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Abstract

Studies that quantify nitrous oxide (N20) fluxes from African tropical forests and adjacent
managed land uses are scarce. The expansion of smallholder agriculture and commercial
agriculture into the Mau forest, the largest montane forest in Kenya, has caused large-
scale land use change over the last decades. We measured annual soil N2O fluxes
between August 2015 and July 2016 from natural forests and compared them to the N2O
fluxes from land either managed by smallholder farmers for grazing and tea production,
or commercial tea and eucalyptus plantations (n=18). Air samples from 5 pooled static
chambers were collected between 8:00 am and 11:30 am and used within each plot to
calculate the gas flux rates. Annual soil N20O fluxes ranged between 0.2-2.9 kg N ha! yr
L at smallholder sites and 0.6-1.7 kg N ha! yr! at the commercial agriculture sites, with
no difference between land uses (p=0.98 and p=0.18, respectively). There was marked
variation within land uses and, in particular, within those managed by smallholder farmers
where management was also highly variable. Plots receiving fertilizer applications and
those with high densities of livestock showed the highest N20O fluxes (1.6+0.3 kg N20O- N
ha! yrt, n=7) followed by natural forests (1.1+0.1kg N2O-N ha yr, n=6); although these
were not significantly different (p=0.19). Significantly lower fluxes (0.5+0.1kg N hat yr?,
p<0.01, n=5) were found on plots that received little or no inputs. Daily soil N20O flux rates
were not correlated with concurrent measurements of water filled pore space (WFPS),
soil temperature or inorganic nitrogen (IN) concentrations. However, IN intensity, a
measure of exposure of soil microbes (in both time and magnitude) to IN concentrations

was strongly correlated with annual soil N2O fluxes.

Keywords: Tea, grazing, plantations, agricultural intensification, inorganic N

intensity
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1. Introduction

Nitrous oxide (N20) is a potent greenhouse gas (GHG), estimated to contribute about 6%
to anthropogenic climate forcing (Blanco et al. 2014). The atmospheric N2O concentration
has increased from 270 ppbv during the pre-industrial era to approximately 320 ppbv,
mainly due to stimulated soil N2O emissions following the use of increasing amounts of
reactive N synthesized via the Haber-Bosch process for crop production (Parkin et al.
2012). While agricultural soils are considered major N2O sources primarily due to fertilizer
application, tropical forest soils are also a major natural N2O source because of often high
soil N availability and environmentally favorable conditions for N2O production (Fowler et
al. 2009; Werner et al. 2007a)

In soils, N20 is mainly produced through two microbial, enzyme-mediated processes:
nitrification (autotrophic and heterotrophic) and denitrification (Butterbach-Bahl et al.
2013; Davidson et al. 2000), although other production pathways such as nitrifier-
denifrication (Kool et al. 2010) and dissimilatory nitrate reduction to ammonia (Silver et
al. 2001) have also been reported. Autotrophic nitrification is enhanced by oxygen
availability, moderate water content (approximately 60% water filled pore space WFPS),
ammonium (NH4*-N) availability, temperature greater than 5°C and soil pH greater than
5. Heterotrophic nitrification requires organic carbon (C), NH4*-N supply and occurs in
acidic soils (Wood 1990; Zaman et al. 2012). Denitrification, an anaerobic microbial
process where nitrogen oxides are used as alternative terminal electron acceptors instead
of Oz, is driven by high soil water content (above 60% WFPS) as this hampers Oz diffusion
and results in creation of soil anaerobiosis. Besides the availability of nitrate (NO3s) and
nitrite  (NO2), denitrification also requires the availability of easily degradable C
substrates. Several studies have observed a linear relationship between NO3s-N pools
and soil N20 fluxes (Groffman et al. 2000; Schelde et al. 2012). However, at higher levels
of NO3-N (>0.4 ug NO3-N g?) the N20 flux yield by denitrification often decreases
(Gelfand et al. 2016; Schelde et al. 2012) as C substrate availability might become the
rate limiting factor. Both nitrification and denitrification therefore, are influenced by the
size of inorganic-N pools in the soil, and these pools depend on N turnover through

mineralization and soil amendments such as fertilizers and livestock excreta.
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Nitrification and denitrification have been linked to N20O fluxes through a conceptual “hole
in the pipe” model (Davidson et al. 2000) that links fluxes to the “size of the pipe” (i.e. the
amount of N that is nitrified and denitrified), and the “size of the holes” (i.e. the N20 losses
from each process). Typically, this model relates the hole-size to soil water content, which
controls the anaerobic status of the soil through its effect on gas diffusion. However,
prediction of N2O fluxes based on simultaneously observed environmental factors and
substrate concentrations (NH4*-N and NO3-N) shows very weak to no correlations in most
studies (Gelfand et al. 2016; Maharjan and Venterea 2013; Veldkamp et al. 2008; Wolf et
al. 2011), partly because of complex interactions between drivers and temporal variation
in soil moisture. Mixed evidence has been reported with strong correlations between
cumulative N2O and cumulative NOg', referred to as nitrate intensity (Burton et al. 2008),
however another study found no relationship between either nitrate or ammonium
intensity and annual N20 flux but did find a strong correlation with nitrite intensity
(Maharjan and Venterea 2013).

N20 fluxes measurements from agricultural and natural ecosystems in Africa are limited
(Kim et al. 2016; van Lent et al. 2015). Recently, some studies have measured soil N2O
emission datasets from African tropical forests covering lowland (Castaldi et al. 2013;
Gharahi Ghehi et al. 2013; Werner et al. 2007b), and montane (Gutlein et al. 2017)
tropical forests. However, these studies cover mostly a few weeks, and thus do not
capture seasonal variability in fluxes (Werner et al. 2007b). Also, the focus of these
studies has been on natural forests and not necessarily on the succeeding land uses.
Only a few studies, (e.g. Gutlein et al. 2017, Arias-Navarro et al. 2017) have attempted
to fill this data gap and have studied GHG fluxes from tropical montane forests and
compared those to agricultural land uses. However, the latter study is an incubation study
with intact soil cores and applied regression analysis using observed changes in soill

moisture to calculate annual fluxes.

In the tropics, primarily in the Brazilian Amazon and Sumatra, conversion of natural forest
to agricultural land use has been shown to elevate soil N2O emission for a short period
after which the emissions become lower or equal to the original forest (Melillo et al. 2001;

van Lent et al. 2015; Verchot et al. 2006). In land uses where inorganic fertilizers and
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organic/manure inputs were used, soil N2O emissions were often greater than those from
the fluxes from the original forest soils (Katayanagi et al. 2008; Lin et al. 2012; Veldkamp
et al. 2008).

Land use change involves changes in vegetation type and management practices that
may cause changes in soil organic stocks and their quality (Metcalfe et al. 2011), soil
microbial communities and microclimate modification (i.e. soil temperature and water
content), all of which will influence GHG fluxes (Gates 2012). The Mau forest is the largest
contiguous montane forest in Kenya (Wass 1995). Land use change in this forest has
occurred rapidly since the 1960s driven by the expansion of smallholder agriculture and
by commercial agriculture. While tea plantations replaced forests more than 50 years ago,
smallholder agriculture, primarily for grazing or for small-scale tea plantations, continue
to drive forest loss. Within large tea estates, the main land uses are either tea or
eucalyptus and cypress plantations, with the wood used as fuel for the boilers to run the
tea processing plants. On both the small and large-scale farms, tea fields are typically
fertilized with NPK (26% N, 5% P20s and 5% K20) compound fertilizer once or twice a
year suggesting that emissions from these fields could be higher than emissions from the

natural forests.

