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To improve the estimate of greenhouse gas emissions (GHG) from tropical rangelands in sub-Saharan Africa, we
measured GHG emissions from sheep excreta over two periods of 51 days on a Kenya rangeland. In addition, we
measured GHG emissions from potential hotspots in the landscape linked to sheep grazing: overnight enclosures
(“bomas”), where sheep are kept at night to protect them from theft and predators, the areas surrounding sheep
bomas, and areas surrounding watering troughs. Results showed a short pulse of CO; fluxes after sheep urine
application and a rapid increase of CH4 fluxes following sheep dung application in both rainy and dry season.
However, only small increases of N2O fluxes were observed after dung and urine applications compared to
controls without excreta. Elevated N3O fluxes mainly coincided with heavy rainfall. Overall, N2O emission
factors (EFs) did not vary across excreta type or seasons, but mean N,O EFs for dung (0.01%) and urine patches
(0.02%) were only one tenth of the default EFs from the 2019 IPCC Refinement for dry climate. We did, however,
find that bomas and watering troughs are sites of herd concentration that are important sources of GHG emis-
sions in the landscape, and that emissions in these locations can remain elevated for months to years, especially
when soil moisture is high. This study contributes to more robust estimates of GHG emissions from African
livestock systems, which are fundamental to develop targeted mitigation strategies.

1. Introduction

Grasslands occupy 40% of the world’s terrestrial area (Hufkens et al.,
2016; Parton et al., 2012) and a large fraction is used for livestock
grazing (Zhou et al., 2018). Between 60% and 99% of the nutrients
ingested by livestock are returned to the soil as excreta in the form of
urine and dung that contain large amounts of nitrogen (N) and labile
carbon (C), creating greenhouse gas (GHG) emission hotspots on
grasslands, especially for nitrous oxide (N2O) production (Cai et al.,
2017; Haynes and Williams, 1993). In intensive cattle grazing systems,
approximately 20% of the surface area is covered by urine annually
(Moir et al., 2011) and ~5% is covered by dung (Ward et al., 2016). The
amount of N contained in excreta patches by far exceeds plant N utili-
zation, thus the surplus N contributes to N3O loss (Chadwick et al.,
2018). Globally, voided excreta on pasture are estimated to contribute
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40% of total N2O emissions from livestock production systems (Oenema
et al., 2005). In addition to N,O, excreta are a source of methane (CHy):
CH4 from dung patches includes the release of enteric CH4 embedded in
the dung as well as newly produced CH,4 through methanogenesis after
excretion (Maljanen et al., 2012). Previous research has shown that CH,4
emissions from dung patches may outweigh soil CH4 uptake in tropical
pastures (Zhu et al., 2021b). Furthermore, following urine deposition,
urea hydrolysis and enhanced soil microbial respiration due to the
addition of soluble C and water result in a pulse of carbon dioxide (CO3)
production (Boon et al., 2014). The addition of water, labile C, and gut
microorganisms in fresh dung also increases soil CO, emissions (Zhu
et al., 2020).

In sub-Saharan Africa (SSA), increasing livestock numbers and
higher stocking rates are needed to meet the enhanced demand for
livestock products of a growing population; subsequently GHG
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emissions from grazing land are likely to increase (Tian et al., 2020;
Smith et al., 2016). Though excreta patches have been regarded as
important GHG sources, according to our knowledge, there is no study
that has measured GHG emissions from sheep excreta in sub-Saharan
Africa. Most studies examining GHG emissions from excreta patches
were conducted in temperate regions and have mainly focused on cattle.
Cattle account for 77% of non-CO, emissions from the livestock sector
(Herrero et al., 2013), more specifically 60% of the excreted N and N,O
emissions from animal production systems (Herrero et al., 2013; Van
Groenigen et al., 2005). Because dung and urine behave very differently
regarding their GHG emissions, the IPCC 2019 Refinement of the
Guidelines for National Greenhouse Gas Inventories has provided dis-
aggregated emission factors (EFs) for urine and dung for both cattle and
sheep under wet and dry climates (Kristell et al., 2019). However, a
series of recent studies showed that N,O emissions from cattle dung and
urine patches in tropical rangelands in SSA are up to 40% lower in
comparison to the IPCC default EF of 0.24% (Kristell et al., 2019). This
difference was found to be mainly due to low N concentrations in the
excreta, which reflects the N-poor livestock diet (Zhu et al., 2020, 2018;
Tully etal., 2017; Pelster et al., 2016). Therefore, it may be assumed that
similar to cattle, also sheep fed with N-poor feed will have low excreta N
concentrations and consequently NoO emissions from sheep excreta
patches will be lower than assumed by the IPCC. However, data points
for sheep excreta included in the IPCC 2019 Refinement were extremely
scarce, especially for dry climates. Furthermore, the N partitioning be-
tween urine and dung used by the IPCC 2019 Refinement was based on
studies from cattle taken from a summary of trials in New Zealand
(Kelliher et al., 2014). However, animal species, breed, and diet strongly
influence N partitioning, resulting in large uncertainties when GHG
emissions from excreta patches are assessed using default factors that do
not represent local systems (Searle and Shipley, 2008).

Globally, the numbers of sheep are estimated at around 1.3 billion
head in 2021 (FAO). Africa contains 27% of the global sheep population,
which in arid and semi-arid lands (ASALSs) are mainly fed on free grazing
in the daytime (Butterbach-Bahl et al., 2020; Gilbert et al., 2018).
Furthermore, in pastoral systems, livestock are typically held in over-
night enclosures (“bomas” in Kiswahili, “kraals” in Afrikaans, “corrals”
in English) to protect them from theft and predators. Manure in bomas is
usually not used as fertilizer but left to accumulate over months or even
years; consequently, bomas have been reported to be large but over-
looked N30 hotspots on the African continent (Butterbach-Bahl et al.,
2020). To better assess GHG emissions from livestock excreta in tropical
regions and reduce uncertainties in national and regional GHG budgets,
the quantification of GHG emissions from bomas and excreta on pasture
for different livestock species is urgently required.

To address this knowledge gap, we measured GHG emissions (i) from
sheep dung and urine patches on a tropical grassland in Kenya, (ii) from
sheep bomas, and (iii) from areas surrounding bomas and water troughs
where sheep congregate during the day. We hypothesized that a) sheep
dung patches are a small source of CHy; b) both sheep urine and dung
patches are NoO sources, but due to the low feed quality in SSA N,O EFs
are lower than reported by the IPCC 2019 Refinement for dry climate; c)
sheep bomas and areas surrounding bomas and water troughs are
sources for NyO and CHy.

2. Materials and methods
2.1. Emissions from sheep excreta patches

We conducted a field experiment at the Mazingira Centre for Envi-
ronmental Research and Education (https://mazingira.ilri.org/) of the
International Livestock Research Institute (ILRI), Nairobi, Kenya (S
1°16°13"; E 36°43°23"; altitude 1809 m a.s.l.). The trial was set up on a
grassland dominated by Kikuyu grass (Pennisetum clandestinum Hochst.
ex Chiov.) and Rhodes grass (Chloris gayana Kunth), which was not
grazed. The grass was cut to 5 cm by hand before the trial and every two
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to three weeks during the rainy season. The soils at our study site are
well drained, deep humic nitisols based on the IUSS soil classification.
The soil has a clay texture with a clay content of 62.7% (Zhu et al.,
2021b). The topsoil (0-10 cm depth) contains 2.38 + 0.00 g N kg !, and
23.3 + 2.8 g C kg™! and the soil pH measured in water (1:2.5) is 6.5 &
0.1. The long-term mean annual precipitation at the site is 869 mm with
a long rainy season from March to June and a short rainy season from
October to December. The annual precipitation in 2022 when we con-
ducted our measurements was below average with only 635 mm.

