizer for alternative feed production to supplement
the grass-based livestock diet.

5. Conclusions

This is the first study to present a full year of GHG flux measurements
from cattle bomas in SSA. Bomas are significant sources of N3O, CHy,
and CO», with fluxes several orders of magnitude higher than compared
to background savanna soil emissions even after boma abandonment. At
the farm-scale, CH4 emissions from bomas only contributed little
compared to enteric CH4 emissions, but boma N3O emissions contrib-
uted over 32% to farm-scale NoO emissions. This corroborates the
importance of bomas for livestock GHG budgets in SSA and calls for the
inclusion of bomas and other similar livestock enclosures as a manure
management practice in the activity data collection for national GHG
inventories. Furthermore, to improve the current estimates of GHG
emissions from bomas, a combined measuring and modelling approach
that includes remote sensing is required in order to enhance our un-
derstanding of boma numbers, distribution, and movement. To mitigate
boma N»0 emissions, regular removal of boma manure or frequent boma
relocation are suggested. This can potentially improve grassland pro-
ductivity and drought resilience by ensuring that nutrients that are
removed by grazing animals are returned to the soil, thereby preventing
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soil nutrient mining and soil degradation. Finally, it should be empha-
sized that pastoralists in SSA use bomas not only for cattle but also for
sheep, goats, and camels; therefore, future studies should assess GHG
emissions and N losses from bomas of other livestock species while also
considering other environmental dimensions (e.g., effects on
biodiversity).
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