
REPORT SERIES IN GEOSCIENCES AND GEOGRAPHY PUBLICATIONS A

REPORT A-2022-A100

SOIL GREENHOUSE GAS EMISSIONS FROM DOMINANT

LAND USE TYPES IN LOWLANDS AND HIGHLANDS OF

SOUTHERN KENYA

SHEILA ASWANI WACHIYE

Department of Geosciences and Geography

Faculty of Science

University of Helsinki

Helsinki, Finland

Academic dissertation

To be presented, with the permission of the Faculty of Science of the University of

Helsinki, for public examination in Exactum-B123, Pietari Kalmin katu 5, on June

3rd, 2022, at 12:15 o’clock in the afternoon.

Helsinki 2022



Copyright © 2022 Sheila Aswani Wachiye

©Copernicus (Article I)

©Elsevier (Article II and III)

Cover photo by Sheila Wachiye

Author’s Address: Department of Geosciences and Geography

P.O. Box 64, FI-00014, University of Helsinki

sheila.wachiye@helsinki.fi

Supervisors: Professor Petri Pellikka, Ph.D.

Department of Geosciences and Geography

University of Helsinki

Dr. Lutz Merbold, Ph.D.

Agroscope, Research Division Agroecology and Environment,

Reckenholzstrasse, Zurich, Switzerland

Professor Janne Rinne, Ph.D.

Department of Physical Geography and Ecosystem Science

Lund University, Sweden.

Professor Timo Vesala, Ph.D.

Institute for Atmospheric and Earth System Research / Physics

University of Helsinki, Finland.

Reviewers: Professor Eeva-Stiina Tuittila, Ph.D.

School of Forest Sciences

University of Eastern, Finland

Dr. Christian Brümmer, Ph.D.
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Abstract

Land use and land use management activities impact soil and vegetation thus affecting

soil carbon and nitrogen levels and further greenhouse gas (GHG) emissions. In Africa,

land-use changes account for three-quarters of the anthropogenic GHG emissions. Yet,

field measurements of GHGs are scarce for a wide range of land use types, especially

the savanna in Sub-Saharan Africa. To address this gap, I conducted four studies (2018

- 2021) to quantified soil GHG emissions from dominant land use types in the Taita

Taveta county, southern Kenya. Three studies were carried out in the lowland under

savanna grassland (private conservation land and community grazing land), bushland,

maize cropland (Zea mays L.), and sisal plantation. The fourth study was in the

highlands (Taita Hills) under four different forest types (indigenous forest, pine and

eucalyptus plantations, and woodland), and an adjacent maize cropland. Each study

covered a whole year to account for the seasonality. Using static GHG chambers with

subsequent gas chromatography analysis, GHG emissions were measured as well as

soil temperature and volumetric soil moisture content simultaneously at 5 cm depth

on eight one-week and weekly campaigns in each land use types. Soil and vegetation

characteristics, and grazing intensity were also examined.

Overall, daily CO2 emissions plantation varied between 5 – 360 mg C m−2h−1 and

differed between land use types. In the lowland, grassland under conservation land

had the highest CO2 emissions, while cropland and bushland had the lowest. In the

highlands, the pine plantation and indigenous forest emitted higher CO2 than eucalyp-

tus and woodland, while cropland emitted the least. Based on linear regression, soil

organic carbon accounted for 50% variation in CO2 emissions between the land use

types, while grazing intensity accounted for 60% variation between grassland under

conservation lands and the community grazing lands. In the sisal plantation, the old-

est and youngest stands emitted higher CO2 than mature stands, which is consistent

with root respiration since soil organic carbon did not differ between stands. However,



all the sisal stands had higher CO2 than the adjacent bushland. During each study

year, CO2 emissions were highest in the wet season than in the dry season due to the

higher soil moisture and vegetation cover. In the lowland, soil moisture as a single pre-

dictor explained 20 – 70% seasonal variation in CO2 emissions, while vegetation (based

on EVI and NDVI; proxies of vegetation status) explained 18 – 82%. The combined in-

fluence of soil moisture and vegetation dynamics in a multiple linear regression proved

to be a greater control accounting for 75 – 96% of seasonal variation in CO2 emissions.

The indigenous forest and pine plantations were affected by soil temperature rather

than moisture, but the relationship was very weak (< 20%) probably due to narrow

seasonal variations in soil temperature observed. In the lowland, soil N2O (-7.7 – 17

μg N m−2h−1) and CH4 (-0.4 – 1.9 mg C m−2h−1) emissions were very low throughout

each study period. Most CH4 values were below the limit of detection (LOD; ±0.03

mg C m−2h−1) and the ones above were sinks rather than sources, and they did not

differ between seasons or sites. Conversely, N2O emissions were highest in cropland

and lowest in bushland but did not vary with season. In the maize cropland, manure

application was very low and had no effect on N2O emissions. Low soil carbon, nitro-

gen, and moisture content at all sites suggested that N2O and CH4] emissions were of

minor significance.

Among the assessed land-use types, soil carbon content, soil moisture, and vegetation

characteristics were key drivers for soil GHG emissions. This study fills a significant

gap in spatial and temporal variability of soil GHG emissions in Sub Saharan Africa,

which is crucial due to the importance of agriculture, forestry, and land use in Africa.

Moreover, the findings can be used to improve current estimates, thereby improving

mitigation measures for climate change when it comes to identifying and quantifying

nationally determined contributions.

Keywords: Sub-Saharan Africa, Land-use change, Soil water content, Soil tempera-

ture, Carbon dioxide (CO2), Nitrous oxide (N2O), Methane (CH4), Grazing intensity,

Static chamber, Grassland management
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1 Introduction

Globally, greenhouse gas (GHG) emission levels are of concern due to their impact on

the climate and their consequences on the environment and humans (IPCC, 2013). Car-

bon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), the potent GHGs, have

been the subject of many studies over the last decades (Muñoz et al., 2010) since the

increase in atmospheric concentration of these gases is known to be the cause of climate

change (IPCC, 2013). By the year 2018, CO2 concentrations had increased from 278

ppm to 407.8 ppm since the pre-industrial era (defined as 1750), while N2O increased

from 270 ppb to 331 ppb, and CH4 increased from 722ppb to 1869ppb (NOAA/ESRL,

2018); (EEA and NOAA, 2019; EEA, 2019). Deforestation, crop farming, livestock

husbandry, land-use changes, and industrial developments have all been identified as

contributing to the observed increases in GHG concentrations (IPCC, 2013; MacCarthy

et al., 2018). By trapping the long-wave radiation from the Earth’s surface GHGs in-

crease surface temperatures and cause global warming (Arrhenius, 1896), which in turn

affects biogeochemical cycles and ecosystem net primary productivity (IPCC, 2013).

Soil plays a significant role in the biogeochemical cycles of carbon (C) and nitrogen

(N), and thus is vital in regulating climate, whether through GHG emissions or C

sequestration (Oertel et al., 2016). The first meters of mineral soils are estimated to

contain between 1,500 and 2,400 Pg of organic C, which are three to four times more

than that of vegetation (450 – 650 PgC) and twice that in the atmosphere (∼829 GtC)

(Oertel et al., 2016); (Stockmann et al., 2013). Soil CO2 emissions commonly referred to

as soil respiration contributes the second largest C flux between terrestrial ecosystems

and the atmosphere after photosynthesis (Raich and Schlesinger, 1992). The annual

flux of the ecosystem respiration (soil and plant respiration) is 118 PgC yr−1, while

photosynthesis flux is 123 PgC yr−1 (Bispo et al., 2017). The production of soil CO2

is the result of autotrophic respiration (Ra: by roots) and heterotrophic respiration

(Rh: microbial respiration and decomposition of soil organic matter) (Oertel et al.,

2016). Thus, a net C balance of an ecosystem is determined by assessing gross primary

productivity (GPP: the amount of C fixed by plants through photosynthesis), net

primary production (NPP: GPP minus the amount of C that plants respire (Ra)), and

net ecosystem production (NEP: the difference between GPP and ecosystem respiration

(Ra+Rh) (Figure 1).



1 Introduction

While CO2 is the predominant GHG gas, fluxes of non-CO2 GHGs (such as N2O and

CH4) between the biosphere and the atmosphere further contribute to the net C balance

of an ecosystem and climate change (Le Quéré et al., 2018). Soil N2O production is

predominantly caused by microbial processes of nitrification (oxidation of NH4
+ to

NO3
– via NO2

– ) and denitrification (reduction of NO3
– to N2O and N2) (Butterbach-

Bahl et al., 2013) (see Figure 1). According to previous studies (e.g., (Butterbach-Bahl

et al., 2002; Rosenkranz et al., 2006; Flechard et al., 2005), N2O can also be taken

up by soils depending on the complete reduction of N2O to N2, how easily the N2O

diffuses through the soil profile, and how readily it dissolves in soil water (Chapuis-

Lardy et al., 2009). Soil CH4 is produced under anaerobic conditions by methanogenic

archaea and consumed under aerobic conditions by methanotrophic archaea (Oertel

et al., 2016). Nevertheless, soil GHG emissions and uptake are largely determined by

vegetation (type, distribution and stand age) and soil physical, biological and chemical

properties (e.g. texture, soil organic matter and nutrient content, and pH), which are

influenced by environmental factors such as soil moisture (WS) and soil temperature

(TS) (Davidson et al., 2006; Raich and Tufekcioglu, 2000; Smith et al., 2003; Wang

et al., 2013).

In understanding spatial and temporal variations in soil GHG emissions, WS and TS

play a critical role due to their effects on soil microbes and root activity (Smith et al.,

2003). TS increases microbial activity exponentially when other factors like substrate

and WS are not limiting (Meixner and Yang, 2006). WS is critical to microbes for

obtaining oxygen and nutrients (Smith et al., 2003). However, anthropogenic land

use types and land use management can modify these factors and further alter GHG

emissions (Smith et al., 2003; Wang and Fang, 2009) and thus, soil GHG emissions,

uptake, and their controlling factors vary with time and space as well as between

biomes.

Land use and management affect C stored in soils and vegetation, which could affect

both land cover and biogeochemical cycles (Wang et al., 2016). The AFOLU sector

accounted for 24% of global anthropogenic GHG emissions in 2010, making this sector

the second largest contributor to GHG emissions after the energy supply sector (IPCC,

2014). In Africa, land-use changes account for three-quarters of the anthropogenic

emissions of GHG with agriculture emitting 0.8 GtCO2eq (26%) and forestry generating

1.12 GtCO2eq (35%) (Valentini et al., 2014). Despite their size and the likelihood of

future intensification, few studies exist on the effect of managed soils on soil GHG

13



1 Introduction

Figure 1: Conceptual diagram for carbon cycling in savanna ecosystems. Abbreviations

includes net ecosystem productivity (NEP), net primary productivity (NPP),

gross primary productivity (GPP), autotrophic (Ra) and heterotrophic (Rh)

respirations, carbon dioxide (CO2) and carbon dioxide equivalent (CO2eq),

methane (CH4), and nitrous oxide (N2O), carbon (C) and nitrogen (N).

emissions in Africa (Kim et al., 2016; Rosenstock et al., 2016). In their strategies to

mitigate GHG emissions, most African countries have relied on default emission factors

provided by the Intergovernmental Panel on Climate Change (IPCC, 2019). Due to

limited data, there is considerable uncertainty regarding GHG emissions from Africa

and specifically from savanna ecosystems (Kim et al., 2016). The understanding of soil

GHG emissions, as well as how land use and land management affect soil-atmosphere

GHG exchange, is therefore crucial to implementing mitigation measures and climate-

smart interventions in the savanna ecosystems (Kim et al., 2016).