To determine excreta effects on soil GHG emissions, six treatments
were included in the trial: control (no excreta application), 0.6 L
distilled water, 0.6 L urine, 0.33 kg dung, 0.6 L water + 0.33 kg dung,
and 0.6 L urine + 0.33 kg dung. Each treatment consisted of three spatial
replicates. The application rate was based on a previous study from
tropical regions in Brazil, which described the volume per urine patch
(75 ml on an area of 31 cm?) and the mass per dung patch (7 g fresh
weight on an area of 15.5 cm?) excreted by a sheep with 30 kg live
weight (Tomazi et al., 2015). We scaled those values to the area covered
by the GHG flux chamber (0.25 m?), which resulted in an application
rate of 0.6 L urine and an amount of 1.125 kg fresh weight of dung.
However, as the sheep dung in our study was drier as compared to values
reported in the study in Brazil (dung moisture 30% in our study vs 71%
in Brazil) and consequently having a lower weight, we scaled the
amount relative to the moisture content and reduced the total amount
placed in a chamber to 0.33 kg. The first trial was conducted from
23-May to 12-Jul-2022 in the rainy season, while the second trial was
conducted from 23-Aug to 12-Oct-2022 in the dry season. Sheep dung
and urine used in both trials were collected from an ongoing animal trial
at the Mazingira Centre. In this animal trial, sheep of the local Red
Maasai breed were fed with 1 kg Rhodes grass hay (Chloris gayana) and
supplemented with 400 g dry Calliandra (Calliandra calothyrsus). To
enable separate collection of dung and urine, sheep were kept in
metabolic crates overnight. Fresh dung and urine were collected in the
morning from three animals and applied within one hour to minimize N
losses from ammonia (NHg3) volatilization. Before application, excreta
from the replicate animals were mixed to form one composite dung and
one urine sample. Sheep dung and urine sample collected for the first
trial in the morning on 23-May-2022 contained 16.9 g N kg~! DM with
34.6% water content for dung and 4 g N L™ for urine, while for the
second trial, dung collected on 23-Aug-2022 contained 10.6 g N kg~ *
DM with 28.0% water content, and urine N concentration was 3.0 g N
L™t (Table 1).

Table 1

Water content, carbon (C) and nitrogen (N) concentrations and C/N ratio of
dung, and N concentrations of urine applied to grasslands in Kenya during rainy
season and dry season trials.

Period Season Excreta Excreta properties
type Water Ceone Neone C/N
content (gC (gN ratio
(%) kg™! kg~! DM
DM) org N
L
16-May- Rainy Dung 34.6 + 420.3 16.9 + 24.9
2022 - season 1.0a + 4.2a 0.9a +
12-Jul- 1.0a
2022 Urine - - 3.4+ -
0.2A
16-Aug- Dry Dung 28.0 + 415.2 10.6 + 39.4
2022 - season 3.0b +0.9a 0.1b +
12-Oct- 0.4a
2022 Urine - - 3.0+ -
0.1B

Note: Values are means =+ standard deviation (n = 3). DM means dry matter.
Different lowercase letters indicate significant differences between seasons
within dung property, and different uppercase letters indicate significant dif-
ferences between seasons within urine N concentrations (P < 0.05).
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To measure soil GHG fluxes, an automated static chamber system
consisting of 18 individual chambers (0.5 m x 0.5 m x 0.15 m) and an
automated gas sampling system were used (Butterbach-Bahl et al.,
1997). The chambers were divided into six blocks of three chambers
each. Chambers were deployed in rows approximately 0.5 m apart from
each other. Each block was closed and sampled for 45 min during which
changes in the GHG mixing ratios of the headspace were monitored
sequentially in 1-min intervals. Then, the chambers were opened, and
the next block was closed and sampled, with a total measurement cycle
of 277 min for all 6 blocks. The 18 chambers (6 treatments, 3 replicates)
were randomly distributed across the study site. However, due to tech-
nical properties of our automatic GHG chamber system, these 18
chambers were arranged in 6 blocks of 3 chambers each. Therefore, our
study is not completely randomized. We tested for a potential “block”
effect in a linear mixed effects model using “block” as random factor but
found no significant effect. The sampled gas was analyzed for CO2, CHy4
and N,O concentrations by a cavity ringdown laser absorption spec-
trometer (G2308, Picarro Inc., Santa Clara, CA, USA).

In both trials, dung, urine and/or water were applied directly into
the GHG flux chambers at around 10 am, and GHG flux measurements
were started immediately after application. GHG fluxes in both trials
were monitored for 51 days after application when GHG fluxes in the
treated plots had returned to background levels for a period of at least
two weeks. After the first trial was completed, GHG flux chambers were
moved to unaffected grassland to avoid legacy effects of the prior
excreta residues. In the dry season, due to very dry conditions we
simulated three small rainfall events (20, 30 and 30 mm), which are
common in the dry season in the area, to stimulate GHG fluxes. The GHG
fluxes were calculated using a linear regression approach and R values
of the linear regression on the increase/decrease of GHG concentrations
in the closed chamber were used as decision criteria to keep or discard
measurements (Yao et al., 2015). For all three gases, flux rates were
discarded if the R? for CO,, fluxes was < 0.8 as this could have indicated
a leak in the measurement system. We did not remove CH4 or N»O fluxes
with low R? values because in tropical grasslands, these gases typically
have low flux rates (and hence a linear regression with a low R?) for most
of the time with exceptions after rainfall events that trigger short
emission pulses (particularly for N3O). Removing CH4 or N2O fluxes
with a low R? would therefore lead to overestimation of cumulative
emissions (Croghan and Egeghy, 2003). Of all fluxes measured, less than
6% of the CO3, CH4 and N3O fluxes were finally discarded.

The EF was calculated as the percentage loss of added C or N over the
length of the trials. For dung-only plots, the NoO EF was calculated using
the N3O emissions from dung-only plots minus control plots, while for
the urine-only and urine + dung plots, it was calculated by subtracting
N0 emissions from water-only plots to account for any soil rewetting
effects on N2O emissions. The resulting net excreta-induced NO emis-
sions were then divided by the amount of N applied. The CH4 EF was
only calculated for dung using the cumulative CH4 emissions from dung
addition plots minus that from control plots and then dividing the dung-
induced CH4 emissions by total C application via dung. Urine was not
regarded as an important source of CH4 because it contains little C which
is quickly lost as COq; therefore, no CH4 EF was calculated.

Soil samples for mineral N analysis were taken at different depths
(0-5 cm, 5-10 cm, and 10-20 cm) using a soil auger after excreta
application at 5 times in the rainy season and 7 times in the dry season.
Precipitation, air temperature and soil moisture at 5 cm depth were
recorded with a weather station (ATMOS 41 weather station and
TEROS-11 soil sensor, METER Environment, Munich, Germany) located
directly next to the experiment.

2.2. GHG emissions from sheep bomas
To estimate GHG emissions from sheep bomas, we conducted mea-

surements at ILRI's Kapiti Research Station & Wildlife Conservancy
(S1°38°20"; E37°10°36"; altitude 1864 m a.s.l.), Machakos, Kenya. The
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Kapiti Station spans across 13,000 ha and is located in the semi-arid
region of southern Kenya, with a mean annual precipitation of 550
mm. Sheep in Kapiti are of the local Red Maasai and Dorper breeds that
are freely grazed on natural savanna grassland during daytime and
enclosed in bomas during the night. Sheep bomas are relocated to a fresh
spot every 3 days to reduce soil disturbance. In this study, we measured
two bomas with a diameter of 17-19 m and manure layer less than 1 cm
that housed 247 sheep:

e Boma I was established on 23-Apr-2023, abandoned on 26-Apr-2023,
and GHG fluxes were measured six times between 25 April 2023 and
07-Jun-2023 (once in the active boma and 5 times in the abandoned
boma).

e Boma II was established on 18-Apr-2023, abandoned on 21-Apr-
2023, and GHG fluxes were measured six times between 25-Apr-
2023 and 07-Jun-2023 in the abandoned boma.