The aim of this study therefore, was to quantify annual soil N2O emissions from a tropical
montane forest and compare these to the annual soil N2O emissions from converted land
uses: grazing land, tea in smallholder agriculture, tea in commercial plantations and
eucalyptus plantations. We also examined mineral nitrogen availability, soil pH, soil
temperature and soil water content to explain spatial changes in soil N2O fluxes. We
hypothesized that tea fields and grazing lands have higher soil N2O fluxes compared to
natural forest and eucalyptus plantations due to fertilizer application and animal excreta
deposition. In addition, we hypothesized that natural forests would have greater soil N2O

emissions than the eucalyptus plantations.
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2. Experimental methods and design

2.1 Study sites

This study was carried out in the South West (SW) Mau forest of Kenya in East Africa.
The Mau forest is a tropical montane forest, with high rates of deforestation (Baldyga et
al. 2008). Overall, forest cover was reduced from 520,000 ha to 340,000 ha between 1986
and 2009 (Hesslerova and Pokorny 2010), while between the 1990s and early 2000s the
forest area of the SW Mau decreased from 84,000 to 60,000 ha (Kinyanjui 2009). The
vegetation in the SW Mau is classified as afro-montane mixed forest with broad-leafed
species such as Polyscias fulva (Hiern.Harms), Prunus Africana (Hook. f Kalkman),
Macaranga capensis and Tabernaemontana stapfiana (Britten), further information on
vegetation of the study area is reported by (Kinyanjui et al. 2014). This forest ranges from
2100 to 3300 m above sea level, has a mean annual rainfall of 1,988+328 mm at 2100 m
elevation (Jacobs et al., 2017) in a bimodal pattern with three to five drier months, and a
mean annual air temperature between 15 and 18°C, and so it is situated in a semi-humid
climatic zone (Kinyanijui et al. 2014). During the study period (1 August 2015 to 31 July
2016), the study site received 2,050 mm of rainfall and the average daily air temperatures
was 16.6£3.9°C. The area received rainfall throughout the year, except for a drier period
between January 2016 and mid-April 2016, during which 217 mm of precipitation was
recorded. Weather data were obtained from a weather station (Decagon Devices, Meter
group, Pullman WA, USA) installed within a radius of 5-10 km of our study sites at
elevation 2,173 m asl. A preliminary study revealed that the major land uses at adjacent
to the natural forests and settlements were grazing lands, tea and eucalyptus plantations
(Swart 2016).

For this study, we selected two sites (Table 1 and Figure 1) approximately 5 km apart.
Chepsir is an area occupied by smallholder farms, with most of the land used for annual
cropping, grazing or tea production. The second site was at Kapkatugor, where most of
the land was used for commercial tea and eucalyptus production. Tea production at both
sites involves fertilizer application. At the commercial tea plantations (Kapkatugor site)
fields received 150-250 kg N ha yrtas NPK fertilizer, while the application rates at the

smallholder farms (Chepsir site) ranged from no fertilizer to 125 kg N ha!. The rates and
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timing of fertilizer applications varied between sites and between the replicates at the
smallholder site and are shown in Figures 2e and 3e for the smallholder and tea estate
sites, respectively. The soils at both sites are classified as humic Nitisols (Jones et al.
2013), which are well drained, very deep, dark reddish brown to dark red soils, with friable
clays (FAO 2015).

2.2 Experimental design

At each site, we selected three transects crossing the land uses of interest (Table 1), in
such a way that slope position, slope gradient and elevation were similar for each
transect. At the tea estate site of Kapkatugor the land uses were tea plantation (TETL1,
TET2 and TET3), eucalyptus plantation (TEP1, TEP2 and TEP3) and natural forest
(TEF1, TEF2 and TEF3), thus each land use was replicated three times (Table 1). The
eucalyptus plantations were monoculture eucalyptus planted at 2500 trees ha that
received no fertilizer inputs. The tea companies restrict human access to the adjacent
natural forest which results in reduced human activity and therefore limits illegal activities
such as charcoal production (Arias-Navarro et al. 2017) and illegal logging. At the
smallholder site of Chepsir, the three land uses we were grazing (SHG1, SHG2 and
SHG3), tea (SHT1, SHT2 and SHT3) and natural forest (SHF1, SHF2 and SHF3), thus
land uses were replicated three times. The natural forest site at the smallholder landscape
had less control and therefore more human encroachment; charcoal production and
illegal logging were more common than in the natural forest adjacent to the tea estates.
Grazing management was variable, with some farmers using continuous grazing at low
stocking densities (SHG3; 1.3 head ha) and others using rotational grazing at higher
stocking densities (SHG1 and SHG2; 66 and 26 heads per hal). In the two rotational
grazing paddocks, the animals were kept for approximately 12 hours per day for only 4-5
months of the year, while the continual grazing paddock (SHG3) consisted of a large area

(39 ha) where 50 cattle grazed throughout the entire year.

2.3 Gas sampling and analysis

We used the static chamber method (non-flow-through, non-steady state) to estimate soil
N20 fluxes. At each sampling point five, 0.35 by 0.25 m PVC frames were inserted
approximately 0.07 m deep in the soil at least 24 hours prior to the first sampling and
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these frames remained in place until the end of the sampling campaign. In a few cases
bases were re-inserted after being removed or when broken/damaged, with gas sampling
done at least 24 hours after re-insertion. The sampling was done twice per week from
August to December 2015, after which we sampled once per week until the end of the
campaign (31 July 2016). We increased the sampling frequency immediately after a
fertilization event when we sampled every two days until fluxes returned to pre-fertilization
levels.

During gas sampling, a ventilated PVC chamber fitted with a fan, a non-forced vent and
a sampling port was mounted to the PVC frame by metal clamps. Rubber sealing between
frame and chamber ensured air-tight sealing. We removed 10 ml of gas from each
chamber immediately upon closure and then after 15, 30 and 45 min. The five gas
samples from each of the five chambers were then pooled for analysis as explained by
(Arias-Navarro et al. 2013). During gas sampling, soil water content at a depth of 0.05m
was measured using a digital Pro-Check sensor (Decagon Devices, Inc. Pullman,
WA99163, US), while soil and chamber temperatures were taken with a digital probe
thermometer (TFA-Dostmann GmbH, Zum Ottersberg, Germany). Atmospheric pressure
was measured using a Garmin GPS version V (Garmin International, 1200 East 151
street, Olathe, Kansas 66062, USA).

Gas samples were transported to the Mazingira Environmental Center at the International
Livestock Research Institute (ILRI), Nairobi, Kenya and analyzed within a week by gas
chromatography using a ®3Ni electron capture detector (SRI 8610C) for N2O detection.
The minimum flux detection limit was 1.3 pg N2O-N m2 h-1 (Parkin et al. 2012). For further
details on GC analytical conditions see e.g. Breuer et al. (2000). Gas concentrations (ppb)
were calculated by comparing peak areas of the samples to peak areas of standard gases
with known N20 concentrations. The N20 fluxes were calculated from observed changes
in headspace N20 concentration during chamber deployment using linear regression after
accounting for air pressure and temperature (Pelster et al. 2017). Annual cumulative
fluxes were obtained by calculating the area under the flux-time curve and summing the

results while assuming linear changes in measurements between time intervals.
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2.4 Soil sampling and analysis

At each sampling plot, five soil samples were taken from depth 0-0.05m and 0.05-0.2m
using a Eijkelkamp core sampler and rings (Eijkelkamp Agrisearch Equipment, Gies beek,
The Netherlands). Soil samples were air dried at 30°C and sieved through 2mm sieve.
These samples were used for soil texture, pH, and total C and N measurements. Soill
samples for bulk density determination were dried at 105°C until constant weight was
attained. Soil texture was analyzed by the hydrometer method (Gee and Bauder 1986).
Soil pH was measured in 1:2.5 soil to deionized water slurry using a glass electrode
(Jackson 1958). The sieved soil was finely ground to powder and analyzed for total C and

N using the elemental combustion system (ECS 4010, Costech Instruments, Italy).

Inorganic N concentrations (NH4™-N and NOs-N) were determined every fourteen (14)
days during the gas sampling campaign. At each sampling plot, a composite fresh soil
sample was taken from 0-0.05m depth from at least 3 points beside the chamber frames
using a sharpened-edge PVC cylinder (0.05 m height and inner diameter). Each fresh
sample had the plant litter removed and was mixed thoroughly. Approximately 10 g of the
fresh soil sample was placed into a plastic bottle and 50ml of 0.5M K2SO4 was added.
The slurry was shaken for 1 hour on a reciprocating shaker and was then filtered through
110 mm Whatman™filter enhanced with a vacuum pump, further filtering was done using
a 0.45 pm syringe filter (Minisart®, Sartorius Stedim Biotech Gmbh, 37079 Goettingen,
Germany) to remove fine particles and filter blank corrections were applied. The extracts
were frozen immediately until analysis. Analyses for NH4*-N and NOs™-N were done using
an Epoch™ micro-plate spectrophotometer (BioTek® Instruments, Inc., Winooski, USA).
The remaining composite fresh soil sample was oven dried at 105°C until constant soill
weight to determine soil water content; thereafter inorganic N (IN) was calculated on dry
soil mass basis. Annual cumulative NH4* and NO3™ was calculated by integrating the area
under respective curves and herein referred to as NH4*-N intensity and NOs™-N intensity
(Burton et al. 2008) respectively, and the total of NH4*-N and NO3-N named “Inorganic N

intensity”.