Savanna is a key land cover type in Africa covering ca. 50% of the continent and sup-

port the livelihoods of millions of people (Scholes et al., 1997; Castaldi et al., 2006).

Considering the size of the savanna biome, land-use and land-cover changes here would

likely impact C and N cycles at national, regional, and global levels, so quantification

soil GHG in this biome is crucial (Lal, 2004; Williams et al., 2007). Furthermore, sa-

14



1 Introduction

vanna ecosystems productivity are highly dynamic due to unpredictable rains (Grace

et al., 2006). Rainfall and WS determine primary productivity, since WS stimulates

microbial activity and decomposition of soil organic matter, which in turn stimulates

plant and root growth (Grace et al., 2006; Orchard and Cook, 1983). Studies from

the tropical savanna region have shown that WS and vegetation status significantly

influence seasonal GHG variations, while TS has a minimal effect on the seasonal vari-

ation due to its marginal intra-annual variation (Grace et al., 2006; Ardö et al., 2008).

Nevertheless, land use and land use management changes can alter the environmental

state of the savanna and as a result, alter soil GHG emissions (Kim and Kirschbaum,

2015). This has been reported by various studies in the savanna (Brümmer et al.,

2008; Castaldi et al., 2006; Feig et al., 2008; Meixner et al., 1997; Otter et al., 1999;

Zepp et al., 1996; Livesley et al., 2011; Grover et al., 2012; Kutsch et al., 2008; Pinto

et al., 2002). However, these studies might not be representative of all savannas due to

the high diversity of these ecosystems resulting from multifaceted use such as livestock

grazing, wildlife conservations, agriculture, forestry, commercial investors, and human

settlements (Ardö et al., 2008; Grace et al., 2006; Kideghesho et al., 2013), especially

since there has been a scarcity of studies on GHG emissions under different LUTs in

sub-Saharan Africa (SSA).

Human population growth is putting increasing stress on SSA’s savanna ecosystem

Valentini et al. (2014). In Kenya, savanna and grassland ecosystems cover about 80%

of the total area, comprising various LUTs (CIDP, 2014). As with most ecosystems

in Africa, this ecosystem is experiencing accelerated land-use changes through the

conversion of savannas for livestock production, crop cultivation, and human settlement

(Bombelli et al., 2009). An increased number of livestock in the savanna results in

overgrazing that degrades soil and vegetation (Patton et al., 2007; Osborne et al.,

2018). Overgrazing exposes soil to higher evapotranspiration and erosion, and leads

to a reduction in organic matter, nutrients, and biotic activity, which in turn might

impact soil GHG emissions (Abdalla et al., 2018). Trampling of soil during grazing

increases soil bulk density (BD), which reduces water infiltration and water availability

for roots and soil microbes, as well as diffusion of gases into the soil Li et al (2008);

Patton et al. (2007); Tollner et al. (1990). Animals’ feeding preferences, deposition of

dung and urine can also modify vegetation structure and soil conditions (Abdalla et al.,

2018; Patton et al., 2007; Xu et al., 2015) by providing easy-to-degrade carbon and

nitrogen resources, which stimulate plant and microbial growth (Davidson et al., 2006;

Cao et al., 2004; K’otuto et al., 2013; Oduor et al., 2018; Ondier et al., 2019; Wang

15



1 Introduction

et al., 2017). Given the vast area covered by this ecosystem, any effects of grazing

on GHG emission are likely to influence the local, regional, and global carbon cycles

(Scholes et al., 1997; Castaldi et al., 2006; Raich and Schlesinger, 1992).

In Taita Taveta County in southeast Kenya where this study was conducted, the grow-

ing population in the highlands, has led people to migrate into savanna ecosystems,

which has subsequently led to the expansion of croplands (Pellikka et al., 2018; Patton

et al., 2007). According to (Pellikka et al., 2018), between 2003 and 2011, about 6414

ha of shrubland and 1103 ha of woodland were converted to cropland. The area under

cropland increased from 30% to 43% between 1987-2011 (Pellikka et al., 2018). Though

the trend in the highlands of the Taita Hills slowed in recent years, the savanna in the

lowlands continues to be cleared for new cropland (Pellikka et al., 2013). In the hills,

exotic plantations of pine (Pinus spp. Schiede ex Schlect. and Cham), eucalyptus (Eu-

calyptus saligna R. Baker) and cypress (Cupressus lusitanica Miller) were established

between 1960s and 1980s either as forest stands within the indigenous forests or as indi-

vidual trees for timber production (Pellikka et al., 2009). Such disturbances have been

reported to alter soil conditions and species composition (Omoro et al., 2010; Pellikka

et al., 2009). Initial clearing of vegetation that reduces soil inputs, such conversion of

natural forests to plantations can lead to a decline in SOC (Guo and Gifford, 2002). It

is unclear how this affects soil GHG emissions since no study has been conducted with

different LUTs.

Apart from the three large scale (Teita, Voi and Mwatate) sisal plantations, majority

of croplands in the Taita Taveta county are under smallholder farming (Waswa and

Mburu, 2006). Due to poverty, fertilizers, herbicides, and mechanized farming are not

widely used and productivity is achieved by expanding cultivated land (Waswa and

Mburu, 2006; CIDP, 2014). Despite these challenges, smallholder farms are diverse, and

are likely to have a significant impact on national GHG emissions (Pelster et al., 2017).

As a result of environmental conditions and land use management, large variations in

soil GHG emissions were detected from studies that examined GHG emissions from

Kenyan agricultural landscapes (Hickman et al., 2014; Macharia et al., 2020; Pelster

et al., 2017; Rosenstock et al., 2016; Wanyama et al., 2018). These studies, however,

were conducted in the Kenyan highlands, where rainfall is over 1000 mm, and I am

unaware of any studies reporting from the savanna region of Kenya.

The knowledge of savanna C and N cycling can be greatly improved by studying

GHG emissions and related controlling factors. Under the Paris Agreement, Kenya
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1 Introduction

has pledged to reduce its GHG emissions by 30% in 2030 in comparison to a business-

as-usual projection (GoK, 2015). To achieve this, the development of GHG mitigation

strategies must be based on robust GHG emission measurements from a wide range of

LUTs under different management activities.

This thesis seeks to provide localized baseline information on soil GHG emissions

from dominant LUTs in the southern part of Kenya one of Kenya’s dryland areas, in-

cluding grassland under private conservation land and community grazing land, crop-

land (maize and sisal), bushland, and forests, and identify factors driving these emis-

sions.

Specifically, this thesis aims are:

• To quantify soil GHG emissions in the southern Kenya under different dominant

LUTs in the savanna lowland and the highlands in the southern Kenya (I, IV)

• To assess the effect of stand age on soil CO2 emissions in sisal plantations at the

Teita Sisal Estate (II)

• To assess the effect of different grazing intensities on soil CO2 emissions in the

savanna lowlands of southern Kenya (III)

• To determine the temporal variations in soil GHG emissions for each land use

type, as well as across land use types and the major environmental factors that

contribute to the variation in the emissions, including soil temperature, vege-

tation cover, soil properties, stand age, and management activities (I, II, III,

IV).

• To estimate impact of land use change to GHG emissions, and thus to climate

change.
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2 Materials and methods

2.1 Study area

This study was conducted in Taita Taveta County (38◦ 8′ E, 3◦ 28′ S) in southern

of Kenya (Figure 2) where 89% of the land is classified as arid and semi-arid. The

county is divided into three major geographical regions, namely the hilly zone of the

Taita Hills (divided into three main blocks: Sagalla Hill (1520 m), Dabida, including

the high peaks of Ngangao (1952 m) and Vuria (2208 m), and Mbololo (1779 m)), the

Taita lowlands, and the foot slopes of Mt. Kilimanjaro around Taveta. Three study

sites (I, II, III) were in the lowlands that lies between 500 and 1000 meters above sea

level (m a.s.l.), while one (IV) in the Taita hills that range from 1300 – 1800 m a.s.l,

with the highest peak Vuria reaching 2208 m. The Taita Hills are part of the Eastern

Arc Mountain chains in southern Kenya and Tanzania, which are listed as one of the

world’s 34 most biodiversity areas (Myers et al., 2000). There are two rainy seasons:

a long rainy season from March to May, with the peak in April, which receives more

rainfall than the short rainy season between October and December, with the peak in

November (CIDP, 2014). January to February is usually hot and dry, while June to

September is cold and dry (CIDP, 2014). The annual average rainfall in the lowland

is 500 mm, while in the highlands it receives up to 1900 mm. Since the highlands

of Sagalla, Taita, and Mbololo are located at a higher altitude, they experience lower

annual average temperatures of 18◦C than the lowlands of 25◦C (Pellikka et al., 2018).

Tsavo East and Tsavo West National Parks cover ca. 62% of the county area (CIDP,

2014) forming the Tsavo Ecosystem, which is constituted of plains, wildlife, springs,

rivers, and vegetation types include woodlands, bushlands, grasslands, and riverine

forests and swamps. The parks are open savanna (a slope of less than 5%) supporting

large herbivores and predators, as well as an abundance of birds. There are 28 ranches

for livestock production and two wildlife sanctuaries in the Taita Taveta county namely

the Taita Hills Wildlife Sanctuary (THWS) and LUMO Community Wildlife Sanctuary.

Outside the park, there are dryland croplands under small-scale farming, bushland, and

three large sisal farms estate namely Teita Sisal Estate, Voi Sisal Estate and Taveta

Sisal Estate (about 74 km2 each on average) (Pellikka et al., 2018).

THWS is a well-managed private sanctuary for wildlife conservation (I, III) covering

110 km2. It is an open grassland dominantly composed of Schmidtia bulbosa and
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2.1 Study area

Cenchrus ciliaris grasses (Figure 3a). Most bush and trees have been damaged by

elephants and buffaloes (Amara et al., 2020). The few scattered tree species are Acacia

spp. and Commiphora spp. Grazing and browsing is mainly by wildlife, thus intensity is

low (CIDP, 2014). In contrast, LUMO (I, III) covering about 460 km2 is a communally

owned area (CIDP, 2014) designated for livestock grazing and wildlife (Figure 3b). It

is a merge of three ranches, namely Lualenyi and Mramba communal grazing areas and

Oza group ranch thus the name “LUMO”. It is heavily grazed because it is accessible

to the local community.

Figure 2: Location of the study area in Taita Taveta County in southern Kenya. The

image showing the sites is from Sentine l-2A acquired from the Sentinels

Scientific Data Hub (ESA, 2015). The Kenyan and African boundaries

are from ©World Resources Institute (retrieved from https://www.wri.org/

resources/data-sets/kenya-gis-data, last access:14 March 2021).