Inside each boma, three points were randomly selected for gas flux
measurements and soil and manure sampling. In addition to the boma
measurements, we also measured GHG fluxes and took soil samples in
the grazing area surrounding the bomas from three points each at dis-
tances of 5 m and 100 m from the boma fence. Furthermore, another
three points were selected for GHG measurements in an area of 1 m
surrounding watering troughs and measured at the same days as the
boma points. The watering trough had dried when we went there the
fourth time on 17-May-2023.

Concentrations of GHGs were detected using a Li-850 infra-red gas
analyzer (LI-COR Biosciences, Lincoln, US) for CO, and an LGR-ICOS
laser gas analyzer (Los Gatos Research, ABB, Zurich, Switzerland) for
CH4 and N5O connected to a dark static chamber with a diameter of 30
cm. The GHG concentration change was measured for at least 5 min at
each point.

2.3. Soil, urine and dung analysis

For both experiments (excreta on pasture and bomas), water content
of sheep dung and boma manure was measured through oven-drying at
105 °C until constant weight. The total C and N for soil, sheep dung, and
boma manure were analyzed with an elemental combustion system
(VarioMAX Cube, Elementar, Langenselbold, Germany). The N concen-
tration of sheep urine was analyzed via chemiluminescence on a total N
analyzer for liquid samples (Shimadzu TNM-L, Duisburg, Germany).
Ammonium (NHZ) and nitrate (NO3) were extracted from soil and boma
manure with 1 M KCl and then analyzed colorimetrically (Hood--
Nowotny et al., 2010).

2.4. Data analysis

Differences between seasons in the properties (e.g., water content, C
and N concentration and C/N ratio) of fresh dung, and urine N con-
centrations in each season were tested using a one-way ANOVA with
Tukey’s HSD test. Differences in cumulative CO2, CH4 and N3O emis-
sions and CH4 and N,O EFs across different treatments in both rainy and
dry seasons were tested with a two-way ANOVA using treatment and
season as fixed factors and block as a random factor. Testing for normal
distribution using the Shapiro-Wilk test showed that all residuals were
normally distributed. All statistical calculations were done in R 4.3.0 (R
core team, 2023).

3. Results
3.1. GHG emissions from excreta patches
Mean CO; fluxes from control plots in the rainy season (32.7 mg CO»-

C m? h™!) were half of those in the dry season (72.8 mg CO,-C m?h ).
While air temperatures (wet season air temperature 16.6 °C; dry season
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air temperature 17.1 °C) and soil moisture (mean wet season: 24.2%;
mean dry season: 23.4%) were similar in the dry and wet season, we
believe that differences in cumulative CO; fluxes were mainly due to
differences in plant biomass, which was higher in the dry season as
indicated by a higher plant height. Consequently, higher soil CO,
emissions might reflect higher rates of plant root respiration. Water
addition did not increase CO; fluxes in the rainy season but increased
them from 43.7 + 3.1-65.3 + 3.2 mg CO»-C m? h™! in the dry season
(Fig. 2a). However, in both seasons, CO3 fluxes increased rapidly after
urine or urine + dung addition, with the highest observed peaks of 107.5
+ 14.0 mg CO,-C m? h™! from urine + dung application in the rainy
season and 256.4 + 116.9 mg CO»-C m? h™! from urine-only application
in the dry season (Fig. 1a & 2a). Addition of dung-only increased CO5
fluxes after 4 days in the rainy season, which coincided with a heavy
rainfall event, while there was only a negligible effect of dung addition

—e— Control
—4a— (.6 L water
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in the dry season. Despite some differences in CO; flux rates, cumulative
CO9 emissions over the experimental period (51 days) were not statis-
tically significant among the different application treatments in each
season (P > 0.05; Table 2 & 3).

In both seasons, the grassland soil acted as a small sink for atmo-
spheric CH4, with higher mean uptake rates in the rainy season
(—3.72 ug CH4-C m? h™!) compared to the dry season (—0.58 pg GHy4-C
m? h™1). Water and urine addition had only marginal effects on CHy
fluxes (Fig. 1b & 2b). After dung addition, CH4 fluxes increased slightly
and stayed elevated for 1-2 weeks. Specifically in dry season, CH, fluxes
increased to 144.30 + 50.38 uyg CH4-C m? h™! after urine + dung
addition after a 20 mm rainfall simulation and following rainfall events
(Fig. 2b). Over the trial duration, the cumulative CH4 emissions from
dung-only did not outweigh soil CH4 uptake in the rainy season, while
the plots receiving dung and urine + dung became CH4 sources during

Fig. 1. Dynamics of (a) CO»-C, (b) CH4-C and
(c) N2O-N fluxes as affected by additions of

(@) . —&— 0.6 L urine different types of sheep excreta to grassland
300 1 : — — 0.33 kg dung near Nairobi, Kenya during the rainy season
250 —v— 0.6 L water + 0.33 kg dung (trial 1). The lower panels show the observed
200 4 —#*— 0.6 L urine + 0.33 kg dung temporal dynamics of (d) mean daily soil
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Table 2

Cumulative CO,, CH4 and N,O emissions for sheep excreta applied to grassland in Kenya over a 51-d period from 23-May-2022-12-Jul-2022 (Trial 1 - rainy season).

Season Treatment N input by excreta (kg N ha™ 1) Cumulative emissions
CO, (g CO>Cm™) CH,4 (mg CH4-C m~2) N,O (mg N,O-N m~?)

Rainy season Control, no application 0 39.6 + 4.0 -4.7 £ 0.9 -0.9 +£0.2

0.6 L water 0 43.1 +14.9 3.7 +1.4 -1.1 +£0.5

0.6 L urine 82.3 26.5 + 6.8 -3.6 £1.3 1.2+1.2

0.33 kg dung 146.3 47.4 £ 12.4 -0.2+21 -0.9+0.2

0.6 L water + 0.33 kg dung 146.3 60.8 + 36.3 -0.4 + 2.0 -1.4+1.3

0.6 L urine + 0.33 kg dung 228.5 36.4 + 8.0 27 +£15 21+1.7

Note: Values are mean =+ standard deviation (n = 3). No significant difference among treatments in rainy could be found.

the dry season (Table 2 & 3). Nevertheless, the CH4 EFs were small and
similar across treatments, ranging from 0% to 0.004% in both seasons
(P > 0.05; Table 4).

Background N»O fluxes from the grassland soils in our study site
were quite low, ranging from — 5.11-3.16 ug N2O-N m? h™?, with a

mean of —0.73pgNyO-N m? h™! in the rainy season, and

— 8.45-26.30 pug N,O-N m? h™!, with a mean of — 0.58 ug NyO-N m?
h~! in the dry seasons. Surprisingly, neither urine nor dung application
increased N2O fluxes much in either of the seasons (Fig. 1c & 2c). An
N3O flux peak only occurred in plots receiving urine after a heavy



Y. Zhu et al.

Table 3
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Cumulative CO,, CH4 and N»O emissions for excreta applied to grassland in Central Kenya over a 51 d period from 23-Aug-2022-12-Oct-2022 (Trial 2 - dry season).

Season Treatment N input by excreta (kg N ha™ 1) Cumulative emissions
CO; (g CO»-C m™?) CH, (mg CH,4-C m™2) N0 (mg N,O-N m~?)

