THE DYNAMICS OF LAND USE MANAGEMENT ON CARBON
SEQUESTRATION, SOIL PROPERTIES AND VEGETATION ATTRI BUTES IN
BORANA, SOUTHERN ETHIOPIA

PhD Thesis

SUBMITTED TO THE SCHOOL OF PLANT AND HORTICULTURAL
SCIENCES, COLLEGE OF AGRICULTURE, HAWASSA UNIVERSIT Y

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE  DEGREE
OF DOCTOR OF PHILOSOPHY IN PLANT SCIENCES SPECIALIZ ATION IN
SOIL SCIENCE

KENEA FEYISA JIRATA

MAJOR ADVISOR: SHELEME BEYENE (PhD. PROF.)

CO-ADVISOR: AYANA ANGASSA (PhD. ASSOC. PROF.)

HAWASSA, ETHIOPIA

Otober 2018



ACKNOWLEDGEMENTS

Above all, the biggest thanks and all the gloryeh&w go “Almighty God” .What can |
say? Great [is] the LORD, greatly to be praised laischreatness [is] unsearchable (Psalm
145:3).1 also take this opportunity to thank thegde and institutions that supported me in

the development and writing of this dissertation.

This study wasfully financed by a collaborative emsh project titled “Livelihood
diversifying potential of livestock based carboqsestration options in Pastoral and Agro-
pastoral systems in Africa” between the Internaildrnvestock Research Institute (ILRI)
based in Nairobi, Kenya and Hawassa UniversityughoDr. Ayana Angassa as principal

investigator. The project was sponsored by the @ar@overnment (BMZ)

My special thanks and gratitude go to Prof. Dr.|Sine Beyene, my major supervisor, for
his valuable advice, constructive comments ante8seguidance accorded to me in writing

this dissertation, without his guidance | wouldmetve come up with this dissertation.

My utmost gratitude and appreciation go to Assad.PDr. Ayana Angassa, my co-

supervisor, for his unwavering support and guiddnaensure quality outcome and making
arrangement for the financial support that enabtedo pursue this academic career. | will
remain always grateful for all the insightful thetical and methodological advice and for
the prompt comments that he relentlessly providegughout my study made the

impossible possible.

| also convey my special thanks to Dr.Mulugeta Laihe Dr.Fantahun Yimer and Dr.
Hussein Mohammed, the members of the Board of BExammiof the final open defense of

my PhDThesis.Their comments and inputs greatly avga the quality of this thesis.

I would like to express my profound gratitude te tistinguished scientists: Dr. Jan De
Leeuw, Dr. Mohamed Y.Said and Dr. Ermias AyenelatlliLRI and World-Agro-forestry

centre (ICRAF) in Nairobi Kenya, and the late Distér Abebe at Hawassa University,
who helped me in sharing their rich knowledge axykeeiences in the overall designing of

the study.



| thank all the members of schools of Plant andtieloitural Sciences and Animal
Production and Range Sciences, College of Agricellaf Hawassa University. My great
thanks also go to Oromia Pastoral Development Casion and the “PCDP” project, and
Yabello Drylands Research Centre for their tecHracal logistic support during the field
and laboratory works. | have enormously benefitechfthe deep knowledge of the Borana

community of southern Ethiopia; | cannot surelynthéhem enough.

| am greatly indebted to my family members for trensistent encouragements, prayers
and inspiration during these long years. My wifeelivate Doja, deserves a special vote of
thanks for her diligently handling all my mattersdeto our adorable children Lensa, Sena,
Sembo, Yerosen and Olit for being the source ofgag hope that provided relentless

source of strength.

Equally, my heartfelt appreciation and thanks g@irt Ayana Angassa’s family (his wife
W/ro Fetlework Mengistu and his Children) for théiospitality and the many light

moments we shared during my stay in Hawassa.



DEDICATION

This doctoral dissertation is dedicated to my fatReyisa Jirata and mother Gutame
Gelan, they postured me from the beginning throdighir life end. Besides, this

dissertation is dedicated to my beloved wife; Miiebrate Doja Debal for her incredible,
affectionat, sacrifice and support strengthenedmmaany ways during many hard times.
May the Almighty God bless her all abundantly, Amen



STATEMENT OF THE AUTHOR

| declare that this dissertation is ragnafidework and that all sources of materials used

for this dissertation have been appropriately ackedged.

This dissertation has been submitted in partidllifulent of the requirements for the the
degree of Doctor of Philosophy in Plant Sciences wpecialization irSoil Sciencat the
Hawassa University and is deposited at the Unityelsbrary to be made available to

borrowers under rules of the Library.

| hereby declare that this dissertation has neeenbsubmitted to any other institution
anywhere for the award of any academic degreeomtip) or certificate. | certify that the
published articles presented in chapter two andethrave been written by me as first

author.