Croplands sites were located in Maktau (I: Figure 3d).) and near the indigenous forest

(IV). These were under rain-fed smallholder farm, and crop growing closely follows

the rainy seasons, with sowing in March, and harvesting in June. Land is prepared

by animal ploughing before seeding and weeding is done by hand hoeing. The main

crops include maize inter-cropped with beans, plus cassava, peas, and bananas. In II,
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2.2 Experimental design

the sites were in the Teita sisal estate a large-scale sisal plantation (about 124 km2;

Figure 3e). This is the largest sisal estate in East Africa and the third largest in the

world (Tsuda, 2019). Bushland sites were under private ownership located next to the

cropland in (I) and sisal (II). In III, a fenced bushland (about 13 ha) in THWS with

no grazing established in 2010 for reforestation purposes served as a control site. In

bushland, over 50% of the vegetation is thorny shrubs and trees, which include species

of Acacia spp. and Commiphora spp. The bushes can range in height from two metres

to five metres. Ground cover consists of herbs and savanna grasses less than one metre

tall (which are mostly annuals or short-lived perennials).

2.2 Experimental design

To represent the predominant LUTs in the savanna lowlands in I), four study sites

were chosen: grassland under conservation land in THWS, grazing land in LUMO,

bushland and cropland in Maktau (Table 1). In II, seven sisal stands were set up at

different sisal ages to assess the effect of stand age on soil GHG emissions (three young

stands: 1 – 3 years; two mature stands: 7 – 8 years; two old stands: 13 – 14 years),

with the same variety (Agave hybrid 11648), climate and topography (slope<10%) (see

Table 1 in II). Sisal hybrid 11648 variety has a life span of 8 – 14 years (Kimaro et al,

1994). In comparison with nearby LUTs, a control site was set up adjacent to the

sisal estate in bushland. In III, five study sites were selected in THWS and LUMO

to represent different levels of grazing, since the difference in vegetation cover between

the conservation land and community grazing land in the grassland is primarily caused

by grazing and browsing practices (for details see Table 1 in III). In IV, four forest

sites in the Taita hills were selected and to nearby cropland (Table 1).
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2.2 Experimental design

Table 1: Characteristics of the study sites

Site Land use type Characteristics

Lowlands Conservation land Open savanna grassland in THWS under private conserva-

tion for wildlife grazing, (I, III). Most woody biomass have

been destroyed by megaherbivores

Grazing land Open savanna grassland in LUMO under community con-

servation for community livestock grazing also includes

wildlife grazing, (I, III)

Bushland Thorny shrubs, herbs, and trees including Acacia spp. and

Commiphora spp. Under private ownership by local farmer,

some grazing in Maktau, (I)

Cropland Small scale rainfed agriculture with maize and bean as

main crop, (I)

Sisal plantation Large scale sisal plantation with blocks of sisal plants under

different ages (1 to 14 years old) under private ownership.

(II)

Bushland Bushland under light grazing adjacent to the sisal estate,

(II) Thorny shrubs, herbs, and trees including Acacia spp

and Commiphora spp.

Bushland Bushland within the conservation land caused by enclo-

sure, (III). Fenced to prevent animal grazing. Thorny

shrubs, herbs, and trees including e.g., Acacia spp and

Commiphora spp.

Highlands Cropland Small scale rainfed agriculture with maize and bean as

main crop adjacent to the indigenous forest. Agroforestry

trees (for example, Grevillea robusta) are commonly found

in cropland (IV)

Eucalyptus plantation Eucalyptus (Eucalyptus saligna R. Baker), (IV)

Woodland Mixture of different trees species including indigenous

trees’ species, eucalyptus, and pine trees species under pri-

vate ownership (IV)

Pine plantation Located in the Ngangao forest. Exotic plantations of pine

(Pinus spp. Schiede ex Schlect. and Cham) (IV)

Indigenous forest Located in the Ngangao forest. Common indigenous tree

species include: Syzygium guineense, M. lanceolata, and

Cola greenwayi and Maesa lanceolata and Lepidotrichilia

volkensii. (IV)
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2.2 Experimental design

Figure 3: Study sites showing different land use types in the Taita Taveta County in

southern Kenya including: the grassland in conservation land (a), grazing

land (b), bushland (c), maize cropland in Maktau (d), sisal plantation (e),

pine forest (f), cropland in the highlands (g), woodland (h) eucalyptus plan-

tation (i), indigenous forest (j) and a view of the landscape from the cropland

in the highlands (k). Photos a, b, c, d and e by Sheila Wachiye and f, h, i, j

and k by Petri Pellikka, and g by Mwadime Mjomba.
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2.2 Experimental design

Soil GHG concentrations were measured using static chambers. Compared to other

methods of measuring soil GHG emissions, static chambers are relatively inexpensive

and convenient (Rochette, 2011). Also, small-scale changes can be analysed as well as

variables that are difficult to manipulate with other methods, such as micrometeorology

(Hutchinson and Mosier, 1981; Rochette, 2011). In I and II, the static manual chamber

(Figure 4a) method was used in accordance with (Rochette, 2011; Hutchinson and

Mosier, 1981). A slightly modified gas-pooling method was used to reduce the overall

sample size while ensuring good spatial representation of each site (Arias-Navarro et al.,

2013). Within each of the sites, three clusters were randomly selected as replicates for

GHG emissions measurements. In each cluster, three plastic collars (27 × 37.2 × 10

cm) were installed 5-8 cm into the soil (Pelster et al., 2017). In III and IV, a circular

chamber (Figure 4b) was used and thus at each study site, four circular stainless steel

chamber collars (internal diameter= 21 cm; height= 10 cm) were randomly installed 5

– 8 cm into the soil. In both methods, the installation of the collars was done at least

one week prior to the first day of gas measurement and collars left in the ground for

the entire measurement period to minimize soil disturbance during measurements (Soe

et al., 2004). Only collars interfered with or damaged were replaced at least 24 hours

before the next gas sampling took place.

Figure 4: Manual static chambers used for the study: (a) static chamber used for

gas pooling in I and II, and (b) chamber fitted with Vaisala CARBO-

CAP®GMP343 CO2 and temperature sensor used in III and IV. Photos

by Peter Mwasi
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2.3 Measurement of soil GHG concentrations

2.3 Measurement of soil GHG concentrations

During each study year (2018 – 2021), eight one-week (I in 2018) and weekly (II in

2019, III and IV in 2020 – 2021) campaigns were conducted to measure soil GHG

emissions. In I and II, the collars were closed for 30 mins with an opaque, grey PVC

lid (27× 37× 12 cm). Four gas samples were then collected at an interval of 10 mins

after lid deployment (Rochette, 2011). A composite gas sample of 60 ml was obtained

by taking 20 ml of headspace air at each of the three chambers using a polypropylene

syringe (60 ml) at each interval time. To minimize contamination of the gas with

ambient air during transportation, the first 40 ml were used to flush the vials, and the

remaining 20 ml over pressured into 10 ml glass vials (Rochette and Bertrand, 2003).

Gas samples were transported to the laboratory at International Livestock Research

Institute (ILRI) in Nairobi (Mazingira Centre, mazingira.ilri.org) and analysed using

a gas chromatograph (GC, model SRI 8610C gas chromatograph) (see details in I).

For chamber in III, IV, the collars were closed for 5 mins using a matching circular

lid (internal diameter= 20 cm; height= 24.5cm). The lid is fitted with a CO2 probe

(Vaisala CARBOCAP® GMP343, CO2 sensor, Vaisala Oyj, Helsinki, Finland) and a

temperature probe (HMP75, Vaisala Oyj, Helsinki, Finland), connected to a Vaisala

MI70 indicator. Temperature within the chamber and CO2 concentration were recorded

at an interval of 15 secs per chamber closure time, giving me 20 data points per chamber

deployment time. The lids of both chambers were covered with aluminium foil to reduce

heating within the chambers. A fan mixed the gas inside the lid and a vent prevented

pressure differences between the chamber headspace and atmospheric pressure outside

the chamber (Pelster et al., 2017). The lid and collar were held in place by clips and

rubber seals along its edges to ensure that the chamber was airtight. Four height

measurements were made within each collar to compute the headspace volume. Gas

concentrations of the gas samples were calculated from peak areas of samples in relation

to peak areas of standard gases using a linear model.

2.4 Soil GHG fluxes calculation

Since CO2 has a more robust and continuous emission than CH4 and N2O and is the

easiest to measure due to its much higher concentrations, I assessed the change in CO2

concentration to detect outliers, such as leakage in the chamber, a mix-up in the vial, or
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2.5 Microclimate measurements

a GC malfunction (Collier et al., 2014). Individual chamber emissions were calculated

if the linear regression for each individual CO2 yielded R2 > 0.9 or normalized root

mean square error < 0.2 (Christiansen et al., 2011). Data points with negative CO2

rate were also excluded since photosynthesis would be zero in an opaque chamber.

However, negative N2O and CH4 fluxes (I, II) were accepted, as uptake (Chapuis-

Lardy et al., 2009; Topp and Pattey, 1997). Therefore, soil GHG emission rates were

calculated using Equation (1).

FS =
(Δc/Δt)× Vch ×Mw

Ach ×Mv

60× 106 (1)

Where FS is GHG emission rates expressed either as mg C m−2h−1 for CO2 and CH4,

or μg N m−2h−1 for N2O, Δc/Δt is the change in the chamber headspace gas concen-

tration over time (i.e., slope of the linear regression), Vch is the volume of the chamber

headspace (m3), Mw is the molar weight (g mol−1) of C for CO2 and CH4(12) or N for

N2O (2×N= 28), Ach is the area covered by the chamber (m2) and Mv is the pressure-

and temperature-corrected molar volume (see detail in (Brümmer et al., 2008)). In

converting minutes to hours and grams to milligrams, the constants 60 and 106 are

used. The limit of detection (LOD) for each gas was calculated according to (Parkin

et al., 2012).

2.5 Microclimate measurements

Soil temperature (TS,
◦C) and volumetric soil moisture (WS, %) were measured at

a depth of 5 cm adjacent to the emissions chambers using a handheld data logger

with a GS3 sensor (ProCheck, METER Group Inc., USA) on each day of chamber

measurement. Air pressure and air temperature (TA,
◦C) were measured using Garmin

GPSMap 64 and handheld digital thermometers. In III and IV, temperature and

moisture (TMS-4) data loggers (TOMST®, Czech Republic) were used to measure air

(TA), soil (TS) and surface (TSurf ) temperatures and WS continuously at 15-minute

intervals in the vicinity of chambers. The TMS-4 is equipped with three temperature

sensors (TA, TSurf and TS) respectively positioned at +15, 0 and −8 cm relative to

the surface of the soil, whereas WS is positioned about 14 cm below the surface (see

Wild et al., 2019). A weather station was installed in cropland in Maktau (I), sisal

estate (II) and in THWS (III) (Figure 2), where TA (◦C) was measured using a digital
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2.6 Vegetation characteristics

thermometer and rainfall (mm) using a tipping bucket rain gauge (ARG100, Campbell

Scientific, USA). Measurements were taken every 5 mins, averaged and stored every 30

mins on a data logger (built-in CR200X, ARG100, Campbell Scientific, USA).

2.6 Vegetation characteristics

To assess vegetation cover and distribution (I, II, III) at each study site and across

the study period, remotely sensed composite normalized difference vegetation index

(NDVI) (I) and enhanced vegetation index (EVI) (II, III) data from the Moder-

ate Resolution Imaging Spectroradiometer (MODIS) satellite were used. I acquired

MOD13Q1 (Level 3 products) NDVI and EVI data generated at 16-day intervals with

a 250 m spatial resolution from https://ladsweb.modaps.eosdis.nasa.gov (Didan, 2015).