2.5 Data analysis
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The mixed linear model of the ImerTest in the R package (R Team 2016) was used to
analyze the effect of fixed factor land use, with transect and/or sampling month as
blocking (random) factors on soil N20O fluxes and/or monthly soil N2O means. We also
compared soil N20O fluxes from 1) natural forest to converted land uses where 2) no
external inputs were added (N) and 3) those that received external inputs fertilizer or
animal excreta (Y) (Table 1). Here, ‘external inputs’ was the fixed factor while land use
was the random variable in the mixed linear model. Prior to analysis, data were tested for
normality using Shapiro-Wilk test (Shapiro and Wilk 1965) and log transformed (apart
from pH) when necessary. Differences of least squares means (difflsmeans) of the
ImerTest in the R package (Kuznetsova et al. 2015) were used for multiple comparison
of the treatments. When normality could not be achieved through data transformation, we
used the Friedman non-parametric test to carry out ANOVA. Correlations between annual
soil N20 fluxes and soil variables were evaluated using the Spearman rank test. One point
of the grazing land use (SHG2) was not used for correlation analysis between soil N2O
fluxes and total inorganic N after it was identified as an outlier with standardized residual
4.5 times larger than the standard deviation. To test the effect of rainfall on N20 fluxes,
we categorized dry and wet periods based on WFPS (%) rather than using the seasons.
We decided to do this because the study site receives sporadic rains even during the dry
seasons. For our tests, we used 40% WFPS as a threshold that divides periods from
being dry to wet assuming this value to be between wilting point and field capacity
(Harrison-Kirk et al. 2013).

3. Results
3.1 Soil properties

There were marked variations in soil properties among the land uses at both depths (O-
0.05 and 0.05-0.20m) and at both sites (Table 2). Soil texture was generally clay except
for the grazing and forest land uses in the smallholder sites, which were clay loams and
loams respectively. Total C and N in both soil depths were strongly affected by land use
(p<0.01). The highest concentrations of total soil nitrogen (TN) in the top soil was
measured in the native forest soils, while lowest values were observed at the tea and
grazing land at the smallholder site (Table 2). At the lower depth (0.05 — 0.20 m), the

10
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grazing land and forest land use at the smallholder site had the highest TN. Total carbon
concentrations varied similarly to TN in both soil depths. The C:N ratio was highest for
the tea plantations while the forest C:N ratio was lowest for both soil depths. Soil pH in
the top soil ranged from 3.8 at the tea plantation to 6.6 at the smallholder forest plot, with
a similar trend observed at the lower soil depth. Soil bulk density (BD) was highest under
grazing land and lowest under forest at both soil depths. Intermediate BD values were

observed in the rest of the land uses.

Soil water varied widely through the year in all land uses, ranging from 20 to 80% WFPS,
while soil temperature remained near to 15°C for most of the land uses (mean=16.7°C),
with the exception of the grazing plots where temperatures were consistently higher
(mean=18.8°C) than in all other plots (Figure 2c). Soil inorganic concentrations ranged
from 3.6 to 40 pug N g soil through most of the season, but increased up to 132 ug N g*
soil in the tea plantations shortly after synthetic fertilizers were applied (Figure 2e and 3e,
Table 3) although the highest concentration (111 pg N g* soil) was measured in grazing
lands, likely because of animal excreta deposition. Differences in IN intensities were
observed only at the tea estate site where both IN intensity and NH4*-N intensity were
higher (p=0.016 and p<0.001, respectively) in the tea than the forest and eucalyptus land
uses. However, there was marked variation within land uses especially for the tea plots

at the smallholder site, where the coefficient of variation (CV%) was 89% (Table 3).

3.2 N20 fluxes

Mean N:0 flux rates for the different land uses from 15t August 2015 to 15t August 2016
ranged between 0.87+3.5 ug N20O-N m2 hr (on 6" October 2015) and 153.4+6.7ug N20-
N m-2 hr!(on 23" May 2016) for land uses at the tea estate site of Kapkatugor; and from
-2.1+2.4 ug N20-N m2 hr (on 5" January 2016) to 118+123 ug N2O-N m=2 hr! (on 17%
September 2015) for land uses at the smallholder site of Chepsir. At both sites and all
land uses, the mean daily fluxes were lower when WFPS was below 40%, but increased
significantly when WFPS was above 60% (Figure 2d and 3d, Appendix Table Al). Peak
soil N20 fluxes corresponded to wetter periods, whereas soil N20O fluxes observed during
the drier periods were between half to one-third smaller (Appendix Table Al). Weekly
temperatures of the top soil (0-0.05 m) were higher in the grazing land use (18.8+£1.3°C)

11
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compared to the natural forest (15.2+0.8°C) and tea plots (15.7+1.1°C) at the smallholder
site (Figure 2c). At the tea estate, soil temperatures were consistent among the different
land uses. Despite these differences in soil temperature, there was no significant
correlation between N20 fluxes and soil temperature (Appendix Fig Al).

Peak soil N20 fluxes corresponded to IN peak concentrations in the tea plots from
Kapkatugor as well as high values for WPFS (above 60%), although the relationship
between weekly N20 fluxes and IN concentrations and WFPS was very weak across land
uses (r<0.01, p>0.10). Annual N20 fluxes were similar between the different land uses at
the smallholder (p=0.985) and at the tea estate (p=0.179) sites. However, high
coefficients of variation (CV) in soil N20 fluxes were observed within similar land uses of

the smallholder site; especially in the grazing lands (CV=107%) and tea fields (CV=62%).

Management of similar land uses differed largely within the smallholder site (Table 1). In
grazing lands, the N20 fluxes were highest in the plots with high stocking density (SHG2,
followed by SHG1), while the lowest fluxes were measured in the plot with low stocking
density (SHG3, 1.3 head per hectare). There were also large variations in N2O emissions
within the smallholder tea fields with the lowest fluxes in plot SHT3 (0.67 kg N20O-N ha
yr1) where no fertilizer was applied, and the highest (2.34 kg N2O-N ha* yr?) at plot SHT1
where 125 kg N ha?! of fertilizer was applied (Table 1).

Annual fluxes were highest (1.6+0.3 kg N20O-N ha yr!) for plots receiving N inputs (SHT1,
SHG1, SHT2, SHG2, TET1, TET2 and TET3), which were similar (p=0.19) to the annual
flux of the natural forest plots (1.1+0.1 kg N20-N ha? yr?). Annual fluxes from the
converted plots receiving no N inputs (SHT3, SHG3, TEP1, TEP2 and TEP3) were lower
(0.5£0.1 kg N20O-N ha! yr; p<0.01) than both the natural forest and the managed plots

receiving N inputs.

Monthly soil N20 flux at the smallholder site followed the same trend as annual fluxes
where no significant difference (p=0.627) between land uses was observed. However,
monthly soil N2O fluxes were significantly different among land uses at the tea estate site,
where fluxes from forest soils and tea plantations were higher (p=0.001) than from

eucalyptus plantations.

12
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There were strong correlations between annual N20 fluxes from all plots and IN intensity
(p<0.001; r=0.72), ammonium intensity (p<0.01; r=0.57) and nitrate intensity (p<0.05,
r=0.57) (Figure 5 and Table 4). No relationships were observed (p>0.05) between annual
N20 flux from all plots and other soil properties (e.g. pH, total carbon and nitrogen). The
combination of converted sites with no or little external N inputs and natural forest showed
positive correlations between annual N20 fluxes and total N (p<0.01, r=0.74) and total C
(p<0.05; r=0.67) concentration, while bulk density (p<0.01; r=0.72) and C:N ratio (p<0.05;
r=0.47) were negatively correlated with annual N20 fluxes (Table 4). Also, the relationship
between annual N20O and IN and NOs™-N intensities were stronger among plots where no

or little external inputs were applied (inclusive of natural forest plots).
4. Discussion