Dry season Control, no application 0 88.6 + 20.6 -0.2 + 2.9abc -2.9 + 1.6ab

0.6 L water 0 99.3 +11.4 -2.7 + 7.5bc -3.2+1.7b

0.6 L urine 72.6 89.4 £12.4 -7.0 £2.3c -1.3 + 0.8ab

0.33 kg dung 100.3 90.4 £+ 32.1 7.8 + 3.1ab -1.5 + 1.8ab

0.6 L water + 0.33 kg dung 100.3 97.9 £+ 28.5 -1.2 4+ 10.6bc -3.0 + 1.8ab

0.6 L urine + 0.33 kg dung 172.9 92.0 £19.9 13.5 £ 8.8a 1.1+22a

Note: Values are mean =+ standard deviation (n = 3). Different lowercase letters indicate significant differences within columns (P < 0.05).

Table 4
CH,4 and N,0 emission factors for excreta applied to grassland in Central Kenya
during each of the two trials.

Treatment EFcus (%) EFn20 (%)
Rainy Dry season Rainy Dry season
season season
0.6 L urine - - 0.020 0.022
+0.029 +0.016
0.33 kg dung 0.001 0.002 0.000 0.014
+0.001 + 0.000 + 0.002 +0.011
0.6 L water 0.001 0.000 -0.001 0.002
+ 0.33 kg dung +0.001 +0.003 +0.009 +0.013
0.6 L urine 0.001 0.004 0.014 0.025
+ 0.33 kg dung +0.001 +0.002 + 0.005 +0.017

Note: Values are mean =+ standard deviation (n = 3). Neither significant differ-
ences among trials within the same treatment nor significant differences among
treatments within the same trial could be found (P < 0.05).

rainfall event (41 mm) four days after application, with the highest flux
rates of 31.61 + 11.36 pg N,O-N m? h™! in the dry season (Fig. 1¢). In
contrast, in plots receiving dung-only, fluxes increased only to 7.63
4 0.08 pg NoO-N m? h™!. Similarly in the dry season, small NyO flux
peaks were observed coinciding with rainfall events, with the highest
fluxes of 26.95 + 9.56 pg NoO-N m? h™! measured in plots receiving
urine + dung (Fig. 2¢). Cumulative N2O emissions were similar across
treatments in the rainy season, while cumulative emissions from plots
receiving urine + dung were higher than from water addition plots in
the dry season (P < 0.05; Table 3). The N3O EF did not differ across any
of the urine and dung applications in either season, and no seasonal
effect was found (Table 3). Overall, the N2O EFs ranged from 0.000% to
0.025% (Table 4).

3.2. GHG emissions from sheep bomas

Soil moisture was highest at the first sampling time on 03-May-2023
(20-31%) and then decreased to < 10% for both bomas and soils
(Fig. 3d).

Boma I had the highest CO, fluxes of 1011 + 149 mg CO,-C m? h!
when it was active with lots of fresh urine and dung input (Fig. 3a). After
the boma was abandoned, CO5-C fluxes decreased rapidly and showed
similar or even slightly lower CO5 fluxes than surrounding areas that still
had an intact plant cover (vegetation in the bomas was destroyed due to
trampling and grazing).

Overall, soils from areas surrounding bomas at 5 m and 100 m dis-
tance were CH4 sinks, with fluxes ranging from — 26.9 + 2.3-10.7
+ 17.2 pg CH4-C m? h™L. In contrast, both bomas were significant CH,
sources during our observation period, especially boma I when it was
still in use, and showed the highest CH, flux of 688 + 322 pg CHy-C m?
h! observed on 25-Apr-2023 (Fig. 3b). But even abandoned bomas had
higher CH, fluxes (ranging from 16.4 + 3.1-122 + 89 ug CH-C m?h 1)
compared to surrounding soils. When the watering trough still had water
on 25-Apr-2023, the CH4 flux from soil 1 m away was 285 + 261 pg
CH4-C m?h™L. Afterwards, as the watering trough dried out, the soil was

dry and CH4 fluxes were low.

Both bomas acted as continuous N2O sources during our observation
period (Fig. 3c), with fluxes ranging from 39.9 + 8.94-120
+ 64 pg NoO-Nm?h™! (boma I) and 48.2 + 11.4-2540 + 1267 ug NoO-
N m?h~! (boma II). In contrast, soil NyO fluxes from surrounding areas
were < 30 pg NoO-N m2 h™! for both 5 and 100 m distance. Soil sur-
rounding the watering trough emitted large amounts of NyO
(>500 ug N2O-N m?h™!) when the watering trough had water, but N,O
fluxes decreased to < 100 pug N,O-N m? h™! after the trough had dried
out.

3.3. Soil mineral N dynamics in excreta patches and bomas

Background soil NHJ concentration in control plots with no excreta
addition was low and consistent at all three depths in our observation
period in both seasons (<10 mg NH4-N kg ! soil DW). The highest soil
NHJ concentration (237 + 23 mg NH4-N kg~ ! soil DW) was observed
three days following urine + dung application in the rainy season
(Fig. 4a). Soil NHj concentrations from urine and urine 4 dung appli-
cations at 5-10 cm depth, and urine and water + dung application at
10-20 cm depth were elevated three days after application (Fig. 4b &
4c). Stimulated by a rainfall event on 27-May-2022, soil NHj concen-
tration at 0-5 cm depth reached 169.8 + 8.6 (urine-only) and 30.7
+ 20.0 mg NHZ-N kg™! soil DW (dung-only). Another small increase
from water 4 dung treatment at 5-10 depth of 47.9 + 12.2 mg NH4-N
kg’1 soil DW was also recorded (Fig. 4b). In contrast, soil NO3 con-
centrations were lower, ranging from 0.1 to 21.3 mg NO3-N kg™ soil
DW in all treatments at the three depths and did not vary much during
our observation period (Figs. 4d, 4e & 4 f).

In the dry season, due to technical difficulties soil mineral N was
sampled only from 9 days after excreta applications onwards. Never-
theless, soil NHj concentration was still elevated after urine application
compared to controls at 64.6 + 29.1, 81.1 + 4.6 and 30.9 + 21.3 mg
NHj-N kg*1 soil DW at 0-5, 5-10 and 10-20 cm depth, respectively
(Figs. 5a, 5b & 5¢). Soil NHj concentration after urine + dung appli-
cation was also slightly higher than in control plots at 0-5 and 10-20 cm
depth. The simulated rainfall event on 03-Sep-2022 led to a substantial
increase in soil NH4 concentration in the urine treatment at 0-5 cm
depth with 152.7 + 31.1 mg NH;-N kg_1 soil DW. For comparison, soil
NHj concentrations in control plots were < 20 mg NH4-N kg ! soil DW
at all three depths throughout our observation period. Similar to the
rainy season, most of soil NO3 concentrations were < 10 mg NO3-N kg~?
soil DW at 0-5 cm depth, while that at 5-10 and 10-20 cm depths was
even less with < 6 mg NO3-N kg_1 soil DW (Figs. 5d, 5e & 5 f).

In the bomas, the manure layer contained large amounts of NHj,
with highest concentrations in the active boma (959 + 241 mg NH4-N
kg’1 DW) that decreased to 30.6 + 2.0 after boma abandonment for
boma I, and 491 + 132 (active) to 28.2 + 1.32 mg NH4-N kg~! DW
(abandoned) for boma II (Fig. 6a). In contrast, manure NO3 was an order
of magnitude lower and did not change much for boma II, while it was
slightly more variable for boma I, increasing from 10.7 + 1.0-128
+ 4 mg NO3-N kg~ ! DW, then decreased again to 17.5 + 0.8 mg NO3-N
kg~! DW (Fig. 6d). Mineral N concentrations in surface soils below the
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Fig. 3. Dynamics of (a) CO»-C, (b) CH4-C and (c) NyO-N fluxes from Boma I, Boma II, surrounding areas (5 m and 100 m) and watering trough in Kapiti grassland,
Kenya. The lower panels show the observed temporal dynamics of (d) mean daily soil moisture (0.05 m depth). Each flux value represents the mean of three

chambers ( £ SE).

bomas were strongly influenced by the manure accumulation and
showed higher NH; and NOj3 concentrations than the surrounding soils
at 5 m and 100 m distance (Fig. 6b & 6e), while there were no big dif-
ferences in NHJ concentrations in subsurface soils (<10 cm) for any of
the sites (Fig. 6¢ & 6 f). The surface soil NO3 concentration from soil
near the watering trough varied largely from 0.45 4+ 0.11-190 + 3 mg
NO3-N kg~! DW.