For consistency with gas sampling dates, I chose NDVI and EVI data on the sampling

dates or within 5 days before or after these dates if no substantial changes in vegeta-

tion were expected in this timeframe. Pixels containing the study sites were extracted

based on the latitude and longitude of each site. Using a locally developed allometric

model, the dry leaf biomass (Mg ha−1) of the sisal leaves at each stand age was assessed

alongside the remote sensing data in II (see (Vuorinne et al., 2021). In III, five (1 m×1

m) quadrats were randomly selected at each site to assess the herbaceous aboveground

biomass (AGB). This was done by clipping all the grasses and small shrubs within

the quadrats to ground level using hand shears. The fresh weight of the samples was

recorded, and after drying the samples in an oven at 70◦C for 48 hrs, the dry weight to

the nearest 0.01g was recorded. The biomass of the five quadrats per site was averaged

to represent the biomass of each study site.

2.7 Evaluating the intensity of animal use

To estimate the intensity of animal use at each grazing site in III across the study year,

motion-activated wildlife cameras (APEMAN Trail Cam H45, China) were mounted

on a tree (about 3 m above) to capture total number and type of animal grazing at

each site. The cameras were set to record three consecutive images with a 3-second

interval each time the sensor was triggered by animal movement within the camera’s

detection zone. The recovery time was set at 1 min in order to record images of the

same animal or group of animals passing in front of the camera only once (van Berkel,
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2.8 Soil characteristics

2014). The type of animal species and whether it was grazer or browser, the time and

date, and the total number of animals in each image were recorded. This was binned

into monthly mean and total per month at each site and across the year to assess the

effect animal grazing on the monthly vegetation index (a proxy of vegetation status)

and monthly CO2 emissions. Data were downloaded, and the batteries and memory

card checked every month. The intensity of animal use was therefore defined as the

total number of animals captured in an image at any given time at each site during

study year.

2.8 Soil characteristics

Soil samples were collected twice to determine the SOC, total nitrogen (TN) content,

soil texture, pH, and bulk density (BD). Nine randomly selected points at each site

were sampled at a depth of 0 – 20 cm using an auger and bulk density ring of known

volume (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands). BD and WS

were determined by drying samples under 105◦C for 48 hrs. A subsample of field moist

soil was air-dried and sieved (to < 2 mm) for pH and texture analysis. Texture was

determined using the hydrometer technique, while soil pH was measured in a soil:

distilled water suspension (1:2.5) using a pH meter (3540 pH and conductivity Meter,

Bibby Scientific Ltd, UK). Another sub-sample was oven dried at 50◦C for 48 hrs, sieved

(2 mm), ground into a fine powder (< 0.25 mm) (RetchTM mill, Haan, Germany) and

analysed for SOC and TN using an elemental analyser (Vario MAX Cube Analyzer

Version 05.03.2013). In II, ammonium (μg NH4
+ –N g−1 DW) and nitrate (μg NO3

– -

N g−1 DW) analysis was done using colorimetric assays on a photometric microplate

reader (EPOCH, BioTek) (Hood-Nowotny et al., 2010). All analyses were done at

Mazingira Centre laboratory at ILRI in Nairobi.

2.9 Data analysis

The dry and wet seasons were defined based on the agro-climatic concept (see details

in I). Daily, monthly, and seasonal mean GHG emissions were calculated from hourly

emissions from individual chambers at each site. Cumulative annual GHG emissions

for each site were calculated by trapezoidal integration of daily emissions with time.

The normality of variables was checked using Kolmogorov–Smirnov coefficients and
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3 Results

equality of variance using Levene test. When data were not normally distributed,

they were transformed (log, square root) to comply with the assumptions of normality

and homogeneity of variances. Despite transformations, GHG data were not normally

distributed; thus, the differences between sites and seasons or months were analysed

with the non-parametric Kruskal-Wallis test (I), Friedman (II, IV) and generalised

linear mixed model (GLMM: III). Where there was a significant difference, Wilcoxon

signed-rank tests and pairwise comparison were applied with a Bonferroni correction.

The relationship between soil GHG emissions and against TS, WS, and vegetation (EVI

or NDVI) within each site and across the study period was evaluated using both linear

and nonlinear regressions (see details in I) and their combination. R2, residuals, AIC

and RMSE were used to select the best-fit equations. Spearman rank was used to

assess the relationship between annual soil GHG emissions and soil properties (SOC,

TN, BD, and pH). Statistical analysis was carried out using R Statistical Software

(RStudio Team, 2020); level of significance at the 95 % level (p≤ 0.05) was accepted

in all cases and values are presented as mean ± standard error (SE).

3 Results

3.1 Meteorological data

In each year of study (2018 – 2021), rainfall showed a bimodal pattern (Figure 5):

the long rains (long wet season (LWS) lasting from mid-March to the end of May

except in II where the onset delayed and started in the first week of April and the

short rains (short wet season (SWS) from early September to December (I). In II, III,

and IV, the onset delayed and started in the third week of October. The short dry

season (SDS) were observed from January to end of March, while the long dry season

(LDS) was from the last week of May or June to the end of September or mid-October.

Total annual mean rainfall in the lowland (500 mm) and highland (908.6 mm) were

within the average expected rainfall in the area (CIDP, 2014). Equally, mean annual

air temperature (mean 23.7◦C, min= 16.7◦C, max= 33.5◦C) also was close to the

mean (25◦C) in the lowland (CIDP, 2014). Overall daily mean air temperature in the

highland ranged from 10.7◦C to 37.7◦C. January was the hottest month (min= 17.4,

max= 33.9◦C), while June to August (min= 14.5± 0.2◦C, max= 27± 0.1◦C) were cool

and dry.
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3.2 Effect of land use type on soil GHG emissions

Figure 5: Monthly maximum (Tmax), average (Tavg) and minimum (Tmin) air tem-

perature and rainfall from lowland in southern Kenya between November

2017 to December 2020 measured at Maktau, THWS and the Teita sisal es-

tate. Highlighted light blue bars shades the wet season during the years.

3.2 Effect of land use type on soil GHG emissions

3.2.1 Soil carbon dioxide (CO2) emissions

Overall soil CO2 emissions ranged between 5 – 360 mg C m−2h−1 in the lowland (I, II,

III) and 10 – 245 mg C m−2h−1 in the highlands (IV). LUTs affected CO2 emissions

since CO2 emissions differed significantly (p < 0.05) among the studied sites. In I,

grassland under the conservation land (75 ± 6 mg C m−2h−1) recorded the highest

mean CO2 emissions (Table 2) than grazing land, bushland, and cropland, which ranged

between 45 – 50 mg C m−2h−1. As a result of differences in sisal age and management

activity, II reported a non-linear increase in CO2 emissions with stand age. Here, CO2

emissions increased in the order: S1 (1 year old)>S2 (2 years old)>S3 (3 years old),

dropped in the mature stands (S7: 7-year-old and S8: 8-year-old) and then increased in

the older stands (S13: 13-year-old and S14: 14-year-old). The highest CO2 emissions

on average were observed from the oldest stand S14 (56 ± 4 mg C m−2h−1) and S3

(55 ± 5 mg C m−2h−1), while the lowest from S8 (38 ± 2 mg C m−2h−1). All sisal

stand emitted more (13 – 28%, p < 0.05) CO2 than the adjacent bushland (32± 5 mg

C m−2h−1). Under different grazing intensity (III), CO2 emissions were highest under

moderately grazed site (96± 9 mg C m−2h−1) and lowest under overgrazed site (59± 7

mg C m−2h−1) and non-grazed site (67 ± 7 mg C m−2h−1). The difference in grazing
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3.2 Effect of land use type on soil GHG emissions

intensity (III) had a significant effect on CO2 emissions (p < 0.001) accounting for ca.

60% of the spatial variation (Table 3). In IV, all forest sites had higher (p < 0.05) CO2

emissions than the adjacent cropland. Mean CO2 emissions among the four forest types

showed that eucalyptus plantation and woodland (64.0 ± 0.3 mg C m−2h−1) emitted

about 20% less CO2 than the indigenous forest (71.1 ± 0.3 mg C m−2h−1) and about

23% less than the pine plantation (75.9± 0.4 mg C m−2h−1).

Mean CO2 emissions at all study sites across each study year showed a clear bimodal

pattern that reflected the annual variation of WS and rainfall, and thus differed sig-

nificantly (p < 0.01) between seasons. As a result (I, II, III), all sites had higher CO2

emissions in wet seasons (50 – 356 mg C m−2h−1) compared to dry seasons (from 5

– 60 mg C m−2h−1) (see Figure 4 in I and II, and Figure 3 in III). At the onset of

the rainy season, CO2 emissions increased by 45 up to 200% (I, II, III). As can be

seen in I and II, CO2 emissions in the wet seasons were 45 – 70% higher than in the

dry seasons. In III, sporadic rainfall in January increased WS levels (12 – 18%), and

therefore, CO2 emissions in the wet season (both long and short wet seasons) did not

differ with those from the short dry season but were more than 45% higher than those

from the long dry season. In IV, cropland showed the highest temporal CV of CO2

emissions (77%), but forest sites had a lower CV (40 – 53%). In IV, spatial CV in CO2

emissions was the highest in drier months of September (59%) and October (57%) and

the lowest in the wet months of April, May, and November (ca. 40%) an indication

that CO2 emissions between the sites differed more in the drier season than the wet

season. During the dry season, there was a progressive decline (between 40 – 80%) in

CO2 emissions related to a decline in WS (Figure 4 in I and II and Figure 3 in III)

especially in the lowland (I, II, III) where the drop was more significant than at the

forest sites in the highlands.

3.2.2 Soil nitrous oxide (N2O) emissions

Daily N2O emissions were relatively low at all sites during the observation periods (I,

II) ranging from -7.7 – 17 μg N m−2h−1. In I, mean N2O emissions from cropland (2.7±
0.6 μg N m−2h−1) were significantly (p < 0.05) higher than the grassland (conservation

land (1.6±0.4 μg N m−2h−1) and grazing land (1.5±0.4 μg N m−2h−1)), and bushland

(1.2± 0.4 μg N m−2h−1). In the sisal plantation (II), the one-year-old sisal stand (S1)

showed slightly higher N2O emissions than the other stands. In addition, N2O emissions
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3.2 Effect of land use type on soil GHG emissions

Table 2: Mean soil CO2 and N2O emissions from different land use types in the southern

Kenya

Mean CO2 Mean N2O

Land use type (mg C m−2h−1) CV (μ N m−2h−1 CV

Lowland Conservation land 75± 6 86 1.6± 0.4 438

Grazing land 50± 5 94 1.5± 0.4 341

Bushland 45± 4 76 1.2± 0.4 330

Cropland (maize and beans) 47± 4 81 2.7± 0.6 321

Cropland (sisal plantation) 48± 4 75 0.4± 0.3 353

Bushland (adjacent to sisal plantation) 32± 5 74 0.3± 0.4 333

Highland Cropland (maize and beans) 53± 4 65

Eucalyptus plantation 65± 5 45

Woodland 64± 3 43

Pine plantation 76± 2 42

Indigenous forest 71± 6 53

Table 3: Results of a generalized linear mixed model (GLMM) showing the effect of

grazing sites on mean CO2 emissions with the month of the year included as a

random factor adopted from III (OG - overgrazed, HG - heavily grazed, MG -

moderately grazed, M-LG - moderately to lightly grazed, LG - lightly grazed

and NG - non grazing).