Brief quotations from this dissertation are alloveatvithout special permission provided

that accurate acknowledgement of source is made.

Requests for permission for extended quotation foorreproduction of this manuscript in

whole or in part may be granted by the head ofSbkool or the Dean of the School of
Graduate Studies when in his or her judgment t@gsed use of the materials is in the
interests of scholarship. In all other instancesydwver, permission must be obtained from

the author.

Name: Kenea Feyisa Jirata

Place: Hawassa University, Hawassa, Ethiopia
Date of Submission: October 2018

Signature



TABLE OF CONTENTS

Table of Contents page

ACKNOWLEDGEMENTS ...ttt eeens i

] Y I @ NN I O 1 P iii
STATEMENT OF THE AUTHOR ... iv.
TABLE OF CONTENTS ...ttt sttt et e et e e e e e e e e e e eeens v
LISTS OF TABLES ... .o et ee e e e e iX
LISTS OF FIGURES ... .ot e e e eeans Xi
LIST OF ABBREVIATIONS/ACRONY ..ottt ee e e e Xiii
PAPERS/ MANUSCRIPTS ...ttt ittt a e et e e e e e e eean s XV
AB ST RA CT ettt a e e eaas XVi
L8 1 e = o ] P 1
GENERAL ..ot 2
1.1. GENERAL INTRODUCTION ...ttt e 2
1.2. STATEMENT OF THE PROBLEMS ..o 7
1. 3. OBJECTIVES OF THE STUDY AND HYPOTHESIS..........coiiiiieeieeeen 10
1. 4. STRUCTURE OF THE THESIS ... 11
1. 5. LITERATURE REVIEW. ..o e 12



1. 5.1. Overview of rangelands and their importance............ccccccooovviieeeeinnnnnen. 21
1.5.2. Rangeland management systems in Borandyesautthiopia....................... 14
1.5.3. Major challenges in the Borana rangelandsathern Ethiopia.................... 15
1.5.4. Strategies to improve rangeland management.............ccccoeeeevvvvieeeeennnnnn. 19
1.5.5. Potentials of rangelands in sequesteringorar...............cccceeeevivveeeeeennnnn. 23.
1.5.6. Opportunities of carbon sequestration iMeAMAS................ccoevvviiiiinneeenenn. 24
1.6. MATERIALS AND METHODS ... .o et 25
1.6.1. Description Of the StUAY Area@....... e eeeeaieeeiiieiiiie e eeeeens 25
1.6.2. The study apprOaChES............uuccccmmmme e ee e ee e e 29
1.6.3. StatistiCal @NalYSIS. .......uoii e 36
1.7. REFERENCES ... et e e e 36
CHAPTER TWO ..ttt ettt e e 46

2. EFFECTS OF ENCLOSURE MANAGEMENT ON CARBON SEQUHSATION,
SOIL PROPERTIES AND VEGETATION ATTRIBUTES IN BORANASOUTHERN

ETHIOPIA .. e e 47
2.1. INTRODUCTION .....cottiiiiiiiiiiiiiiiii i 49
2.2. MATERIALS AND METHODS ... al
2.3. RESULTS e 56
2.4, DISCUSSIONS ... e e 66
2.5. CONCLUSIONS ... e 74



2.6. REFERENCES ... 74

CHAPTER THREE ..., 80

3. ASSESSMENT OF LAND USE CHANGE AND ITS EFFECT OROIL
ORGANIC CARBON AND TOTAL NITROGEN STOCKS IN SAVANNA

RANGELANDS, SOUTHERN ETHIOPIA .......ccccoiiiiii 81
3.1 INTRODUCTION .....cotiiiiiiiiiiii it 83
3. 2. MATERIALS AND METHODS ...t 86
3.3. RESULTS .o e 93
3.4. DISCUSSIONS ... e 104
3.4.5. CONCLUSIONS ... 111
3.6. REFERENCES ... 112
CHAPTER FOUR ..o i 119

4. ALLOMETRIC EQUATIONS FOR PREDICTING ABOVE-GROUNBIOMASS
OF SELECTED WOODY SPECIES TO ESTIMATE CARBON IN B@RA

RANGELANDS, SOUTHERN ETHIOPIA ... 120
4.1. INTRODUCTION ..ottt 122
4.2. MATERIALS AND METHODS .........oiiiiiiiit s 512
4.3. RESULTS ... e e 132
4.4. DISCUSSIONS ...t e 144
4.5. CONCLUSIONS ... e 147
4.6. REFERENCES ........ccooiii 148