Cumulative annual N20 fluxes from natural montane forest in this study (1.1+0.11 kg N20O-
N ha™t yr1) were within the range measured in other tropical and sub-tropical montane
forests; 1.2 kg N2O-N ha™ yr~! in Panama (Koehler et al. 2009), 1.1-5.4 kg N2O-N ha™
yr-1) for sites in Queensland, Australia (Breuer et al., 2000), 0.3-1.1 kg N2O-N ha™t yr™t
for sites at Mt. Kilimanjaro, Tanzania (Gutlein et al. 2017), and 0.29 -1.11 kg N2O-N ha™
yrt in Central Sulawesi, Indonesia (Purbopuspito et al. 2006). However, annual
cumulative N20 fluxes at our forest sites were at the lower end compared to earlier studies
in Africa: 3.0£2.0 kg N20-N ha™t yr™! (Castaldi et al. 2013) in a tropical humid forest in
Ghana, and 2.6 kg N-N20 ha™* yr (Werner et al. 2007b) for a tropical lowland forest in
Kenya. Spatial variation in N20O fluxes from different forest sites have been attributed to
thermal and hydrological variations that drive processes such as soil organic matter
mineralization, nitrification and denitrification (Zhuang et al. 2012). Mean annual air
temperature at the Kakamega is 20.4°C (Werner et al. 2007b) compared to 16.6°C at our
study area, difference that can be explained by elevation (1530 m Kakamega forest site,
2200 m at our study sites). Higher elevation and lower temperatures are associated with
reduced net mineralization rates (Koehler et al. 2009; Liu et al. 2017) resulting in lower N
availability in the soil (Arnold et al. 2009; Purbopuspito et al. 2006; Wolf et al. 2011), and

with reduced rates of biological N2 fixation at ecosystem scale (Cleveland et al., 1999).
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These differences are consistent with observations that highland forests are typically N
limited (Nottingham et al. 2015)

The annual N20 fluxes from the smallholder and tea estate sites in this study (1.4+0.5
and 1.2+0.3 kg N20-N ha! yr?, respectively) were higher than the fluxes (0.38 and 0.75
kg N hal yrt) reported by Rosenstock et al. (2016) for other tea producing areas in the
western Kenyan highlands where farmers applied approximately 112 kg N ha* yri. The
authors attributed the relatively low rates to low sampling frequency that could have led
to missing out N2O emissions peaks after fertilizer application as discussed by Barton et
al. (2015). Because we sampled every two days immediately following a fertilization
event, we likely captured any N2O emission pulses that occurred after the addition of N,
resulting in a more accurate representation of cumulative N2O fluxes from tea crops.
Additionally, the soils at the western Kenyan highlands in the study by Rosenstock et al.
(2016) were more porous (sandy clay loams) compared to the clay soils in our study
region. Generally, relatively porous soils emit less N2O because the development of soil
anaerobic state that is required for denitrification is restricted by relatively high oxygen
diffusion rates into soils (Rochette et al. 2008). At the smallholder site in our study, the
high variability in annual N2O fluxes among the tea plots could be explained by the
different rates of fertilizer applications, which led to differential concentrations of inorganic
N in the soil (cf. Fig. 5).

Other studies that compared N20 fluxes from forests and converted land use found either
increased, decreased or no difference fluxes between forest and converted land use
depending on the time of conversion and management practices which affected soil
carbon and nitrogen content (Cheng et al. 2013; Melillo et al. 2001; Veldkamp et al. 2008;
Wang et al. 2006). Lack of a difference in annual N20 fluxes between land uses was due
to the high variability of management intensities within plots of a given land use. In both
the smallholder tea and smallholder grazing sites, there was a wide range of management
intensities. The N20 fluxes from the grazing land use in our study was similar to those
from a previous study on grazing land in western Kenyan highlands with annual flux rates
of between 0.5 and 3.9 kg N20O-N h* yr! (Rosenstock et al. 2016), where variation was

attributed to management practices. Likewise, there were large variations in animal
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densities between the three different grazing plots. The plots with the higher stocking
densities had higher annual N20 fluxes (1.18 and 3.01 kg N ha? yr, respectively) than
the plot with low stocking densities (SHG3; 0.20 kg N ha! yr!) perhaps because there
was greater transfer of nutrients from outside to inside the paddocks via animal excreta,
but also likely due to more rapid cycling of N associated with pulses of high intensity.
More animal excreta likely led to N2O emissions directly from the dung and urine (Pelster
et al. 2016), as well as increased N and C inputs to the soil that contributed to N20O
emissions. However, when considering converted plots where no external inputs were
added, we observed a reduction in soil N2O relative to natural forest, consistent with
observations by van Lent et al. (2015) where reduced fluxes were attributed to lower N
availability. This is further supported by our results where topsoil N concentrations were

lower in eucalyptus and tea plots that received no inputs (Table 2).

Monthly soil N2O fluxes from eucalyptus plantations were the lowest in our study and the
annual fluxes (0.6+0.2 kg N2O-N ha! yr') were also on the lower end compared to the
other land uses. Lower soil N2O flux from eucalyptus plantations may be related to lower
N cycling rates as reflected by lower IN intensities (Table 3). Relatively slower N
mineralization has been previously reported in eucalyptus plantation soils (Bernhard-
Reversat 1988). Net mineralization decreases with increased soil C:N ratio (Springob and
Kirchmann 2003) and consequently reduced N20 fluxes. In our study we also observed
a strong negative correlation between C:N ratio and soil N20 fluxes (Table 4). In addition,
total N was lowest in eucalyptus plantations (Table 2). Therefore, the lower total N
coupled with lower N mineralization likely caused the lower soil N20O fluxes in eucalyptus

plantations.

The environmental variables that we measured at weekly intervals and soil inorganic N
concentrations did not predict soil N2O fluxes well. This is consistent with studies by
Veldkamp et al. (2008) in the humid tropical forest margins of Indonesia and of Rowlings
et al. (2012) in a subtropical rainforest site in Australia who found no correlation between
N20 and inorganic N (NH4" and NOg3’) concentrations, while studies by Wolf et al. (2011)
and Purbopuspito et al. (2006) also found no correlation between WFPS and soil N20O

fluxes. This could be attributed to three factors:
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0] complex interactions between drivers of soil N2O fluxes in time and space (i.e.
hot moments and hot spots: Groffman et al. 2000) in a way that mask the effect
of the measured variables in our study;

(i) gases originate from deeper soil layers for which environmental parameters
were not measured (our study: 0-0.05 m). This is supported by studies by
Verchot et al. (1999) in native forests and coffee plantations in Sumatra and by
Wang et al. (2014) for winter-wheat and summer-maize rotation in Northern
China who reported larger gas fluxes from deeper layers. Furthermore, Nobre
et al. (2001) reported the highest soil N2O production from 5 to 20 cm of soil
depth. The soils in our study area are deep and well drained. Thus, deeper
layers might contribute significantly to the soil N20O fluxes at the soil-
atmosphere boundary;

(i) time lags between measurements of inorganic N concentrations and increases
in soil N2O fluxes. Such effects, which are partly related to low frequency
sampling (Barton et al. 2015), can only be captured by using of automatic high-

resolution temporal sampling.

Nevertheless, inorganic N intensities (NH4™-N, NOs-N and total IN intensities) correlated
well with annual N20 fluxes, which was previously observed by Burton et al. (2008). In
our study the magnitude and temporal persistence of IN are likely related to the amount
of substrate added through management (inorganic fertilizer, manure and urine) or the

speed of N cycling in plots where no external N was added and in the natural forests.

Soil temperature did not influence N20 fluxes in our study, the same observation was
reported by Werner et al. (2007b) in Kakamega forest in Kenya, contrary to what has
been observed in many other studies as summarized by Skiba and Smith (2000). In our
study area, temperature within land uses did not vary much throughout the study period,

as is the case in many tropical systems.

The significant positive relationship between annual N20 fluxes and annual IN intensity
shows that N20 fluxes were closely coupled to N availability. The missing saturation
effect, which finally manifests as an exponential increase in N20 fluxes (Shcherbak et al.

2014), might be used to indicate that N2O fluxes in this ecosystem are still N limited
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(Davidson et al. 2000; Rowlings et al. 2012) and that increasing N availability, e.g. through
increased fertilization applications, would result in even higher N20 fluxes.

5. Conclusions

This study of a tropical montane forest in Kenya showed lower annual N20 fluxes (1.1+0.1
kg N20-N ha yr?t) than those from lowland tropical forests, which typically have fluxes
around 2.0 kg N20-N ha? yr (van Lent et al., 2015). We attribute this difference in fluxes
to differences in environmental conditions such as air temperature. Wide variations of
annual soil N20 fluxes within the managed land uses made it difficult to detect a land use
effect; with variability of soil properties also added a confounding factor. The magnitude
of annual N20 fluxes relative to the natural forest varied considerably within a given land
use depending on management intensity and this makes generalizations difficult. We
found no correlation between N20O flux rates and soil temperature, whereas peaks in flux
rates tended to occur at high (>60% WFPS) moisture content. To understand emissions
at annual scales and the factors that regulate these emissions, we looked at cumulative
N20 fluxes and compared them with IN intensity. We found a linear increase in annual
soil N20 fluxes with increasing IN intensity. Fertilized plots had the highest IN intensities
and also the highest cumulative N2O emissions, indicating that management of converted
lands plays a larger role in determining the amount of N2O emissions than land use in this

environment.
Acknowledgments

This work was funded by the CGIAR program on Climate Change, Agriculture and Food
Security (CCAFS). Wanyama Ibrahim received additional support from DAAD through a
doctoral grant number A/13/94827. Gas and soil samples were analyzed at the Mazingira
Environmental Center, Nairobi, Kenya by laboratory technicians Vallerie Muckoya, Paul
Mutuo and George Wanyama. We are grateful to the farmers and field staff who tirelessly
worked with us throughout the sampling period, and to the Kenyan Forest Service for

allowing us to sample in the South West Mau forest reserve.