Grazing sites Estimate Std. Error t value Pr(> |z|) Significance

OG 3.723 0.151 24.631 <2e−16 ***

HG 0.375 0.069 5.447 5.12e−08 ***

MG 0.616 0.067 9.264 <2e−16 ***

M-LG 0.307 0.068 4.529 5.91e−06 ***

LG 0.388 0.068 5.747 9.10e−09 ***

NG 0.384 0.071 5.417 6.07e−08 ***

Random effect Variance SD

Month (Intercept) 0.152 0.390

Residual 0.207 0.455

AIC = 2304, R2 = 0.62, Significance code : p < 0.05 = ∗, p ≤ 0.01 = ∗∗, p ≤ 0.001 = ∗ ∗ ∗.

from all sisal stands except S1 were not different (p > 0.05) from those observed in

the adjacent bushland the control site for this study. In both studies (I, II), N2O

emissions did not show a clear seasonal pattern as observed for CO2 emissions. All

sites, however, experienced a slight increase in N2O emissions at the onset of the long
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3.3 Effect of soil moisture and soil temperature on soil GHG emissions

and short wet seasons. In I, during this onset, mean N2O emissions were ca. 2.6± 0.4

μg N m−2h−1, but by mid-wet season, N2O emissions had dropped being less than 1 μg

N m−2h−1 at all sites. In II, mean N2O emissions in the wet season were 37% higher

than during the dry seasons. Averagely, about 34% of all N2O emissions rates were

negative, mostly in the dry seasons an indication of an uptake of N2O. A notable peak

of about 55 μg N m−2h−1 and 73 μg N m−2h−1 were observed in cropland a week after

livestock manure application and it had also rained the night before the gas sampling

day. Also, individual chambers in I with animal dropping showed higher emissions of

30 μg N m−2h−1 in bushland and 27 μg N m−2h−1 in grazing land.

3.2.3 Soil methane (CH4) emissions

Daily soil CH4 emissions, from all the study sites (I, II), ranged between -0.4 – 1.9 mg

C m−2h−1. Most of these values fell below the limit of detection (LOD; ±0.03 mg C

m−2h−1). Those above the LOD showed net uptake rather than net loss of CH4, and

they were not different between sites and seasons.

3.3 Effect of soil moisture and soil temperature on soil GHG

emissions

Over the study period, WS varied between 5 – 40% with the highest in forest sites,

grassland under the conservation land and in non-grazed site. Following the rainfall

patterns, WS had a bimodal distribution, with the highest WS during the two wet

seasons where mean WS ranged from 15 – 40% (I, II, III), and the lowest WS (<10%)

during the dry seasons showing high seasonal variation (CV ranged from 49 – 80%).

Lowland sites experienced the most variation (65 – 80%) whereas pine and indigenous

forest sites experienced the least variation (50%). With the onset of the dry season,

WS dropped significantly and was very low (<10%). Overall, TS was the highest in

the lowland sites (I, II, III) ranging between 15 – 45◦C than the forest sites in the

highland (IV), which were ranging between 14 – 35◦C. The highest TS was observed in

the short dry period, which is normally the hottest season (mean lowland: 23 – 40◦C,

mean highland: 18 – 35◦C). The lowest TS were observed during the long dry season

with mean TS in the lowland of 19 – 30◦C, and mean TS in the highland of 13 – 25◦C,

which is the coldest season in the region. Soil TS, at all sites, displayed very narrow CV
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across the study period ranging between 15 – 29% at different sites, which is common

in tropical area (Davidson et al., 2006).

Accordingly, WS was more significant in explaining between 20 – 70% in CO2 emissions

seasonal variation than TS, which did not show any significance (p > 0.09) in at different

sites in I, II and III. In IV, since WS levels did not change much during the study

period in the indigenous forest and pine plantation, thus the influence of TS rather than

WS explained variation in CO2 emissions, although the relationship was very weak (less

than 20%, p < 0.05). However, for cropland, eucalyptus plantation and woodland in

IV, WS was significant (p < 0.05), but the relationship was also very low (11 – 30%).

At all sites, combining the effects of WS and TS on CO2 emissions did not improve

the model with WS as a single factor. No correlation was observed between N2O and

CH4 emissions with either WS or TS (p < 0.05). Separating data into the wet and dry

seasons did not improve the correlations. Likewise, combining the effects of WS and

TS on RS did not improve the model with WS as a single factor.

3.4 Vegetation characteristic and its effects on soil GHG

emissions

In I, II, and III, NDVI and EVI were used as proxies for vegetation to assess vegetation

phenology over time. NDVI and EVI values range from -1 to 1, thus high values

reflect high vegetation cover, while low values indicate little or no vegetation (Butt

et al., 2011). In I and III, the highest vegetation was observed in the grassland under

conservation land (0.51± 0.05) and the lowest in the grassland under the grazing land

(0.33 ± 0.05). In II, mean EVI values were the highest in the oldest sisal stand S14

(0.45± 0.02), and the lowest in the youngest S1 (0.27± 0.02). Under different grazing

intensity, mean EVI values were the highest at the non-grazed site (0.39± 0.02), with

the least disturbance in THWS, and the lowest at overgrazed (0.24 ± 0.02) in LUMO

(Figure 6b in III). Total number of animal (livestock and wildlife) grazing was the

highest at the overgrazed and heavy grazed sites compared to the lightly grazed sites.

Additionally, AGB also showed similar trend (Figure 6a in III; p < 0.05). Apart from

the total number of animal grazing, the type of animals also determined the effect on

vegetation cover. The total animals captured at the lightly grazed site (833) were less

than at the moderately grazed site (1287) (see Figure 5 in III), but the moderately

grazed site recorded a higher EVI. However, about 86% of the animals at the lightly
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3.4 Vegetation characteristic and its effects on soil GHG emissions

grazed site were buffalos (Syncerus caffer).

At each study site, monthly NDVI (I) and EVI (II, III) were highly seasonal with the

highest values observed during the wet seasons when vegetation was dense and green,

while the lowest values were observed during the dry seasons, which coincided with the

drying of most of the grasses (see Figure 6 in I, and Figure 7 in II). In III, a gradual

drop in EVI was observed at the overgrazed site as the number of animals started to

increase from April and May (Figure 6). Wildfires in III on 8 – 9 August at heavily

grazed LUMO site decreased vegetation cover and the intensity of animal activity up

until October (Figure 6). A linear regression model was fitted between NDVI or EVI

and CO2 and N2O emissions. In I, NDVI explained between 35 – 82% of annual seasonal

variations in CO2, while in II and III, EVI explained 18 – 75% variations. Multilinear

regression using NDVI or EVI and WS improved the correlation even more in both I

and III (75 – 96%) at each site. Using all the data from I, II and III as the inputs to

a multilinear regression demonstrates that EVI and WS are significant (p < 0.05) in

explaining 65% of the overall CO2 seasonal variability (Figure 7). Nevertheless, NDVI

or EVI values were not correlated with soil N2O emissions at any of the sites in I

and II. However, overall cumulative N2O emissions were negatively correlated with the

annual mean EVI (R = 0.19; p = 0.03) in II.

Figure 6: Monthly animal count (intensity of use) (a) and the total animal count (live-

stock and wildlife) at each grazing site (b) (OG - overgrazed, HG - heavily

grazed, MG - moderately grazed, M-LG - moderately to lightly grazed, LG

- lightly grazed and NG - no grazing) over the study periods adopted from

III.
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3.5 Effect of soil properties on soil GHG emissions

Figure 7: Multilinear relationship between soil CO2 emissions, enhanced vegetation

index (EVI) and soil moisture for all data from study I, II and III combined.

3.5 Effect of soil properties on soil GHG emissions

In I, sand content was the highest in cropland (77 ± 8%) than in grassland under

the conservation land and bushland (ca. 72 ± 1%), while the lowest in grazing land

(64.3 ± 0.4%; see Table 4). Grazing land (31.7 ± 0.5%) and cropland in the highland

(35.5±1.2%) had the highest clay content while cropland in I had the lowest (19±2%).

A similar pattern was observed for silt. Soil pH ranged between acidic in in the forest

sites (4 – 5), slightly acidic in the grazing land (6.3±0.3), neutral in bushland (7.2±0.4),

and slightly alkaline in conservation land (7.5±0.1) and cropland (7.9±0.2) in I. SOC

content in the lowland savanna (I, II, III) was very low (0.6 – 1.5%) compared to the

tropical forests sites (IV) in the highlands (3 – 10%). SOC in I was the highest in

the conservation land and lowest in cropland, while in III, the lowest was observed in

the overgrazed site. Total N recorded similar results with higher TN in the forest sites

(ranging between 0.2 ± 0.5%) and the lowest in the lowland (0.08 ± 0.02%). In the

sisal plantation (II) NH4
+ and NO3

– were significantly higher in the young sisal stand

(S1: 1-year old stand) than the other sites, but SOC, TN and BD did not differ among

sites and the adjacent bushland (p > 0.05). Soil BD did not differ between the sites

in I (conservation land, grazing land, and bushland) but these sites were significantly
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3.5 Effect of soil properties on soil GHG emissions

(p < 0.05) higher than all the forest sites. In III, BD was higher (approximately 10%)

BD (p < 0.05) in the overgrazed site and declined in the lower grazed site. In II,

cumulative N2O emissions were positively correlated with TN (R = 0.71; p = 0.01)

while in IV, CO2 emissions was positively related SOC to (R = 0.76; p = 0.01). Other

soil properties were minor in explaining the difference in soil GHG between the sites.

With all data pulled together, SOC accounted for 49% difference in CO2 emissions

(Figure 8).

Figure 8: Linear relationship between soil CO2 emissions and soil organic content (SOC,

%) from all the data (I - IV) combined.
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3.6 Land use and cover change on soil GHG emissions

3.6 Land use and cover change on soil GHG emissions

The annual soil GHG emissions for each site were calculated as well as land cover

and land use change estimates (Table 4) from (Pellikka et al., 2018) used to broaden

the conclusions on the implication of land cover and land use change on soil GHG

emissions. Further, CO2 equivalent (CO2 eq) for N2O were calculated but not CH4

since most values for the latter fell below LOD. According to Pellikka et al., (2018),

the area under cropland increased from 30% to 43% (by 11084 ha) between 1987-2011,

but a great change (35%) occurred between 1992-2003 that could result in a 34%

increase in CO2 at 3.9 Mg C ha−1yr−1. Bushland including thickets and shrublands

combined decreased from 59% to 42% (by 14496 ha), thus a 8.5 – 14% decrease in CO2

at a rate of between 3.4 Mg C ha−1yr−1. Soil CO2 emissions from woodland increased

by 19% between 1987 – 1992 due to an increase of 931 ha, decreased by 12% between

1992 – 2004 due to a decrease of 715 ha, and increased by 28% from 2004 – 2011 due

to an increase of 849 ha at 4.8 Mg C ha−1yr−1. In the exotic forest (pine, cypress,

and eucalyptus plantations) and montane forest, the increase between 1992 and 2003

cancelled the decrease of 11% from 1987 – 1992. However, between 2003 - 2011, the

increase in CO2 emissions in exotic forest and montane forest was 30% and 17% at a

rate of 5.3 Mg C ha−1yr−1 respectively. Grassland increased significantly between 1992

– 2003 and 2003 – 2011 which led to an increase of 23% and 39% in CO2 respectively

at 5.6 – 6.4 Mg C ha−1yr−1 depending on the grazing intensity.
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4 Discussion

4 Discussion

Quantifying the emissions of soil GHGs from terrestrial ecosystems is critical because

they impact atmospheric GHG concentrations and thus global climate change. In this

study, the aim was to quantify soil GHG emissions from dominant land use types in

southern Kenya as such studies are scarce. I adopted the chamber method since it

is relatively easy, cheap, and widely applicable to many environments (Oertel et al.,

2016), with subsequent gas chromatographic analysis, (I, II). Gas sampling campaigns

covered a full year in each year of study to fully assess the effect of seasonal variation

on GHG emissions.