4. Discussion
4.1. Effect of excreta types on GHG emissions

In our study, sheep urine addition resulted in a short pulse of CO,
fluxes, while dung or water addition had negligible effects on CO, fluxes.
Similar results have been reported by Wang et al. (2013) after sheep
urine and dung application to a steppe in China. The hydrolysis of urea
following urine addition is the main CO;y source (Cai et al., 2017).

However, Ma et al. (2006) reported a rapid increase of CO, fluxes after
sheep dung application in a grassland of Inner Mongolia in China while
we observed only low CO3 emissions from dung in our study. This may
be attributed to the higher water content of the dung in their study
compared to the dung we used in Kenya (65.2% vs 34.6% and 28% in
our study), which might have promoted CO5 emissions from microbial
activity.

In partial agreement with our first hypothesis, dung addition did
increase CHy fluxes in both rainy and dry seasons. Fresh dung from ru-
minants contains methanogenic microorganisms and large amounts of
labile organic C, which promotes CH4 formation (Nichols et al., 2016;
Ho et al., 2015). However, the largest flux after dung application in our
study was only 1440 pg CH4-C m? h™!, much lower than the peaks
> 5000 ug CH4-C m? h™! observed after sheep dung application in a
temperate grassland in China (Wang et al., 2013) In line with these low
CH4 fluxes, cumulative CH4 emissions from sheep dung addition during
our observation period were not different than emissions from control
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data point represents the mean of three values ( + SE).

plots, and the sheep dung CH,4 EF was one magnitude lower than what
had been reported for cattle dung at the same site (Zhu et al., 2021b,
2018). Part of this might be explained by dung water content as we had
found a strong positive correlation between CH,4 emissions and original
dung water content in a previous study (Zhu et al., 2018). As expected,
urine addition had minimal effects on soil CH4 fluxes as urine addition
does not affect the abundance of methanotrophs in the soil and only
changes soil moisture minimally and transiently (Dai et al., 2013).
Contrary to our expectations (hypothesis ii), sheep dung addition
only had a negligible effect on N3O emissions. Zhu et al. (2018) had
reported similar results from cattle dung application and ascribed it to
the high dung C/N ratio as a result of the low-quality feed in Kenya. In
addition, the low water content of the sheep dung and the hard
pellet-like structure likely reduced the interaction between dung and
soil and was not favorable for the mineralization of the organic N in the
dung, which had been suggested to reduce NO emissions (Pelster et al.,
2016). The sheep dung N5O EF in our study ranged from 0% to 0.01%,
which is one magnitude lower than the EF of 0.21% from IPCC 2019
Refinement for dry climate (Kristell et al., 2019). Similar to sheep dung,
and even though sheep urine addition stimulated N»O fluxes during the
first days after application, fluxes rarely exceeded 30 ug NoO-N m?h~1,
which was more than 10 times lower than fluxes reported in tropical
Brazil under wet climate (de Bastos et al., 2020; Tomazi et al., 2015).
Our study was conducted under dry climate following the IPCC defini-
tion (<1000 mm annual rainfall in tropics), but even so the sheep urine
N-O EF we obtained was by a magnitude lower than that of 0.31% for
dry climate from IPCC 2019 Refinement (Kristell et al., 2019). We pre-
viously synthesized all studies conducted in tropics on N3O emissions
from excreta patches (Zhu et al., 2021a) and found that N,O EFs were

general lower under dry climate than wet climate for both cattle and
sheep urine. Furthermore, the sheep urine-N and dung-N partitioning in
the present study was 34:66 (Jesse Gakige, pers. comm.), which was
close to that reported for cattle in Kenya (Rufino et al., 2006) but much
lower than the default value used by the IPCC Refinement 2019 (Kristell
et al., 2019). van der Weerden et al. (2021) also highlighted the
importance of using different urine-N and dung-N partitioning for cattle
(66:34) and sheep (35:65) to calculate overall excreta N,O EF values. As
urine generally has a higher N,O EF than dung (Cai and Akiyama, 2016),
using the IPCC default urine-N and dung-N portioning rate (which
overestimates the urine proportion for African livestock) may over-
estimate NO emissions from excreta patches in SSA.

We nevertheless want to point out that our results might underesti-
mate the N2O EF due to the relatively dry year and the short observation
period of our study. However, since our manual irrigation as well as the
rainfall events we observed during the dry season did not stimulate large
N3O fluxes, we concluded that sheep excreta did not promote N,O for-
mation in the soil, most likely because of the low-N diet and conse-
quently low N availability for denitrification. Previous studies in the
same region showed that the N2O EF for cattle dung was not influenced
by seasons (Zhu et al., 2021b, 2018). Though the N,O EF for cattle urine
was highest in the short rainy season, it did not differ between long rainy
season and dry season and the authors ascribed that to the urine N
concentrations in different seasons (Zhu et al., 2021b). Our GHG mea-
surement period in both seasons was 51 days, thus exceeding the re-
quirements by IPCC of 30 days for the determination of EF for excreta
deposited on rangelands (Kristell et al., 2019). Moreover, and rather
commonly in these tropical grasslands, dung on the rangeland surface is
removed by termites within days to weeks. In the present study, we
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observed termites in the study plots within days after dung application,
and no dung was visible on the surface anymore after four weeks in both
the dry and rainy seasons.

4.2. Potential GHG emission hotspots in grazing lands

Herd concentration areas such as water troughs or laneways have
been identified as GHG emission hotspots because of high local excretal
input that results in elevated soil C and N contents (Mitchell et al.,
2021). In agreement with this, bomas and watering trough area in our
study were sources of CO2, CH4, and N2O. Even though the sheep bomas
only had a manure layer depth < 1 cm and dried out soon after aban-
donment, they remained large N>O sources during our observation
period. This is consistent with findings from others (Butterbach-Bahl
et al., 2020) who reported that bomas in drylands of SSA are hotspots of
N30 emissions, and these emissions remain elevated for months to de-
cades depending on the depth of the manure layer. Because we could not
quantify the amount of manure that accumulated in bomas or was
voided in the watering trough area, we could not calculate specific NoO
EFs for these locations. Future studies should quantify manure deposi-
tion rates and corresponding GHG emissions from herd concentration
areas in tropical grasslands.

4.3. The dynamics of soil mineral N under excreta patches and bomas

Urine addition generally increases soil NHj concentration through
urea hydrolysis (Bolan et al., 2004). Though urine addition also
increased soil NHj concentration in our study, no N,O pulse was
observed. The NH4 may have been lost in the form of NHj after urine

application as soils were dry and air temperature was relatively high
(17 °C), creating favorable conditions for NH3 volatilization (Marsden
et al., 2018). Another possible explanation is that mineral N was quickly
immobilized by plants and microorganisms, as the grassland in our study
site is N limited (Pelster et al., 2016). In contrast to urine, dung addition
did not influence soil NH4 concentration as the main N in the dung patch
is in organic form and therefore takes time to be mineralized (Cai et al.,
2017). Furthermore, the high C/N ratio of sheep dung due to the low-N
diet potentially inhibited N mineralization, resulting in little release of
NHZ and NOj3 into the soil (Zhu et al., 2018; Pelster et al., 2016).