References

17



506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556

Arias-Navarro, C., Diaz-Pinés, E., Kiese, R., Rosenstock, T.S., Rufino. M.C., Stern, D.,
Neufeldt, H., Verchot,L.V., Butterbach-Bahl, K., 2013. Gas pooling: a sampling technique to
overcome spatial heterogeneity of soil carbon dioxide and nitrous oxide fluxes. Soil Biol.
Biochem. 67: 20-23. https://doi.org/10.1016/j.s0ilbio.2013.08.011.

Arias-Navarro, C., Diaz-Pinés, E., Klatt, S., Brandt, P., Rufino, M.C., Butterbach-Bahl, K.,
Verchot, L.V., 2017. Spatial variability of soil N.O and CO, fluxes in different topographic
positions in a tropical montane forest in Kenya. Journal of Geophysical Research: Biogeosci.
122(3): 514-527. https://doi.org/10.1002/2016JG003667.

Arnold, J., Corre, M.D., Veldkamp, E., 2009. Soil N cycling in old-growth forests across an
Andosol toposequence in Ecuador. Forest Ecol. Manag. 257(10): 2079-2087.
https://doi.org/10.1016/j.foreco.2009.02.014.

Baldyga, T.J., Miller, S.N., Driese, K.L., Gichaba, C.M., 2008. Assessing land cover change in
Kenya's Mau Forest region using remotely sensed data. African J. Ecol. 46(1): 46-54.
https://doi.org/10.1111/j.1365-2028.2007.00806.x.

Barton, L., Wolf, B., Rowlings, D., Scheer, C., Kiese, R., Grace, P., Stefanova, K., Butterbach-
Bahl, K., 2015. Sampling frequency affects estimates of annual nitrous oxide fluxes. Scientific
Rep. 5: 15912.1-9. https://doi.org/10.1038/srep15912.

Bernhard-Reversat, F., 1988. Soil nitrogen mineralization under a Eucalyptus plantation and a
natural Acacia forest in Senegal. For. Ecol. Manag. 23(4): 233-244.
https://doi.org/10.1016/0378-1127(88)90054-0.

Blanco, A.S, Gerlagh, R., Suh, S., Barrett, J.A., de Coninck, H., Diaz Morejon, C.F., Mathur, R.,
Nakicenovic, N., Ahenkorah, A.O., Pan, J., Pathak, H., Rice, J., Richels, R., Smith,S.J.,
Stern,D.1., Toth, F.L., Zhou, P., 2014. Drivers, trends and mitigation. In: Climate Change 2014:
Mitigation of Climate Change. Contribution of Working Group Il to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Eds: Edenhofer, O., R. Pichs-Madruga, Y.
Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B.
Kriemann, J. Savolainen, S. Schlémer, C. von Stechow, T. Zwickel, J.C. Minx. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

Breuer. L., Papen, H., Butterbach-Bahl, K., 2000. N2O emission from tropical forest soils of
Australia. J Geophys. Res.: Atmospheres 105(D21): 26353-26367.
https://doi.org/10.1029/2000JD900424.

Burton, D., Zebarth, B., Gillam, K., MacLeod, J., 2008. Effect of split application of fertilizer
nitrogen on N2O emissions from potatoes. Canadian J. Soil Sci. 88(2): 229-239.
https://doi.org/10.4141/CJSS06007.

Butterbach-Bahl, K., Baggs, E.M., Dannenmann, M., Kiese, R., Zechmeister-Boltenstern, S.,
2013. Nitrous oxide emissions from soils: how well do we understand the processes and their
controls? Phil. Trans. Royal Soc. B. 368(1621): 20130122: 1-13.
https://doi.org/10.1098/rsth.2013.0122.

Castaldi, S., Bertolini, T., Valente, A., Chiti, T., Valentini. R., 2013. Nitrous oxide emissions from

soil of an African rain forest in Ghana. Biogeosciences 10(6): 4179-4187.
https://doi.org/10.5194/bg-10-4179-2013.

18


https://doi.org/10.4141/CJSS06007

557
558
559
560

561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583

584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

Cheng, J., Lee, X., Zhou, Z., Wang, B., Xing, Y., Cheng, H., 2013. Nitrous oxide emissions from
different land use patterns in a typical karst region, Southwest China. Acta Geochimica. 32(2):
137-147. https://doi.org/10.1007/s11631-013-0616-4.

Cleveland, C.C., Townsend, A.R., Schimel, D.S., Fisher, H., Howarth, R.W., Hedin, L.O.,
Perakis, S.S., Latty, E.F., von Fischer, J.C., Elseroad, A., Wasson, M.F., 1999. Global patterns
of terrestrial nitrogen (N2) fixation in natural ecosystems. Glob. Biogeochem. Cycles. 13, 623-
645. https://doi.org/10.1029/1999GB900014

Davidson, E.A., Keller, M., Erickson, H.E., Verchot, L.V., Veldkamp, E., 2000. Testing a
conceptual model of soil emissions of nitrous and nitric oxides using two functions based on soil
nitrogen availability and soil water content, the hole-in-the-pipe model characterizes a large
fraction of the observed variation of nitric oxide and nitrous oxide emissions from soils.
BioScience. 50(8): 667-680.

https://doi.org/10.1641/00063568(2000)050[0667: TACMOS]2.0.CO;2.

FAO, 2015. World Reference Base for Soil Resources 2014. International Soil Classification
System for Naming Soils and Creating Legends for Soil Maps. Food and Agriculture
Organization of the United Nations, Rome, pp. 2015.

Fowler, D., Pilegaard, K., Sutton, M., Ambus, P., Raivonen, M., Duyzer, J., Simpson, D., Fagerl,
H., Fuzzi, S., Schjgrring, J.K., Granier, C., 2009. Atmospheric composition change:
ecosystems—atmosphere interactions. Atmosph. Environ. 43(33): 5193-5267.
https://doi.org/10.1016/j.atmosenv.2009.07.068.

Gates, D.M., 2012. Biophysical Ecology. Courier Corporation. Physiology and Temperature.
530-537.

Gee, G.W, Bauder, J.W., 1986. Particle-size analysis. In: Klute, A. (ed.). Methods of Soil
Analysis. Part 1: Physical and Mineralogical Methods. Monograph no 9. Madison: American
Society of Agronomy Inc. and Soil Science Society of America Inc. 383—411

Gelfand, 1., Shcherbak, I., Millar, N., Kravchenko, A.N., Robertson, G.P., 2016. Long-term
nitrous oxide fluxes in annual and perennial agricultural and unmanaged ecosystems in the
upper Midwest USA. Glob. Change Biol. 22(11): 3594-3607. https://doi.org/10.1111/gcb.13426.

Gharahi Ghehi, N., Werner, C., Hufkens, K., Kiese, R., Ranst, E.V., Nsabimana, D., Wallin, G.,
Klemedtsson, L., Butterbach-Bahl, K., Boeckx, P., 2013. Detailed regional predictions of N 2 O
and NO emissions from a tropical highland rainforest. Biogeosciences Discuss. 10(1): 1483-
1516. https://doi.org/10.5194/bgd-10-1483-2013.

Groffman, P.M., Brumme, R., Butterbach-Bahl, K., Dobbie, K.E., Mosier, A.R., Ojima, D.,
Papen, H., Parton, W.J., Smith, K.A., Wagner-Riddle, C., 2000. Evaluating annual nitrous oxide
fluxes at the ecosystem scale. Glob. Biogeochem. Cycles. 14(4): 1061-1070.
https://doi.org/10.1029/1999GB001227.