4.1 Effect of land use type on soil GHG emissions

4.1.1 Soil carbon dioxide (CO2) emissions

Overall mean CO2 emissions (I, II, III) from the savanna lowland ranged from 5 –

360 mg C m−2h−1. These results are within the range of previous studies from similar

tropical savanna ecosystems (Ardö et al., 2008; Livesley et al., 2011; Mapanda et al.,

2010; Pinto et al., 2002). Those from the forest sites (IV) (ranging from 10 – 245 mg C

m−2h−1) agrees with those from Mau and Kakamega forests in Kenya (Arias-Navarro

et al., 2013; Wanyama et al., 2019; Werner et al., 2007). Land use types influenced CO2

emissions since the emissions differed significantly (p < 0.05) between sites: grassland

(conservation and grazing land), bushland and cropland (I), stand ages (II), grazing

intensities (III) and forest types (IV). The grassland under the conservation land in

THWS recorded the highest CO2 emissions (Table 2) in comparison to grazing land,

bushland, and cropland (I), while older sisal stands had higher CO2 emissions than

young and mature stand (II). The indigenous forest and pine plantation recorded

higher emissions than eucalyptus plantation and woodland (IV). Considering higher

CO2 emissions increased with higher SOC, these observations can be explained by

differences in SOC between the sites, accounting for 49% of the differences between

them (Figure 8). SOC is the primary source of energy for soil microorganisms that

contribute to CO2 emissions (Lal, 2009).

In the lowland savanna (I, II, III), vegetation also accounted for the difference in CO2

emissions between the sites. Based on EVI and NDVI, overall vegetation cover was
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4.1 Effect of land use type on soil GHG emissions

dense in the grassland under conservation compared to the grassland under grazing

land, bushland, and cropland. Since the grassland under the conservation land is in

THWS a private sanctuary, grazing is only by wild mammals (no livestock allowed)

thus there are less damage on the grass cover compared the community grazing land

in LUMO. Grazing land in LUMO is characterized by heavy grazing (I, III) thus

subject to overgrazing (CIDP, 2014). In contrast to THWS sites, wildlife cameras in

LUMO sites captured large herds of livestock during the study period (Figure 6), as

well as large patches of bare soil an indication of heavy grazing. Vegetation affects

soil C concentration, root, and microbial respiration, which directly contributes to

CO2 emissions (Fanin et al., 2011). The reduction of vegetative cover due to grazing

(I, III), cultivation, harvesting, and weeding (I, II) results in a reduction in C and

nutrient allocation to the roots, as well as root respiration and root exudation, thus

causing a decline in CO2 emissions (Abdalla et al., 2018; Carbone et al., 2008; Högberg

et al., 2001; Li et al., 2018; Wang et al., 2017). As such, I and III show that heavily

grazed areas had significantly lower SOC and CO2 emissions than lightly grazed areas,

and in III, the difference in grazing intensity explained 60% of the variation in CO2

emissions between the sites (Table 3), which agrees with previous studies in savannas

(Cao et al., 2004; Oduor et al., 2018; Ondier et al., 2019). In III, the type of animal

also determined the effect of grazing on vegetation. Total animal count in lightly

grazed site (833) were less than in moderately grazed sites (1287) (see Figure 5 in III),

but 86% of these animals in lightly grazed site were buffalos (Syncerus caffer), which,

in addition to grazing, trampled more grass than the other animals. According to a

previous study (Amara et al., 2020), carried out in this study area, megaherbivores

such as elephants and buffaloes are responsible for destroying woody biomass resulting

into an open savanna grassland.

Additionally, vegetation removal exposes soil to direct sunlight, increasing surface tem-

peratures and evapotranspiration, reducing soil moisture, and altering the metabolism

of microbes and plants (Carbone et al., 2011; Grace et al., 2006). In I and III, over-

grazed and heavily grazed sites recorded the highest TS and lowest WS while non-

grazed areas recorded the opposite, especially during the dry season. In contrast to

my expectations and several previous studies reporting higher CO2 emissions values at

non-grazed sites (Oduor et al., 2018; Jia et al., 2006), the lowest CO2 emissions were

observed at non-grazed site (III). It is possible that WS remained adequate to support

biological activity, but TS was an important determinant of CO2 emissions in this site

(Carbone et al., 2011). Also as mentioned above, non-grazed site had lower grass un-
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4.1 Effect of land use type on soil GHG emissions

derstorey, which may have reduced root respiration compared to the open grazed sites.

In IV, because of higher tree canopy and litter, indigenous forest and pine plantations

also recorded the lowest TS and highest WS, as compared to eucalyptus plantation,

woodland, and cropland. However, these two sites (Table 2) recorded 20% higher CO2

emissions than eucalyptus, woodland, and cropland. This was attributed to higher

levels of SOC (Table 4) compared to eucalyptus plantation, woodlands, and cropland

observed.

Bushland (I, II) and non-grazed (bushland under reforestation in III) had more trees

(Acacia spp. and Commiphora spp.) and shrubs than the other sites but recorded

lower CO2 emissions than the open grassland. This could be caused by lower growth

and regrowth of herbaceous undergrowth caused by the shade effect of higher canopy

cover. Since grass responds to rain much more quickly than trees and shrubs (Merbold

et al., 2009), there is some likelihood that root production in the open savanna areas

was greater although this cannot be confirmed since I did not measure root biomass.

All forest sites in IV also had very little undergrowth vegetation but despite recording

higher SOC than the lowland sites, mean CO2 emissions from the indigenous forest

and pine plantation were in the same range with CO2 emissions from grassland in the

conservation land (I).

Bushland was covered in three studies (I, II, III) and the highest CO2 emissions

were found in III followed by I and lowest in II. Despite studying these bushlands

in different years, SOC, WS and TS did not differ between these sites. Hence, the

difference could be due to different levels of grazing since all three bushlands sites were

grazed differently. In III, no grazing was allowed in bushland (non-grazed area), in I

it was grazed by the farmer’s livestock. In II, livestock and elephants were the main

grazers at the bushland site and the elephants had caused major damage to the site’s

trees and grasses. However, this observation may not be entirely conclusive, as other

factors which I did not observe may have contributed to the difference.

Animal trampling of the soil increases BD, and this was observed in the overgrazed

and heavily grazed area in I and II, which recorded the highest BD (Table 4). Also, in

the forest sites (IV), soil BD was higher in the eucalyptus plantation and woodland,

which are always frequented by grazing animal especially during the wet season when

most of the surrounding land are under maize production. BD reduces the availability

of water to roots, soil microbes and the diffusion of gases in/out of the soil (Li et al,

2008; Patton et al., 2007).
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4.1 Effect of land use type on soil GHG emissions

Wildfires in III on 8 - 9 August at a LUMO site (heavily grazed (HG)) decreased

vegetation cover and the intensity of animal activity up until October (Figure 6).

Nevertheless, I found no effect of the wildfires on CO2 emissions, not even after the

rainy season, when vegetation started to grow. A good explanation could be that

because it occurred in the dry season, there was already low WS at all sites (below

10%), which might have overridden any impact of fire on CO2 emissions. With the onset

of the rainy season, grasses started to grow due to increased N mineralization, which

increases N availability (Sensenig et al., 2010), however, grazing mammals increased as

well since they are attracted to re-growing vegetation in burned areas (Sensenig et al.,

2010). This increase in the number of animal grazing was observed starting in October

(Figure 6).

Overall, cropland soils emitted the least CO2 emissions (I, IV), possibly due to contin-

ued weeding and crop residue removal during land preparation and harvesting, which

both affect root respiration and SOC (Nandwa, 2001). Incorporation of crop residues

in the soil improves fertility and thus may affect CO2 emissions (Malhi et al., 2011).

Nevertheless, crop residues from cropland sites were removed and used as livestock feed

and fuel. This is very common in East Africa, especially among smallholder farmers

(CIDP, 2014). Additionally, no chemical fertilizers were used to improve soil fertility in

cropland and manure application on the 1.5 ha cropland (I) was very low (an average

of 20 kg per month), and so there was no difference in CO2 emissions before and after

manure inputs, and with the other LUTs. These results agree with previous studies

(Rosenstock et al., 2016; Pelster et al., 2017), who observed the same scenario from

low manure input in maize and sorghum farms.

4.1.2 Soil nitrous oxide (N2O) emissions

Daily N2O emissions were relatively low at all sites (I, II) ranging between -7.7 – 17

μg N m−2h−1. These results are comparable to those of other savanna ecosystems

reporting similar levels of N2O emissions (Scholes et al., 1997; Castaldi et al., 2006;

Mapanda et al., 2010). Emissions from cropland are within the range reported from

cropped land in Zimbabwe averaging between 3.3 – 3.4 μg N m−2h−1 (Mapanda et al.,

2010) and those from grassland (conservation land and grazing land) are same as those

observed (ranging between -1.0 – 5 μg N m−2h−1) from tropical grassland similar to

my study area (Brümmer et al., 2008; Grover et al., 2012; Rees et al., 2006; Werner
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et al., 2014). Low N2O emissions can be attributed to low soil N content recorded at

all sites (Table 2), which meant that most N was absorbed by the vegetation, and little

could be nitrified (Castaldi et al., 2006). The N cycling in savanna ecosystems is tight

due to natural processes such as N depletion due to fire, short rainy seasons as well as

well-drained soils, which translates into low N availability (Pinto et al., 2002; Grover

et al., 2012), thus savanna soils yield significantly less N2O than other types of soils

(Castaldi et al., 2006). As a result, N2O emissions did not differ between grassland

under conservation lands and grazing lands, and bushlands (I). In the sisal plantation

(II), N content (0.07 – 0.10%) was below the optimum N level (0.15%) required for

sisal (Kimaro et al, 1994).