In the grazing land on the Kapiti farm, we found that manure input
increased soil NHZ concentration, which is in line with other reported
showing that more than 50% of urine-N can be stored in the soil at depth
0-15 cm in a grazing system in the UK (Reay et al., 2023). Since NHZ
input also promotes nitrification, NO3 concentration increases in soils
with high NH{ concentrations, which explains why the surface soil
beneath sheep bomas also contained more NOj3 than surrounding soils in
our study.

5. Conclusion

Our study revealed that differences of NoO and CH4 emissions
following sheep excreta application on a tropical rangeland were low,
and N,O and CH4 EFs were not affected by excreta type (dung, urine,
and their combination) or season (rainy versus dry season). Most
importantly, our study shows that the default EF value of the IPCC 2019
Refinement for NoO emissions from sheep excreta under dry climate
conditions of 0.21% (sheep dung) and 0.31% (sheep urine) seems to be a
significant overestimation as for both excreta types we found mean N»O
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represents the mean of three values ( + SE).

EFs of < 0.02%. This indicates that sheep excreta patches in tropical
rangeland in SSA may be less important GHG sources as currently
assumed. This effect is likely due to the low N concentration of the
excreta and the low water content in the dung because local sheep
breeds are generally more efficient in retaining water, and feeds are low
in N. On the other hand, we found that GHG emissions from confine-
ments and areas where sheep gather (such as water troughs) are over-
looked sources of GHG emissions that are currently not accounted for in
GHG inventories of African nations. Quantifying GHG emissions from
such areas and developing local GHG EFs is critical for countries to move
to Tier 2 reporting and develop mitigation strategies supporting low-
emissions development.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the IDRC-funded CHANCE project
“Climate change and small ruminants in extensive systems in East Africa
— challenges, co-benefits and options for methane mitigation” (project
number 109211), and the ESSA project (Earth observation and envi-
ronmental sensing for climate-smart sustainable agropastoralism
ecosystem transformation in East Africa) funded by the European Union

10

through the EU-DeSIRA programme. Furthermore, we acknowledge
financial support of the CGIAR Research Initiatives Livestock and
Climate and Mitigate+ : Low-Emission Food Systems, which are sup-
ported by contributors to the CGIAR Trust Fund. Lutz Merbold ac-
knowledges funding received from the European Union’s Horizon
Europe Programme (grant agreement number 101058525) for the
project "Knowledge and climate services from an African observation
and Data research Infrastructure (KADI)". The authors would like to
thank the colleagues of the Mazingira Centre and Kapiti Research Sta-
tion & Wildlife Conservancy, particularly Nelson Kipchirchir, Elly
Kibira, and Nehemiah Kimengich, for their support during field and lab
work.

References

de Bastos, D.F., Magiero, E.C., Tomazi, M., Schirmann, J., Veloso, M.G., de Faccio
Carvalho, P.C., Bayer, C., 2020. A 3-year assessment of nitrous oxide emission factors
for urine and dung of grazing sheep in a subtropical ecosystem. J. Soils Sediment. 20,
982-991. https://doi.org/10.1007/5s11368-019-02456-7.

Bolan, N.S., Saggar, S., Luo, J.F., Bhandral, R., Singh, J., 2004. Gaseous emissions of
nitrogen from grazed pastures: processes, measurements and modelling,
environmental implications, and mitigation. Adv. Agron. Vol 84 (84), 37-120.
https://doi.org/10.1016/50065-2113(04)84002-1.

Boon, A., Robinson, J.S., Chadwick, D.R., Cardenas, L.M., 2014. Effect of cattle urine
addition on the surface emissions and subsurface concentrations of greenhouse gases
in a UK peat grassland. Agric. Ecosyst. Environ. 186, 23-32. https://doi.org/
10.1016/j.agee.2014.01.008.

Butterbach-Bahl, K., Gasche, R., Breuer, L., Papen, H., 1997. Fluxes of NO and N5O from
temperate forest soils: impact of forest type, N deposition and of liming on the NO
and N20O emissions. Nutr. Cycl. Agroecosyst 48, 79-90. https://doi.org/10.1023/a:
1009785521107.


https://doi.org/10.1007/s11368-019-02456-7
https://doi.org/10.1016/s0065-2113(04)84002-1
https://doi.org/10.1016/j.agee.2014.01.008
https://doi.org/10.1016/j.agee.2014.01.008
https://doi.org/10.1023/a:1009785521107
https://doi.org/10.1023/a:1009785521107

Y. Zhu et al.

Butterbach-Bahl, K., Gettel, G., Kiese, R., Fuchs, K., Werner, C., Rahimi, J., Barthel, M.,
Merbold, L., 2020. Livestock enclosures in drylands of Sub-Saharan Africa are
overlooked hotspots of N2O emissions. Nat. Commun. 11. https://doi.org/10.1038/
s41467-020-18359-y.

Cai, Y., Akiyama, H., 2016. Nitrogen loss factors of nitrogen trace gas emissions and
leaching from excreta patches in grassland ecosystems: a summary of available data.
Sci. Total Environ. 572, 185-195. https://doi.org/10.1016/j.scitotenv.2016.07.222.

Cai, Y., Chang, S.X., Cheng, Y., 2017. Greenhouse gas emissions from excreta patches of
grazing animals and their mitigation strategies. Earth Sci. Rev. 171, 44-57. https://
doi.org/10.1016/j.earscirev.2017.05.013.

Chadwick, D.R., Cardenas, L.M., Dhanoa, M.S., Donovan, N., Misselbrook, T.,

Williams, J.R., Thorman, R.E., McGeough, K.L., Watson, C.J., Bell, M., Anthony, S.G.,
Rees, R.M., 2018. The contribution of cattle urine and dung to nitrous oxide
emissions: quantification of country specific emission factors and implications for
national inventories. Sci. Total Environ. 635, 607-617.

Croghan, W., Egeghy, P.P., 2003. Methods of Dealing with Values Below the Limit of
Detection using SAS. St. Petersburg.

Dai, Y., Di, H.J., Cameron, K.C., He, J.-Z., 2013. Effects of nitrogen application rate and a
nitrification inhibitor dicyandiamide on methanotroph abundance and methane
uptake in a grazed pasture soil. Environ. Sci. Pollut. Res. 20, 8680-8689. https://doi.
org/10.1007/s11356-013-1825-4.

van der Weerden, T.J., Noble, A., de Klein, C.A.M., Hutchings, N., Thorman, R.E.,
Alfaro, M.A., Amon, B., Beltran, I., Grace, P., Hassouna, M., Krol, D.J., Leytem, A.B.,
Salazar, F., Velthof, G.L., 2021. Ammonia and nitrous oxide emission factors for
excreta deposited by livestock and land-applied manure. J. Environ. Qual. 50,
1005-1023. https://doi.org/10.1002/jeq2.20259.

Gilbert, M., Nicolas, G., Cinardi, G., Van Boeckel, T.P., Vanwambeke, S.O., Wint, G.R.W.,
Robinson, T.P., 2018. Global distribution data for cattle, buffaloes, horses, sheep,
goats, pigs, chickens and ducks in 2010. Sci. Data 5. https://doi.org/10.1038/
sdata.2018.227.

Haynes, R.J., Williams, P.H., 1993. Nutrient cycling and soil fertility in the grazed
pasture ecosystem. Adv. Agron. 49, 119-199. https://doi.org/10.1016/50065-2113
(08)60794-4.