Gltlein, A., Zistl-Schlingmann, M., Becker, J.N., Cornejo, N.S., Detsch, F., Dannenmann, M.,
Appelhans, T., Hertel, D., Kuzyakov, Y., Kiese, R., 2017. Nitrogen turnover and greenhouse gas
emissions in a tropical alpine ecosystem, Mt. Kilimanjaro, Tanzania. Plant Soil. 411(1-2): 243-
259. https://doi.org/10.1007/s11104-016-3029-4.

19



606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656

Harrison-Kirk, T., Beare, M.H., Meenken, E.D., Condron, L.M. 2013 Soil organic matter and
texture affect responses to dry/wet cycles: Effects on carbon dioxide and nitrous oxide
emissions. Soil Biol. Biochem. 57: 43-55.https://doi.org/10.1016/j.s0ilbio.2012.10.008

Hesslerova, P., Pokorny, J., 2010. Forest clearing, water loss, and land surface heating as
development costs. Int. J. Water. 5(4): 401-418. https://doi.org/10.1504/IJW.2010.038732.

Homeier, J., Hertel, D., Camenzind, T., Cumbicus, N.L., Maraun, M., Martinson, G.O., Poma,
L.N., Rillig, M.C., Sandmann, D., Scheu, S., Veldkamp, E., 2012. Tropical Andean Forests are
highly susceptible to nutrient inputs — rapid effects of experimental N and P addition to an
Ecuadorian montane forest. PloS one. 7(10): e47128.
https://doi.org/10.1371/journal.pone.0047128

Jackson, M.L., 1958. Soil Chemical Analysis. Hydrogen activity determination for soils.
Measurement of soil pH. Prentice-Hall, Inc.; Englewood Cliffs,NY. Pp. 41-49.

Jacobs, S., Breuer, L., Butterbach-Bahl, K., Pelster, D.E., Rufino, M.C., 2017. Land use affects
total dissolved nitrogen and nitrate concentrations in tropical montane streams in Kenya.
Science Total Environ. 603-604: 519-532. https://doi.org/10.1016/j.scitotenv.2017.06.100

Jones, A., Breuning-Madsen, H., Brossard, M., Dampha, A., Deckers, J., Dewitte, O., Gallali, T.,
Hallett, S., Jones, R., Kilasara, M., Le Roux, P., 2013. Soil Atlas of Africa. European
Commission. https://doi.org/10.2788/52319. http://horizon.documentation.ird.fr/ex|-
doc/pleins_textes/divers15-01/010059901.pdf. Accessed March 2017

Katayanagi, N., Sawamoto, T., Hayakawa, A., Hatano, R., 2008. Nitrous oxide and nitric oxide
fluxes from cornfield, grassland, pasture and forest in a watershed in Southern Hokkaido,
Japan. Soil Sci. Plant Nutr. 54(4): 662-680. https://doi.org/10.1111/j.1747-0765.2008.00284.x.

Kim, D.G., Thomas, A.D., Pelster, D., Rosenstock, T.S., Sanz-Cobena, A., 2016. Greenhouse
gas emissions from natural ecosystems and agricultural lands in sub-Saharan Africa: synthesis
of available data and suggestions for further research. Biogeosciences 13(16): 4789-4809.
https://doi.org/10.5194/bg-13-4789-2016.

Kinyanjui, M. J., 2009. The effect of human encroachment on forest cover, structure and
composition in the western blocks of the Mau forest complex. Unpublished Doctoral Thesis.
Egerton University, Kenya.

Kinyanjui, M.J., Latva-Kayra, P., Bhuwneshwar, P.S., Kariuki, P., Gichu, A., Wamichwe, K.,
2014. An inventory of the above ground biomass in the Mau Forest ecosystem, Kenya. Open J.
Ecol. 2014: https://doi.org/10.4236/0je.2014.410052.

Koehler ,B., Corre, M.D., Veldkamp, E., Wullaert, H., Wright, S.J., 2009. Immediate and long-
term nitrogen oxide emissions from tropical forest soils exposed to elevated nitrogen input.
Glob. Change Biol. 15(8): 2049-2066. https://doi.org/10.1111/j.1365-2486.2008.01826.x.

Kool, D., Wrage, N., Zechmeister-Boltenstern, S., Pfeffer, M., Brus, D., Oenema, O., Van
Groenigen, J.W., 2010. Nitrifier denitrification can be a source of N-O from soil: a revised
approach to the dual-isotope labelling method. Eur. J. Soil Sci. 61(5): 759-772.
https://doi.org/10.1111/j.1365-2389.2010.01270.x.

20



657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2015. ImerTest: tests in linear mixed
effects models. R package version 2.0-20. URL: https://cran. R project.
org/web/packages/ImerTest. Accessed 15: 2017.

Lin, S., Igbal, J., Hu, R., Ruan, L., Wu, J., Zhao, J., Wang, P., 2012. Differences in nitrous oxide
fluxes from red soil under different land uses in mid-subtropical China. Agric. Ecosyst. Environ.
146(1): 168-178. https://doi.org/10.1016/j.agee.2011.10.024.

Liu, Y., Wang, C., He, N., Wen, X., Gao, Y., Li, S., Niu, S., Butterbach-Bahl, K., Luo, Y., Yu, G.,
2017. A global synthesis of the rate and temperature sensitivity of soil nitrogen mineralization:
latitudinal patterns and mechanisms. Glob. Change Biol. 23(1): 455-464.
https://doi.org/10.1111/gcb.13372.

Maharjan, B., Venterea, R.T., 2013. Nitrite intensity explains N management effects on N 2 O
emissions in maize. Soil Biol. Biochem. 66: 229-238.
https://doi.org/10.1016/j.s0ilbio.2013.07.015.

Melillo, J., Steudler, P., Feigl, B., Neill, C., Garcia, D., Piccolo, M., Cerri, C., Tian, H., 2001.
Nitrous oxide emissions from forests and pastures of various ages in the Brazilian Amazon. J
Geophys. Res.: Atmospheres. 106,D24: 34179-34188. https://doi.org/10.1029/2000JD000036.

Metcalfe, D., Fisher, R., Wardle, D., 2011. Plant communities as drivers of soil respiration:
pathways, mechanisms, and significance for global change. Biogeosciences 8(8): 2047-2061.
https://doi.org/10.5194/bg-8-2047-2011.

Nobre, A., Keller, M., Crill, P., Harriss, R., 2001. Short-term nitrous oxide profile dynamics and
emissions response to water, nitrogen and carbon additions in two tropical soils. Biol. Fertility
Soils 34(5): 363-373. https://doi.org/10.1007/s003740100396.

Nottingham, A.T., Turner, B.L., Whitaker, J., Ostle, N.J., McNamara, N.P., Bardgett, R.D.,
Salinas, N., Meir, P., 2015. Soil microbial constraints along a tropical forest elevation
gradient: a belowground test of a biogeochemical paradigm. Biogeosciences 12,
6071-6083. https://doi.org/10.5194/bg-12-6071-2015

Parkin, T., Venterea, R., Hargreaves, S., 2012. Calculating the detection limits of chamber-
based soil greenhouse gas flux measurements. J. Environ. Qual. 41(3): 705-715.
https://doi.org/10.2134/jeq2011.0394.

Pelster, D., Gisore, B., Goopy, J., Korir, D., Koske, J., Rufino, M.C., Butterbach-Bahl, K., 2016.
Methane and nitrous oxide emissions from cattle excreta on an East African grassland. J.
Environ. Qual. 45(5): 1531-1539. https://doi.org/10.2134/jeq2016.02.0050.

Pelster, D., Rufino, M., Rosenstock, T., Mango, J., Saiz, G., Diaz-Pines, E., Baldi, G.,
Butterbach-Bahl, K., 2017. Smallholder farms in eastern African tropical highlands have low soil
greenhouse gas fluxes. Biogeosciences 14(1): 187. https://doi.org/10.5194/bg-14-187-2017.

Purbopuspito, J., Veldkamp, E., Brumme, R., Murdiyarso, D., 2006. Trace gas fluxes and

nitrogen cycling along an elevation sequence of tropical montane forests in Central Sulawesi,
Indonesia. Glob. Biogeochem. Cycles. 20(3) GB3010: https://doi.org/10.1029/2005GB002516.

21



708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757

Rochette, P., Angers, D.A., Chantigny, M.H., Bertrand, N., 2008. Nitrous oxide emissions
respond differently to no-till in a loam and a heavy clay soil. Soil Sci. Soc. Am. J. 72(5): 1363-
1369. https://doi.org/10.2136/sssaj2007.0371.