Overall, cropland under maize (I), had significantly higher N2O emissions (Table 2)

than the other sites. It was especially true after the harvest of maize (Zea mays L.) and

legumes in June and July, since the removal of the crop resulted in less N being absorbed

by plants (Pinto et al., 2002). In II, the one-year-old sisal stand (S1) showed higher

N2O emissions than other stands and this could be attributed to the use of sisal waste

as fertilizer during planting (about 40 t ha−1) because NH4
+ and NO3

– levels were

higher in this stand (Table 4). Sisal leaf waste contains about 1.7 g kg−1 of nitrogen

(Echessa, 2019). Manure application in the maize cropland (I) in the lowland was very

low (< 12.5 kg of N on 1.5 ha farm), and thus no significant effect on N2O emissions

was detected before and after application. However, during this study (I), a pulse of up

to 73 μg N m−2h−1 was recorded a week after manure application in cropland, and it

had just rained the night before. Previous study also observed pulses of N2O emissions

reaching nearly 100 μg N m−2h−1 following fertilizer application and rain in a tea

plantation, but they declined between these pulses (Rosenstock et al., 2016). I did not

sample immediately after manure application and so might have missed the immediate

response of N2O emissions to manure application. The use of fertilizers increases N in

the soil (Houghton et al., 2012), however, it seems that in maize cropland, N availability

in the soil was still limiting for plant and microbial growth, and thus manure additions

were insufficient to stimulate N2O emissions. Similar results were also observed in

previous studies (Pelster et al., 2017; Rosenstock et al., 2016; Hickman et al., 2014).
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4.1.3 Soil methane (CH4) emissions

Daily CH4 emissions, from all the study sites (I, II), ranged between -0.4 – 1.9 mg C

m−2h−1. Similar emissions rates have been observed in other tropical savanna ecosys-

tems (Castaldi et al., 2006; Livesley et al., 2011). However, most of these values fell

below the limit of detection (LOD; ±0.03 mg C m−2h−1). Those above the LOD

showed net uptake rather than net loss of CH4, and they were not different between

sites and seasons (Figure 3c). At all the sites, soil C was low, which affects soil mi-

crobes and CH4 oxidizers (Serrano-silva et al., 2014), thus explains the lack of variation

between the sites. This study clearly shows that the water content of the soil limited

methanogenesis, which needs a period of anoxia before methanogenic archaea could

establish themselves (Serrano-silva et al., 2014). Also, continuous tillage destroys the

soil structure (microsites) that promote methanotrophic growth in cropland (Jacinthe

et al., 2014), whereas soil compaction due animal trampling may have impeded CH4

diffusion, thus limiting CH4 consumption (Ball et al., 1997).

4.2 Effect of stand age on soil GHG emissions

According to II, the differences in sisal stand age and management activity affected

CO2 emissions (p < 0.05). For N2O emissions, only the application of sisal waste

influenced N2O as discussed before in the year one stand. Similarly, stand age had no

effect on CH4 emissions. According to (Wiseman and Seiler, 2004; Yin et al., 2016),

however, CO2 emissions increase with stand age since SOC, and root activity are greater

in older than in younger stands. In this study, CO2 emissions increased with stand

age in the order S1 (1 year old) >S2 (2 years old) >S3 (3 years), potentially due to

an increase in root network with stand age, since SOC levels did not differ between

stands. All agave plants, of which sisal plants are a part, tend to have larger roots and

more root respiration with age as compared to young plants (Nobel and Quero, 1986).

An apparent drop in CO2 emissions in mature stands (7 and 8 years old) could be

attributed to harvesting and desucking, which reduced the sisal’s biomass and thus the

photosynthetic activity (Bahn et al., 2009; Högberg et al., 2001). The loss of leaf area

has also been shown to decrease root respiration, according to other studies (Bremer

et al., 1998). The increase in CO2 emissions in the older stands (13 and 14 years old)

however, is due to minimal management activities such as weeding, cultivation or use

of herbicide as compared to the young stands (DAFF, 2015), therefore other weeds,
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grasses and shrubs contributed additionally to the overall higher mean CO2 emissions.

4.3 Effects of environmental condition on seasonal variation

in soil GHG emissions

4.3.1 Soil moisture and soil temperature

Soil TS andWS influence soil microbes and root growth and thus play an important role

in controlling spatial and temporal variation in soil GHG emissions (Smith et al., 2003).

In any site, WS is affected by factors such as drainage capacity of the soil, plant type,

intensity of evapotranspiration, and frequency of rainfall. Based on rainfall patterns,

WS had a bimodal distribution, with higher WS in the two wet seasons where mean

WS ranged from 15 – 35% (I, II, III), while the lowest WS (< 10%) in the dry seasons

showing high seasonal variation (with temporal CV ranged from 49 – 80%). Lowland

sites experienced the most variation (65 – 80%) whereas pine plantation and indigenous

forest sites experienced the least variation (49%) and indicated that WS did not change

much with the seasons as they did in lowland sites. According to I, II and III carried

out in the lowland, the soils are well drained due to their high sand content (52 – 77%).

Therefore, the soil retained little water, which did not allow a very high WS in the wet

season (ranged from 15 – 35%) and therefore with the onset of the dry season WS

dropped significantly and was very low (¡10%). Also, temperatures (ranging between

15 – 45 ◦C) are high throughout the year thus higher evapotranspiration compared

with forest sites in the highland (ranging between 14 – 35 ◦C). Soil TS, at all sites,

displayed very narrow temporal and spatial variation across the study period ranging

between 15 – 29% at different sites, which is common in tropical area (Davidson et al.,

2006).

Mean CO2 emissions reflected the annual variation ofWS and rainfall, and thus differed

significantly between seasons (p < 0.01). As a result, all sites had higher CO2 emissions

during wet season (50 – 356 mg C m−2h−1) compared to dry season (from 5 – 60 mg

C m−2h−1) (see Figure 4 in I and II). At the onset of the rainy season, CO2 emissions

increased by 45 up to 200% at all sites (I, II, III). The increase in CO2 emissions

in the wet season can be attributed to soil microbes and vegetation adjusting to WS

(Davidson et al., 1998; Livesley et al., 2011; Orchard and Cook, 1983). Soil moisture

enables microorganisms to access soluble substrates in soils (Moyano et al., 2013),
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which can accumulate during the dry season and are then metabolized in the rainy

season (Manzoni and Katul, 2014), consequently increasing microbial activity and plant

growth (Davidson et al., 2006; Grover et al., 2012). During the dry season, there was

a progressive decline (between 40 – 80%) in CO2 emissions related to a decline in WS

(Figure 4 in I and II and Figure 3 in III) especially in the lowland (I, II, III) where the

drop was more significant than at the forest sites (IV) in the highlands. The decline

in WS impacts the diffusion of organic carbon and, in turn, reduces plant growth and

CO2 emissions (Li et al., 2018). Previous studies from similar ecosystems have also

reported similar responses of CO2 emissions to the onset of the wet season followed by

a drop in the dry rainy season (Castaldi et al., 2006; Livesley et al., 2011; Pinto et al.,

2002).

Accordingly, WS was more significant in explaining between 20 – 70% in CO2 emissions

seasonal variation than TS (TS did not show any significance (p > 0.09)) in I, II, III.

This shows thatWS was essential in controlling the seasonal dynamics of CO2 emissions

overall and at each site as discussed above. The same has been reported previously in

studies from land uses in tropical savanna (Castaldi et al., 2006; Grover et al., 2012;

Livesley et al., 2011). In IV, since WS levels did not change much during the study

period in the indigenous forest and pine plantation, the influence of temperature rather

thanWS explained variation in CO2 emissions, although the relationship was very weak

(indigenous forest: R2 = 0.21, pine plantation: R2 = 0.12, p < 0.05). However, for

cropland, eucalyptus plantation, and woodland in IV, WS was significant (p < 0.05),

but the relationship was also very low (cropland: R2 = 0.30, eucalyptus: R2 = 0.11,

woodland: R2 = 0.20). At all sites, combining the effects of WS and TS on CO2

emissions did not improve the model with WS as a single factor. This indicates that

other factors not captured may have also exerted some effects on the seasonal variation

in CO2 emissions in this study area.

In I and II, no similar seasonal pattern could be detected for N2O and CH4 emissions.

All sites recorded low N2O and CH4 emissions, which did not vary despite changes in

environmental conditions as discussed. There is a very good chance that the lack in

seasonality for these gases were affected by low N and C, and WS, which was below

water saturation for most of time at all sites, overriding any other factors that could

have affected emissions (Grover et al., 2012). The coarse texture and low water re-

tention capacity of these soils limits the growth of anaerobic microsites (Smith, 1990)

or methanogenesis (Serrano-silva et al., 2014) since WS in the study sites was always
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below 40%. This condition might be limiting for nitrification and denitrification, re-

sulting in low losses of gaseous N from the ecosystem (Butterbach-Bahl et al., 2013;

Simona et al., 2004).

For N2O emissions, there was a slight increase at the onset of the long-wet season at

all sites (I, II), which has also been observed in other studies (Castaldi et al., 2006;

Livesley et al., 2011). The rapid response of N2O emissions to rain pulses in similar

dry areas has been reported by several authors, but the pulse has been generally short-

lived (Castaldi et al., 2006; Liu et al., 2014; Livesley et al., 2011; Pinto et al., 2002).

WhenWS increases, plant litter breaks down more quickly, increasing soil N availability

(Davidson et al., 1998) resulting in an increase in N2O emissions. In addition, WS

facilitates movement of substrates necessary for microbial growth (Davidson et al.,

2000).

Negative N2O values were detected during the dry season, indicating soil N2O uptake.

The same is also reported from similar tropical savanna soils under similar conditions

(Castaldi et al., 2006; Livesley et al., 2011). In the absence of NO2
– and NO3

– , soil

denitrifies can use atmospheric N2O as an N substrate due to the low N content, high

temperature and the low WS in the dry season (Rosenkranz et al., 2006; Donoso, 1993).

However, (Donoso, 1993) suggests that high WS and/or low WS levels, such as those

at these study sites, could also limit the use of N2O by microbial reduction processes,

which explains the observed low N2O uptake rates.

For CH4 to be produced, soil needs to be under anaerobic conditions for some time to

establish methanogenic microbes (Serrano-silva et al., 2014). In previous studies, CH4

uptake was reported to change from emissions to uptake at 30% moisture following a

dry season (Simona et al., 2004) and 60 – 70% (Brümmer et al., 2009). In this study,

only short-lived CH4 emissions was observed in the mature stand (S8) and older (S13

and S14) in the sisal plantation in II, and it is possible that soil methanogenesis after

the large rainfall events contributed. Thus, no correlation was observed between CH4

emissions and either WS or TS at all sites.

4.3.2 Vegetation characteristics

In addition to altering the soil microclimate and structure, vegetation also affects the

quantity and quality of detritus added to the soil, as well as root respiration (Raich
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and Tufekcioglu, 2000). Because of this, seasonal changes in vegetation can affect

the soil-to-atmosphere CO2 emissions, especially in the savanna ecosystems in which

rainfall and WS controls vegetation cover and distribution (Grace et al., 2006). In I,

II, and III, vegetation indices (NDVI and EVI: proxies for vegetation cover) were used

to examine vegetation phenology over each study period. Vegetation indices measure

vegetation cover (values range from -1 – 1), thus high values reflect high vegetation

cover, while low values indicate little or no vegetation (Butt et al., 2011). Both NDVI

(ranging from 0.58 – 0.76 in I) and EVI (ranging from 0.4 – 0.7 in I and III) were

highest during the wet season and decreased during the dry season (< 0.4) (Figure 7).

This illustrates that vegetation increased during the rainy season but declined later

in the dry season as grasses and other small herbs senescent. This pattern agrees

with several studies (Ardö et al., 2008; Janssens et al., 2003; Livesley et al., 2011). A

linear relationship between NDVI or EVI and CO2 emissions was fitted, and the results

revealed a moderate to strong correlation. In I, NDVI explained between 35 – 82%

of annual variations in CO2 , while in II and III, EVI explained 18 – 75% variations.