Herrero, M., Havlik, P., Valin, H., Notenbaert, A., Rufino, M.C., Thornton, P.K.,
Bliimmel, M., Weiss, F., Grace, D., Obersteiner, M., Havlik, P., Valin, H.,
Notenbaert, A., Rufino, M.C., Thornton, P.K., Blummel, M., Weiss, F., Grace, D.,
Obersteiner, M., 2013. Biomass use, production, feed efficiencies, and greenhouse
gas emissions from global livestock systems. Proc. Natl. Acad. Sci. 110,
20888-20893. https://doi.org/10.1073/pnas.1308149110.

Ho, A., El-Hawwary, A., Kim, S.Y., Meima-Franke, M., Bodelier, P., 2015. Manure-
associated stimulation of soil-borne methanogenic activity in agricultural soils. Biol.
Fertil. Soils 51, 511-516. https://doi.org/10.1007/500374-015-0995-2.

Hood-Nowotny, R., Umana, N.H.-N., Inselbacher, E., Oswald- Lachouani, P., Wanek, W.,
2010. Alternative methods for measuring inorganic, organic, and total dissolved
nitrogen in soil. Soil Sci. Soc. Am. J. 74, 1018-1027. https://doi.org/10.2136/
$552j2009.0389.

Hufkens, K., Keenan, T.F., Flanagan, L.B., Scott, R.L., Bernacchi, C.J., Joo, E., Brunsell, N.
A., Verfaillie, J., Richardson, A.D., 2016. Productivity of North American grasslands
is increased under future climate scenarios despite rising aridity. Nat. Clim. Chang 6,
710-714. https://doi.org/10.1038/nclimate2942.

Kelliher, F.M., Cox, N., Van Der Weerden, T.J., De Klein, C.A.M., Luo, J., Cameron, K.C.,
Di, H.J., Giltrap, D., Rys, G., 2014. Statistical analysis of nitrous oxide emission
factors from pastoral agriculture field trials conducted in New Zealand. Environ.
Pollut. 186, 63-66. https://doi.org/10.1016/j.envpol.2013.11.025.

Kristell Hergoualc’h, Hiroko Akiyama, Martial Bernoux, Ngonidzashe Chirinda, Agustin
del Prado, Asa Kasimir, James Douglas MacDonald, Stephen Michael Ogle, Kristiina
Regina, T.J. van der W., 2019. N2O emissions from managed soils, and CO2
emissions from lime and urea application, 2019 Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories.

Ma, X., Wang, S., Wang, Y., Jiang, G., Nyren, P., 2006. Short-term effects of sheep
excrement on carbon dioxide, nitrous oxide and methane fluxes in typical grassland
of Inner Mongolia. N. Z. J. Agric. Res. 49, 285-297. https://doi.org/10.1080/
00288233.2006.9513719.

Maljanen, M., Virkajarvi, P., Martikainen, P.J., 2012. Dairy cow excreta patches change
the boreal grass swards from sink to source of methane. Agric. Food Sci. 21, 91-99.

Marsden, K.A., Holmberg, J.A., Jones, D.L., Chadwick, D.R., 2018. Sheep urine patch
N3O emissions are lower from extensively-managed than intensively-managed
grasslands. Agric. Ecosyst. Environ. 265, 264-274. https://doi.org/10.1016/j.
agee.2018.06.025.

Mitchell, E., De Rosa, D., Grace, P., Rowlings, D., 2021. Herd concentration areas create
greenhouse gas hotspots. Nutr. Cycl. Agroecosyst 121, 15-26. https://doi.org/
10.1007/510705-021-10159-0.

Moir, J.L., Cameron, K.C., Di, H.J., Fertsak, U., 2011. The spatial coverage of dairy cattle
urine patches in an intensively grazed pasture system. J. Agric. Sci. 149, 473-485.
https://doi.org/10.1017/50021859610001012.

Nichols, K.L., Del Grosso, S.J., Derner, J.D., Follett, R.F., Archibeque, S.L., Stewart, C.E.,
Paustian, K.H., 2016. Nitrous oxide and methane fluxes from cattle excrement on Cg
pasture and C4-dominated shortgrass steppe. Agric. Ecosyst. Environ. 225, 104-115.
https://doi.org/10.1016/j.agee.2016.03.026.

Agriculture, Ecosystems and Environment 359 (2024) 108724

Oenema, O., Wrage, N., Velthof, G.L., Van Groenigen, J.W., Dolfing, J., Kuikman, P.J.,
2005. Trends in global nitrous oxide emissions from animal production systems.
Nutr. Cycl. Agroecosyst 72, 51-65. https://doi.org/10.1007/s10705-004-7354-2.

Parton, W., Morgan, J., Smith, D., Del Grosso, S., Prihodko, L., Lecain, D., Kelly, R.,
Lutz, S., 2012. Impact of precipitation dynamics on net ecosystem productivity.
Glob. Chang Biol. 18, 915-927. https://doi.org/10.1111/].1365-2486.2011.02611.
X.

Pelster, D.E., Gisore, B., Goopy, J., Korir, D., Koske, J.K., Rufino, M.C., Butterbach-
Bahl, K., 2016. Methane and nitrous oxide emissions from cattle excreta on an east
African grassland. J. Environ. Qual. 45, 1531-1539. https://doi.org/10.2134/
jeq2016.02.0050.

Reay, M.K., Marsden, K.A., Powell, S., Rivera, L.M., Chadwick, D.R., Jones, D.L.,
Evershed, R.P., 2023. The soil microbial community and plant biomass differentially
contribute to the retention and recycling of urinary-N in grasslands. Soil Biol.
Biochem, 109011. https://doi.org/10.1016/j.50ilbio.2023.109011.

Rufino, M.C., Rowe, E.C., Delve, R.J., Giller, K.E., 2006. Nitrogen cycling efficiencies
through resource-poor African crop-livestock systems. Agric. Ecosyst. Environ. 112,
261-282. https://doi.org/10.1016/j.agee.2005.08.028.

Searle, K.R., Shipley, L.A., 2008. imate change — potential, con. In: Gordon, I.J., Prins, H.
H.T. (Eds.), The ecology of browsing and grazing. Springer Berlin Heidelberg, Berlin,
Heidelberg, pp. 117-118. https://doi.org/10.1007/978-3-540-72422-3.

Smith, P., Merbold, LutzVan Den Pol-van Dasselaar, A., 2016. Role of European
grasslands in the mitigation of climate change — potential, constraints and research
challenges. Mult. Roles Grassl. Eur. Bioeconomy. Proc. 26th Gen. Meet. Eur. Grassl.
Fed., Trondheim, Nor. NIBIO 730-745.

Tian, H., Xu, R., Canadell, J.G., Thompson, R.L., Winiwarter, W., Suntharalingam, P.,
Davidson, E.A., Ciais, P., Jackson, R.B., Janssens-Maenhout, G., Prather, M.J.,
Regnier, P., Pan, N., Pan, S., Peters, G.P., Shi, H., Tubiello, F.N., Zaehle, S., Zhou, F.,
Arneth, A., Battaglia, G., Berthet, S., Bopp, L., Bouwman, A.F., Buitenhuis, E.T.,
Chang, J., Chipperfield, M.P., Dangal, S.R.S., Dlugokencky, E., Elkins, J.W., Eyre, B.
D., Fu, B, Hall, B., Ito, A., Joos, F., Krummel, P.B., Landolfi, A., Laruelle, G.G.,
Lauerwald, R., Li, W., Lienert, S., Maavara, T., MacLeod, M., Millet, D.B., Olin, S.,
Patra, P.K., Prinn, R.G., Raymond, P.A., Ruiz, D.J., van der Werf, G.R., Vuichard, N.,
Wang, J., Weiss, R.F., Wells, K.C., Wilson, C., Yang, J., Yao, Y., 2020.

A comprehensive quantification of global nitrous oxide sources and sinks. Nature
586, 248-256. https://doi.org/10.1038/541586-020-2780-0.