Rosenstock, T.S., Mathew, M., Pelster, D.E., Butterbach-Bahl, K., Rufino, M.C., Thiong'o, M.,
Mutuo, P., Abwanda, S., Rioux, J., Kimaro, A.A., Neufeldt, H., 2016. Greenhouse gas fluxes
from agricultural soils of Kenya and Tanzania. J. Geophys. Res.: Biogeosciences: 121.
https://doi.org/10.1002/2016JG003341.

Rowlings, D., Grace, P., Kiese, R., Weier, K., 2012. Environmental factors controlling temporal
and spatial variability in the soil-atmosphere exchange of CO2, CH4 and N.O from an Australian
subtropical rainforest. Glob. Change Biol. 18(2): 726-738. https://doi.org/10.1111/j.1365-
2486.2011.02563.x.

R Team, 2016. R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing Vienna, Austria.

Schelde, K., Cellier, P., Bertolini, T., Dalgaard, T., Weidinger, T., Theobald, M., Olesen, J.E.,
2012. Spatial and temporal variability of nitrous oxide emissions in a mixed farming landscape
of Denmark. Biogeosciences 9(8): 2989-3002. https://doi.org/10.5194/bg-9-2989-2012.

Shapiro, S.S., Wilk, M.B., 1965. An analysis of variance test for normality (complete samples).
Biometrika. 52(3-4): 591-611. https://doi.org/10.2307/2333709.

Shcherbak, 1., Millar, N., Robertson, G.P., 2014. Global meta-analysis of the nonlinear response
of soil nitrous oxide (N.O) emissions to fertilizer nitrogen. Proc. Nat. Academy Sci. 111(25):
9199-9204. https://doi.org/10.1073/pnas.1322434111.

Silver, W.L., Herman, D.J., Firestone, M.K., 2001. Dissimilatory nitrate reduction to ammonium
in upland tropical forest soils. Ecol. 82(9): 2410-2416. https://doi.org/ DOI: 10.2307/2679925

Skiba, U., Smith, K., 2000. The control of nitrous oxide emissions from agricultural and natural
soils. Chemosphere-Global Change Sci. 2(3): 379-386. https://doi.org/10.1016/S1465-
9972(00)00016-7.

Springob, G., Kirchmann, H., 2003. Bulk soil C to N ratio as a simple measure of net N
mineralization from stabilized soil organic matter in sandy arable soils. Soil Biol. Biochem. 35(4):
629-632. https://doi.org/10.1016/S0038-0717(03)00052-X.

Swart, R., 2016. Monitoring 40 year of land use change in the Mau Forest complex. A Land Use
Change Driver Analysis. MSc thesis, Wageningen University, Wageningen, The Netherlands.

van Lent, J., Hergoualc'h, K., Verchot, L.V., 2015. Soil NoO and NO emissions from land use
and land use change in the tropics and subtropics: a meta-analysis. Biogeosciences 12, 7299—
7313, https://doi.org/10.5194/bg-12-7299-2015.

Veldkamp, E., Purbopuspito, J., Corre, M.D., Brumme, R., Murdiyarso, D., 2008. Land use

change effects on trace gas fluxes in the forest margins of Central Sulawesi, Indonesia. J
Geophys. Res.: Biogeosciences 113(G2003). https://doi.org/10.1029/2007JG000522.

22



758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802

803

804

805

Verchot, L.V., Davidson, E.A., Cattanio, H., Ackerman, I.L., Erickson, H.E., Keller, M., 1999.
Land use change and biogeochemical controls of nitrogen oxide emissions from soils in eastern
Amazonia. Glob. Biogeochem. Cycles. 13(1): 31-46. ttps://doi.org/10.1029/1998GB900019.

Verchot, L.V., Hutabarat, L., Hairiah, K., Van Noordwijk, M., 2006. Nitrogen availability and soil
N20 emissions following conversion of forests to coffee in southern Sumatra. Glob.
Biogeochem. Cycles. 20, GB4008: https://doi.org/10.1029/2005GB002469.

Wang, C., Yang, J., Zhang, Q., 2006. Soil respiration in six temperate forests in China. Glob.
Change Biol. 12(11): 2103-2114. https://doi.org/10.1111/j.1365-2486.2006.01234 .x.

Wang, Y., Hu, C., Ming, H., Oenema, O., Schaefer, D.A., Dong, W., Zhang, Y., Li, X., 2014.
Methane, carbon dioxide and nitrous oxide fluxes in soil profile under a winter wheat-summer
maize rotation in the north China plain. PloS one 9(6): €98445.
https://doi.org/10.1371/journal.pone.0098445.

Wass, P., 1995. Kenya's Indigenous Forests. [IUCN, Gland, Switzerland, and Cambridge, UK in
collaboration with ODA.

Weller et al., 2015; Diurnal patterns of methane emissions from paddy rice fields in the
Philippines, J. Plant Nutr. Soil Sci. 178, 755-767 https://doi.org/10.1002/jpIn.201500092

Werner, C., Butterbach-Bahl, K., Haas, E., Hickler, T., Kiese, R., 2007a. A global inventory of
N2O emissions from tropical rainforest soils using a detailed biogeochemical model. Glob.
Biogeochem. Cycles. 21(3): https://doi.org/10.1029/2006GB002909.

Werner, C., Kiese, R., Butterbach-Bahl, K., 2007b. Soil-atmosphere exchange of N.O, CH4, and
CO02 and controlling environmental factors for tropical rain forest sites in western Kenya. J
Geophys. Res. Atmospheres. 112, D33308. https://doi.org/10.1029/2006JD007388.

Wolf, K., Veldkamp, E., Homeier, J., Martinson, G.O., 2011. Nitrogen availability links forest
productivity, soil nitrous oxide and nitric oxide fluxes of a tropical montane forest in southern
Ecuador. Glob. Biogeochem. Cycles. 25(4): https://doi.org/10.1029/2010GB003876.

Wood, P., 1990. Autotrophic and heterotrophic mechanisms for ammonia oxidation. Soil Use
Manag. 6(2): 78-79. https://doi.org/10.1111/j.1475-2743.1990.tb00807.x.

Zaman, M., Nguyen, M., Simek, M., Nawaz, S., Khan, M., Babar, M., Zaman, S., 2012.
Emissions of nitrous oxide (N2O) and di-nitrogen (N2) from the agricultural landscapes, sources,
sinks, and factors affecting N.O and N ratios. Greenhouse Gases-Emission, Measurement and
Management. (Ed. Guoxiang Liu): 1-32. https://doi.org/10.5772/32781. Accessed May 2017.

Zhuang Q, Lu Y, Chen M (2012) An inventory of global N2O emissions from the soils of natural

terrestrial ecosystems. Atmosph. Environ. 47: 66-75.
https://doi.org/10.1016/j.atmosenv.2011.11.036.

23



806

807

808
809
810
811

812

Figures

4 Kilometers

Land-uses
Eucalyptus plantation

- Forest
- Grazing
|:| Infrastructure

:| Smallholder agriculture

[ ] 7ea

Sites
[ Smallholder
[ Tea estate

W Town/City

Figure 1. a) Map of the study area in the South West Mau forest. Land uses classes derived

Precipitation (mm)

YT ]

Kericho
||

m Nairobi

160

140 -
120
100 -
80
60
40
20 4

0.
Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Soil temperature
—— Air temperature
[0 Precipitation

30

- 25

r 20

+ 0

Temperature (°C)

from a Swart (2016) for the smallholder and tea estate sites. b) Daily rainfall, air and soil
temperature from August 2015 to August 2016 measured at the study site in the SW Mau forest

of Kenya

24



813

814
815
816
817
818
819

140

- 120 + ?
s 100 4 —— Natural forest
- —O— Grazing
o 80
> —y— Tea
o
2
I("J
e}
=z
140
~ 120
@ 100
IU’)
=4
o
=
+
<
iy
=
o
S
et
=2
i
[0}
o
£
B
S
n
12
100 200
d
- Q
80 e e R = & Er 150
= o) ea vila vy ‘\ = y: = g
P 60 2 SRMOEY 5 ’ T g
m =T “ ' g poLy ) 2 Lo
= ‘,’-; " !w \ T / ;
S 07 35 1‘ 57 \/ X
Q Tk ", NG ()
&5
20 A @)
0 -
— 200
150 T 125 kg N- NPK e
o
£
Z
e}
o~
=z
o
=
E]
C
o
=z

QOct
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844  Table 1: Characterization of the sampling plots according to dominant land use for the study site at the SW Mau forest of Kenya.
845  Location and elevation, year in which the land use was established and the corresponding management practices for each plot are
846  presented. The fertilizer applied in tea fields was NPK.