During the wet season an increase in WS promotes photosynthesis, plant growth, and

root development which in turn increases CO2 emissions (Grace et al., 2006; Orchard

and Cook, 1983).

NDVI values were not associated with N2O or CH4 emissions at any of the sites

in I, while the annual average EVI was negatively correlated with N2O emissions

(R = 0.19; p = 0.03) in II. In the case of CO2 emissions, increased plant growth and

root respiration in the wet season can additionally contribute to an increase in CO2

emissions due to increase in active root respiration (Macdonald et al., 2006). Generally,

in savanna grassland grasses sprout more rapidly than trees and shrubs with the first

rains (Merbold et al., 2009). This explains why the grassland had higher CO2 emissions

than to bushland and cropland in I, and higher than non-grazed areas in III during

the rainy season. For the sisal (II), the plants rapidly produce fine roots called ’rain

roots’ with the onset of the rains and, as the soil dries out, these rain roots shrivel

and die, reducing their respiration rates and causing irreversible damage (Nobel and

Sanderson, 1984; Palta and Nobel, 1989). In the maize cropland (I) and the younger

and mature sisal stand (II), tillage, harvesting, weeding, and use of herbicide during

land preparation and weed control reduced vegetation cover and lowered active root

respiration compared to the older stands (13- and 14-year-old), where no management

activity took place during the study.

49



4.4 Implication of land use and cover change on soil GHG emissions

Multilinear regression using NDVI or EVI and WS improved the correlation even more

in both I and III (75 – 96%). As a result, savanna CO2 emissions can be predicted by

including both vegetation and WS measurements. Since higher savanna CO2 emissions

is a result of higher vegetation cover and higher moisture level (Figure 7). This is

consistent with other studies (Reichstein et al., 2003; Anderson et al., 2008). For,

N2O emissions, the onset of the rainy season meant more competition for the available

N by new and resprouting plants, and the increase in soil microbes thus increased

competition for N (Bate, 1981) as reflected by a negative correlation with EVI in II.

Several studies have also observed this pattern in similar environments in Africa and

Australia (Castaldi et al., 2006; Livesley et al., 2011).

4.4 Implication of land use and cover change on soil GHG

emissions

Land-use and land cover changes can alter global C balances by affecting soil C ac-

cumulation rates and fine root turnover, thereby affecting biomass allocation and C

in soil thus influencing soil GHG emissions (Kim and Kirschbaum, 2015; Wang et al.,

2016). To broaden the conclusions regarding the implications of land cover and land

use change on soil GHG emissions, annual soil GHG emissions were calculated for each

site and land cover change estimates of the study area between 1987 – 2011 (Table 5)

from (Pellikka et al., 2018) were used. Land cover change of savannas and woodlands

to croplands constitutes a significant source of GHG emissions (Valentini et al., 2014).

According to (Pellikka et al., 2018) the proportion of cropland increased by 11084 ha

between 1987 – 2011. Based on the results, this could mean a decrease in CO2 emis-

sions since cropland recorded the second lowest annual emissions (3.9 Mg C ha−1yr−1).

Bushland including thickets and shrublands combined decreased by 14496 ha during

this period, out of which 7517 ha were converted into cropland (Pellikka et al., 2013,

2018). In most savanna ecosystems, woody vegetation is converted to cropland as a

result of population growth (Brink and Eva, 2009; Pellikka et al., 2013). Considering

that bushland lost a large area to cropland and that it exhibited a higher vegetation

cover than cropland (I), this might negatively affect net C balance. Woody vegetation

modifies the microclimate conditions (mainly moisture and temperature) and increases

the inputs organic matter and therefore improves soil quality (Baah-Acheamfour et al.,

2016; Johnson and Curtis, 2001; Abera et al., 2020). As such, conversion of woody

vegetation into cropland will lower soil C stocks since tillage, weeding and crop residue
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removal reduces AGB, SOC and TN, and thus affect CO2 emissions (Gmach et al.,

2018; Haddaway et al., 2017; Plaza-Bonilla et al., 2015). According to the projected

land cover changes, cropland could cover 60% of the area in 2030 (Maeda et al., 2010),

but as shown by (Pellikka et al., 2018) this trend has slowed down.

Woodland, exotic forest and montane forest increased slightly (about 1%) between

1987 – 2011 thus an increase in tree cover (Pellikka et al., 2018). An increase in area

under these sites would increase CO2 emissions (by 5 – 6 Mg C ha−1yr−1), however,

the overall net C balance will be offset by the increase in tree cover, which will increase

C sequestration (Baah-Acheamfour et al., 2016). Because forests store and sequester

more carbon than other terrestrial ecosystems, they play a critical role in mitigating

climate change (Dale et al., 2001; Ryan et al., 2010). Furthermore, forests protect the

soil due to little disturbance, which allows for slower SOC decomposition and higher

C accumulation, which explains why SOC was the highest in the indigenous forest and

pine plantation in this study (Table 4). Deforestation or degradation, however, releases

the stored C as CO2 into the atmosphere, negating the mitigation effects of forests.

When forests are converted into cultivated land, 20 – 50% of SOC is lost (Don et al.,

2011; Post and Kwon, 2000).

Additionally, by converting woody vegetation into cropland the soil is exposed to more

sunlight under less tree canopy, thus increasing the soil surface temperature and re-

ducing moisture due to higher evaporation (Aalto et al., 2021; Abera et al., 2020).

According to a previous In this study area, canopy cover reduced land surface tem-

peratures by on average 0.05 ◦C (Aalto et al., 2021). Changes in microclimate will

also affect soil GHG emissions, as TS and WS affects microbial activities by affecting

the amount of oxygen and nutrients available for microbial growth (Davidson et al.,

1998; Orchard and Cook, 1983; Smith et al., 2003). Grassland increased by 920 ha

between 1987 – 2011, however, land use and management would play a great role in

the amount of GHG emitted. Woody vegetation has been turned into open grassland

by large herbivores, such as elephants, that destroy trees and shrubs, as described also

in a previous study (Amara et al., 2020). According to this study, the expansion of

grassland into conservation lands will result to more emissions (6.5 Mg C ha−1yr−1)

than of grazing lands (4.8 Mg C ha−1yr−1). However, since the grassland under the

conservation land had the dense vegetation cover in the lowland compared with all

the other sites (I, III), the net C balance will be determined by the balance between

photosynthesis and respiration.
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4.5 Limitation of the study

Data sets with spatially explicit spatial covariates are not readily available especially in

SSA, which is a major limitation of upscaling GHG emissions based on environmental

factors. In this study, none of the environmental parameters could explain the varia-

tion in measured GHG emissions with certainty. Consequently, these GHG emissions

cannot therefore be fully generalized or upscaled because site-specific factors including

natural variations associated with climate and soil type, as well as management factors

including crop type and nutrients (for example, fertilization) are variable with time

and space. Furthermore, the study design did not allow me to investigate, for exam-

ple, emissions after fertilizer application in the cropland since this was not one of the

study’s objectives. Additionally, smallholder farming is diverse in SSA, which compli-

cates the design of GHG sampling techniques (Rosenstock et al., 2016). Despite the

degree of uncertainty in these estimates, due to modern land-use changes implemented

by the countries in SSA, GHG emissions are predicted to increase (Popp et al., 2010a).

Therefore, more continuous studies on GHG emissions from different land use types

are needed to reduce the uncertainty of their emission rates and improve the accuracy

of the estimates.

5 Conclusions

Due to site-specific factors such as management, soil type, and climate, GHG mea-

surements on soil cannot be generalized. There is therefore considerable uncertainty

regarding to the magnitude, spatial and temporal variability in soil GHG emissions

due to the lack of data especially from Sub Saharan Africa, which are currently under

increased land use and land use management activity due to an increase in population

growth. In Kenya and in most developing countries, to reduce the uncertainty and to

provide a reliable estimate of the national GHG inventory, it is necessary to accurately

quantify GHG emissions across multiple LUTs to fully capture seasonal and annual

variations. Therefore, this study, aimed to provide localized baseline information on

soil GHG emissions from dominant LUTs in the southern part of Kenya, and iden-

tify factors driving these emissions. Overall, CO2 emissions were very low due to low

SOC observed across the study sites. Soil CO2 emissions varied between seasons, the

respective LUTs and management practises including private conservation land and
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community grazing land, stand ages, levels of grazing and forest types, due to differ-

ences in vegetation cover and SOC. Sites with higher vegetation cover such as dense

grass cover and higher SOC caused more CO2 emissions due to the resulting higher root

respiration. Overall, cropland both in the lowland and highland recorded the lowest

CO2 emissions possibly due to weeding and removal of crop residue during land prepa-

ration and harvesting, which affected both root respiration and SOC. Furthermore, the

effects of stand age on CO2 emissions are due to differences in root respiration which

increases with age and management activities such as weeding, harvesting, and grass

cutting within each stand.

Soil CO2 emissions were higher in the wet season than dry season due to an increase in

soil moisture and vegetation, as moisture stimulates microbial activity, and root and

plant growth. Thus, moisture and vegetation status accounts for most of the seasonal

variation in CO2 emissions in savannas, pointing to the importance of taking mois-

ture and vegetation cover into account when modelling CO2 emissions in the savanna

ecosystems. In the forest sites, soil temperature was a better predictor of CO2 emissions

than moisture in the indigenous forest and pine plantation though the relationship was

very weak since temperature and moisture did not fluctuate greatly during the study

period. Soil N2O and CH4 emissions appeared to be of minor importance as they were

very low at all sites and did not vary with season, perhaps due to low C and N content

and low moisture recorded at all sites. It is possible that I missed some episodes of ele-

vated N2O emissions since N2O emissions are episodic and often short-lived. However,

fertilizer application in cropland was also very low, thus more robust sampling should

also be used to detect any episodes of high levels of N2O after such application. Also,

with the increase in the use of N fertilizers, however, it is possible that N2O emissions

might increase significantly.

Therefore, by accurately quantifying soil GHG emissions and variables that drives the

emissions at local to global levels allows a better understanding of the mechanisms of

the carbon cycle within terrestrial ecosystems and the interactions between terrestrial

ecosystems and the atmosphere under climate change. Also, this allows to estimate

effects of land use changes such as agricultural expansion into natural ecosystems and

their potential impact on net carbon balance of that land use. Even though the natural

and agricultural lands in savanna regions of SSA have low GHG emissions because of

low soil C and N content, and moisture, they have significant impacts on the global C

cycle due to their vast area. Additionally, land use and intensification of agriculture
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5 Conclusions

to support the increasing population are bound to increase these emissions. Therefore,

since SSA contains a great diversity of land uses, climates, soils, and ecosystems, it is

important to study and include other land use types besides those studied here to ad-

dress the variability in soil GHG emissions both spatially and temporally in this region.

Localized data from a variety of these land use types should inform GHG inventory

and policy decisions at the national level in relation to climate change. Even though

these results are not sufficient to inform country-specific policy recommendations and

intervention practices by local resource users, they can help reduce uncertainty in

GHG emission estimates and identify policies that have a meaningful impact on cli-

mate change mitigation. Also, these baseline studies are necessary to compare with

proposed low emission national development strategies.
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