Tomazi, M., Magiero, E.C., Assmann, J.M., Bagatini, T., Dieckow, J., Carvalho, P.C.,
de, F., Bayer, C., 2015. Sheep excreta as source of nitrous oxide in ryegrass pasture in
southern Brazil. Rev. Bras. Cienc. Solo 39, 1498-1506. https://doi.org/10.1590/
01000683rbcs20140497.

Tully, K.L., Abwanda, S., Thiong’o, M., Mutuo, P.M., Rosenstock, T.S., 2017. Nitrous
Oxide and methane fluxes from urine and dung deposited on Kenyan pastures.

J. Environ. Qual. 46, 921-929. https://doi.org/10.2134/jeq2017.01.0040.

Van Groenigen, J.W., Velthof, G.L., Van Der Bolt, F.J.E., Vos, A., Kuikman, P.J., 2005.
Seasonal variation in NO emissions from urine patches: effects of urine
concentration, soil compaction and dung. Plant Soil 273, 15-27. https://doi.org/
10.1007/5s11104-004-6261-2.

Wang, X., Huang, D., Zhang, Y., Chen, W., Wang, C., Yang, X., Luo, W., 2013. Dynamic
changes of CH4 and CO; emission from grazing sheep urine and dung patches in
typical steppe. Atmos. Environ. 79, 576-581. https://doi.org/10.1016/j.
atmosenv.2013.07.003.

Ward, G.N.B., Kelly, K.B.A., Hollier, J.W.A., Ward, G.N.B., Hollier, J.W.A., 2016.
Greenhouse gas emissions from dung, urine and dairy pond sludge applied to
pasture. 2. Methane emissions. Anim. Prod. Sci. 58, 1087-1093. https://doi.org/
10.1071/AN15595.

Yao, Z., Wei, Y., Liu, C., Zheng, X., Xie, B., 2015. Organically fertilized tea plantation
stimulates NoO emissions and lowers NO fluxes in subtropical China. Biogeosciences
12, 5915-5928. https://doi.org/10.5194/bg-12-5915-2015.

Zhou, G., Luo, Q., Chen, Y., He, M., Zhou, L., Frank, D., He, Y., Fu, Y., Zhang, B., Zhou, X.,
2018. Effects of livestock grazing on grassland carbon storage and release override
impacts associated with global climate change. Glob. Chang Biol. 1-15. https://doi.
org/10.1111/gcb.14533.

Zhu, Y., Butterbach-Bahl, K., Merbold, L., Leitner, S., Pelster, D.E., 2021a. Nitrous oxide
emission factors for cattle dung and urine deposited onto tropical pastures: a review
of field-based studies. Agric. Ecosyst. Environ. 322, 107637 https://doi.org/
10.1016/j.agee.2021.107637.

Zhu, Y., Merbold, L., Pelster, D., Diaz-Pines, E., Wanyama, G.N., Butterbach-Bahl, K.,
2018. Effect of dung quantity and quality on greenhouse gas fluxes from tropical
pastures in Kenya. Glob. Biogeochem. Cycles 32, 1589-1604. https://doi.org/
10.1029/2018GB005949.

Zhu, Y., Merbold, L., Leitner, S., Wolf, B., Pelster, D., Goopy, J., Butterbach-Bahl, K.,
2021b. Interactive effects of dung deposited onto urine patches on greenhouse gas
fluxes from tropical pastures in Kenya. Sci. Total Environ. 761, 143184 https://doi.
org/10.1016/j.scitotenv.2020.143184.

Zhu, Y., Merbold, L., Leitner, S., Xia, L., Pelster, D.E., Diaz-Pines, E., Abwanda, S.,
Mutuo, P.M., Butterbach-Bahl, K., 2020. Influence of soil properties on N3O and CO,
emissions from excreta deposited on tropical pastures in Kenya. Soil Biol. Biochem
140, 107636. https://doi.org/10.1016/j.50ilbio.2019.107636.

11


https://doi.org/10.1038/s41467-020-18359-y
https://doi.org/10.1038/s41467-020-18359-y
https://doi.org/10.1016/j.scitotenv.2016.07.222
https://doi.org/10.1016/j.earscirev.2017.05.013
https://doi.org/10.1016/j.earscirev.2017.05.013
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref8
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref8
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref8
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref8
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref8
https://doi.org/10.1007/s11356-013-1825-4
https://doi.org/10.1007/s11356-013-1825-4
https://doi.org/10.1002/jeq2.20259
https://doi.org/10.1038/sdata.2018.227
https://doi.org/10.1038/sdata.2018.227
https://doi.org/10.1016/S0065-2113(08)60794-4
https://doi.org/10.1016/S0065-2113(08)60794-4
https://doi.org/10.1073/pnas.1308149110
https://doi.org/10.1007/s00374-015-0995-2
https://doi.org/10.2136/sssaj2009.0389
https://doi.org/10.2136/sssaj2009.0389
https://doi.org/10.1038/nclimate2942
https://doi.org/10.1016/j.envpol.2013.11.025
https://doi.org/10.1080/00288233.2006.9513719
https://doi.org/10.1080/00288233.2006.9513719
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref19
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref19
https://doi.org/10.1016/j.agee.2018.06.025
https://doi.org/10.1016/j.agee.2018.06.025
https://doi.org/10.1007/s10705-021-10159-0
https://doi.org/10.1007/s10705-021-10159-0
https://doi.org/10.1017/S0021859610001012
https://doi.org/10.1016/j.agee.2016.03.026
https://doi.org/10.1007/s10705-004-7354-2
https://doi.org/10.1111/j.1365-2486.2011.02611.x
https://doi.org/10.1111/j.1365-2486.2011.02611.x
https://doi.org/10.2134/jeq2016.02.0050
https://doi.org/10.2134/jeq2016.02.0050
https://doi.org/10.1016/j.soilbio.2023.109011
https://doi.org/10.1016/j.agee.2005.08.028
https://doi.org/10.1007/978-3-540-72422-3
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref30
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref30
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref30
http://refhub.elsevier.com/S0167-8809(23)00383-3/sbref30
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1590/01000683rbcs20140497
https://doi.org/10.1590/01000683rbcs20140497
https://doi.org/10.2134/jeq2017.01.0040
https://doi.org/10.1007/s11104-004-6261-2
https://doi.org/10.1007/s11104-004-6261-2
https://doi.org/10.1016/j.atmosenv.2013.07.003
https://doi.org/10.1016/j.atmosenv.2013.07.003
https://doi.org/10.1071/AN15595
https://doi.org/10.1071/AN15595
https://doi.org/10.5194/bg-12-5915-2015
https://doi.org/10.1111/gcb.14533
https://doi.org/10.1111/gcb.14533
https://doi.org/10.1016/j.agee.2021.107637
https://doi.org/10.1016/j.agee.2021.107637
https://doi.org/10.1029/2018GB005949
https://doi.org/10.1029/2018GB005949
https://doi.org/10.1016/j.scitotenv.2020.143184
https://doi.org/10.1016/j.scitotenv.2020.143184
https://doi.org/10.1016/j.soilbio.2019.107636

	Greenhouse gas emissions from sheep excreta deposited onto tropical pastures in Kenya
	1 Introduction
	2 Materials and methods
	2.1 Emissions from sheep excreta patches
	2.2 GHG emissions from sheep bomas
	2.3 Soil, urine and dung analysis
	2.4 Data analysis

	3 Results
	3.1 GHG emissions from excreta patches
	3.2 GHG emissions from sheep bomas
	3.3 Soil mineral N dynamics in excreta patches and bomas

	4 Discussion
	4.1 Effect of excreta types on GHG emissions
	4.2 Potential GHG emission hotspots in grazing lands
	4.3 The dynamics of soil mineral N under excreta patches and bomas

	5 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