Site/Land use Code Rep Latitude Longitude Elevation Year established Management Inputs Management
(m) intensity

Smallholder agriculture
Forest SHF1L 1 -0.2978  35.4397 2305 Native vegetation Charcoal burning N 1
Forest SHF2 2 -0.2995  35.4354 2267 Native vegetation Wood collection N 1
Forest SHF3 3 -0.3032 35.4235 2234 Native vegetation Open (low tree density) N 1
Grazing land SHGL 1 02942 354365 2319 1997, annual crops before dGégzis”i?ega“'e' excreta Y 3
Grazing land SHG2 2 02959 354339 2319 1970, forest before dGergéiS”i?ega“'e’ excreta N 3
Grazing land SHG3 3 02985 354203 2283 2005, annual crops before 'éf(’(‘;“rgtz“s“y cattle, little Y 2
Tea SHT1 1 -0.2936 35.4371 2320 1999, shrubland before Fertilizer at 125 kg N halyr? Y
Tea SHT2 2 -0.2964 35.4327 2291 1985, forest before Fertiliser at 40 kg N ha yr
Tea SHT3 3 -0.2987 35.4196 2294 2012, shrubland before No fertilizer applied N 2
Tea estates
Forest TEF1 1 -0.3165  35.3985 2169 Native vegetation Little disturbance N 1
Forest TEF2 2 -0.3194  35.3964 2173 Native vegetation Little disturbance N 1
Forest TEF3 3 -0.3225  35.3947 2170 Native vegetation Little disturbance N 1
Eucalyptus plantation  TEP1 1 -0.3143 35.3973 2198 2000, eucalyptus before Timber harvested N 2
Eucalyptus plantation  TEP2 2 -0.3172 35.3956 2163 2000, eucalyptus before Timber harvested N 2
Eucalyptus plantation  TEP3 3 -0.3199 35.3922 2146 2000, eucalyptus before Timber harvested N 2
Tea TET1 1 -0.3133 35.3968 2208 1973, forest before Fertiliser at 150 kg N halyrt Y 3
Tea TET2 2 -0.3159 35.3943 2176 1973, forest before Fertiliser at 250 kg N ha ! yrt Y 3
Tea TET3 3 -0.3187 35.3911 2168 1973, forest before Fertiliser at 150 kg N ha ! yr?t Y 3
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Table 2. Soil physical and chemical characteristics for the study site at the SW Mau forest of Kenya. Values presented are means + standard error
of mean for the three replicates presented in Table 1.

Total Total
Soil depth  Site Land use  Nitrogen Carbon C:N ratio pH Bulk density Clay Sand
(m) (%) (%) (@cm? (%) (%)
Smallholder Forest 1.24+0.05a 13.4+0.7a 10.840.1b 6.6+£0.1a 0.65+0.03b 22+0.1 46%2.0
Smallholder Grazing 0.74+0.03b  7.9+0.3b 10.9+0.1b 6.0+0.1b  0.94+0.02a 33+1.8 39+2.4
0-0.05 Smallholder Tea 0.69+0.03b  8.4+0.5b 11.9+0.2a 5.4+0.2b 0.72+0.05b 45+1.0 24+2.0
Tea estate  Forest 0.94+0.04a 9.5+0.5a 10.1+0.1b 5.1+0.0a  0.60+0.03b 49+15 21+1.3
Teaestate  Eucalyptus 0.61+0.02b 7.0+0.3b 11.3+0.7a 5.4+0.1a  0.74+0.03a 61+1.8 18%0.3
Teaestate  Tea 0.91+0.10a 10.6*1.3a 12.0+0.1a 3.8£0.1b  0.67+0.04b 65+4.8 19+2.9
Smallholder Forest 0.58+0.02a 5.3+0.1b 9.3+0.2 b 6.1+0.1a  0.80+0.03b 49+1.3 21+0.7
Smallholder Grazing 0.6410.03a 6.7+0.3a 10.6+0.2b 6.0+0.1ab 0.93+0.02a 40+4.2 30+3.1
0.05-0.2 Smallholder Tea 0.46+0.01b  5.1+0.1b 11.2+0.3b 5.7+0.1b  0.84+0.03b 49+1.0 22+0.0
Tea estate  Forest 0.44+0.02a 4.3+0.2b 9.7+0.2b 4.8+0.1b  0.68+0.04b 48+1.2 24+3.4
Teaestate  Eucalyptus 0.42+0.02a 4.6+0.2b 10.7+0.2b 5.5+0.1a  0.79+0.03a 57+0.7 18+1.2
Teaestate  Tea 0.46+0.0la 5.7+0.2a 12.8+0.3a 4.1+0.1c 0.74+0.02a 53+1.8 21+2.9

Mean values of soil physical and chemical characteristics + SE followed by same letter for each soil property within a site and soil depth were not significant at p<

0.05
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Table 3: Inorganic N intensities; ammonium (NH4*-N) intensity, nitrate (NOs-N) intensity and total IN (NH4* -N+ NO3™-N) intensity from 0-0.05m soil

depth for the different land uses (forest, grazing land, tea and tree plantations) at the smallholder and tea estate sites from the South West Mau
forest of Kenya. Values presented are means + standard errors of the mean for three replicates. Analysis for each site was done separately.

Site Land use Inorganic N Intensities (g N kg )
Total IN
NHs*-N  CV (%) NOs-N CV (%)  (NH4*-N+ NO3-N) CV (%)

Smallholder Forest 3.5+0.5a 25 4.0+£0.8a 35 7.5+1.3a 30
Smallholder Grazing 4.6+0.6a 22 1.4+0.4a 46 6.0+0.5a 15
Smallholder Tea 4.4+2.5a 99 2.7+1.2a 74 7.1+3.7a 89
Tea estate Forest 2.2+0.3b 21 4.2+0.5a 21 6.4+0.3b 8
Tea estate Tea 4.5+0.2a 6 5.5+1.5a 46 10.0+1.5a 25
Tea estate Eucalyptus  1.8+0.3b 28 2.5+0.4a 29 4.3£0.7b 28

Inorganic intensities IN (mean+SE) followed by same letter for each parameter within a site are not significant at p<0.05

31



859  Table 4: Spearman correlation coefficients between soil properties and annual N20O fluxes for all plots, for all forest plots and plots with no external
860 inputs (n=11), Forest plots (n=6), plots that received no external inputs (n=5) and plots that received external inputs (n=7)

Forest + No external Forest No external inputs  External inputs
All plots input

Soil parameter n N20 n N20 n N20 n N20 n N20
NH4* Intensity 18 0.57** 11 0.36 6 0.49 5 -0.3 7 0.02
NOs" Intensity 18 0.47* 11 0.80*** 6 0.37 5 0.4 7 -0.14
(NH4* +NOg) Intensity 18 0.72%** 11 0.85*** 6 0.71 5 0.1 7 -0.05
Total Nitrogen 18 0.35 11 0.74** 6 0.37 5 -0.1 7 0.18
Total Carbon 18 0.31 11 0.67* 6 0.37 5 -0.3 7 -0.05
C:N ratio 18 0.11 11 -0.47* 6 0.09 5 0.1 7 -0.54
Bulk density 18 0.23 11 -0.72** 6 0.14 5 -0.9* 7 0.52

861 %, * %% denote significance at p<0.1, p<0.05, p<0.01 and p<0.001, respectively
862
863
864
865
866
867
868

869
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870 Appendix

871 Table Al: Daily N20 fluxes for three different land uses in the two study sites (smallholders and tea estate) calculated for wet and dry periods.
872  These two periods are defined using a water filled pore space (WFPS) of 40%

Daily N20 fluxes (ug N20O-N m-2h-1)

Site Land use n Wet period Dry period p-value
Smallholder Forest 3 20.4+1.4 9.9+1.5 <0.001
Smallholder Grazing 3 22.7+3.1 11.9+3.2 <0.001
Smallholder Tea 3 28.1+2.2 7.1£1.9 <0.001
Tea estate Forest 3 13.3+0.6 7.4+0.6 <0.001
Tea estate Eucalyptus 3 8.1+0.6 5.2+0.8 <0.001
Tea estate Tea 3 31.442.9 10.8+6.4 <0.001
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Figure Al. Correlation between N2O fluxes and soil temperature

34



886

887

888

— r=0.36

°
®
300 - o
250 - ° °
200 ~
°

150

100

N, O fluxes (ug NyO-N m'zn'1)

50

0 20 40 60 80 100
WFPS (%)

Figure A2. Correlation between N»O fluxes and Water filled pore space (WFPS%)

35