CHAPTER FIVE ... 154

5. EFFECTS OF LONG-TERM BAN OF FIRE ON CARBON DYNAWNS AND

SOIL PROPERTIES IN BORANA RANGELANDS, SOUTHERN ETBIPIA ............ 155
5.1. INTRODUCTION .....cottiiiiiiiiiiiiiiii i 157
5.2. MATERIALS AND METHODS .........cooiiiiiit i) a5
5.3 RESULTS oo e e 164
S.4. DISCUSSIONS ... e 170
5.5. CONCLUSIONS ... 175
5.6. REFERENCES ... 176
CHAPTER SIX ..o e 181
6. SUMMARY AND CONCLUSIONS .......coiiiiiiiiiicriii i, 182
APPENDIX ..o e 187
BIOGRAPHY ..ot 198

viii



LISTS OF TABLES

Table 2.1. Mean values of selected soil properbesveen enclosures along the age
chronosequence and the adjacent open-grazed ameas #hree soil depths in Dida-Hara
from Borana rangelands................c.cccvoiiiiiiiiiiiceeeee et 58
Table 2. 2 Mean values of soil organic carbon (S@) total nitrogen (TN) conents and
stocks andCarbon to Nitrogen ratio (C: N) in engtes along the age chronosequence and
the adjacent open-grazed areas across three spihsden Dida-Har from Borana
FANGEIANTUS ...ttt ettt ettt e e 61
Table 2. 3. Mean values of selected vegetatioibates between enclosures along the age
chronosequence and adjacent open-grazed areaslaaHaira area of Borana in southern

ETNIOPDIA ...t 66

Table 3. 1. Magnitude and rate of land use/langtcohanges (ha) across the three periods
(1976, 1986 and 2013) in the study areas from Yalgtrict in Borana rangelands.... 94
Table 3. 2. Transition matrix showing land usedlaover changes for the periods of 1976,
1986 and 2013 in the study sites from Yabello aisin Borana rangelands of southern
ETNIOPDIA ... a7
Table 3. 3. Comparisons of selected soil proper@&3C and TN contents and stocks in
different use types at two soil depths in the staigs from Yabello district in Borana,
SOULNEIN ETNIOPIAL. ... 100
Table 3. 4. Potential change (gain/loss) in sogaoic carbon (SOC) and total nitrogen
(TN) stocks due to land use change/conversion fl®W6 to 2013 in the study area

(Yabello district), Southern EthiOpia..............ccccovoioiiiiiiceicceeeeeee e 103

Table 4. 1. Allometric equations for biomass estiorafor selected woody species: The

Table 5.1. Mean values of bulk density (BD), sedanic carbon (SOC) and total nitrogen
(TN) contents and stocks and carbon to nitrogenNCratio in burned and the adjacent
unburned sites across the three soil depths atamascapes in Dida-Hara area of Borana

[e= o= F= T 0 o KPP S U PT TR TPPPPPPPPPPIN 166



Table 5. 2. Mean values of above-ground biomassocarSOC and TN stock (0-30 cm)
and carbon pooled in burned and the adjacent uedusites at two landscapes and

AVEraged fOr @ll SILES.........ccoiiiieeec et 169



LISTS OF FIGURES

Figurel.1. Map of the study sites from Yabello miistin Borana rangelands of southern

OOttt ettt et et e et e e ee e e et et et e e et et ene et e eee et e et e eeeene et e e et e eeennanens 26

Figure 2.2. The image of paired site with esate and the adjacent open-grazed areas
(a) and diagrammatic sketch of sampling plot ar@ ot layouts (bD).............cccceeenen, 55
Figure 2.3 Mean values of soil organic carbon (S@@tent (a), SOC stock (b), total
nitrogen (TN) content (c) and TN stock (d) in emstiees and the adjacent open-grazed
areas across the three SOil dePINS............c.ov i 62
Figure 2.4 Mean values of soil organic carbon (S@@)tent (a), SOC stock (b), total
nitrogen (TN) content (c) and TN stock (d) in thelesure and their djacent open-grazed
lands along the sequence an in nthe top of 0- 3Aequth.............c.cccoveieiiiiecccccce, 64

Figure3.1. Maps showing land use /land cover chafgethe periods of 1976, 1986 and
2013 in the study sites from Yabello district inrBoa rangelands of southern Ethiopias
Figure3.2.Comparison of soil properties, SOC andcbNtents and stocks in different use
types to the top 30 CM AERLN.........cooiiicee e 101
Figure3.3. Total SOC and TN stocks estimated ifferént land use types for the period
Of 1976, 1986 AN 20L3.........oooiiiiec et 102
Figure 4.1. Regression lines (overlay) showingltdtg biomass versus height (TH: 1),
diameter at breast height (DBH: 2) diameter at gtin@ight (DSH: 3), crown area (4) and
crown volume (5) fOACACIA DUSSEI.........cccooiiiiicce e 135
Figure 4.2. Regression lines (overlay) showin@ltatry biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtinmeight (DSH: 3), crown area (4) and
crown volume (5) foAcacia drepanolobium............coooiiiiii e 136
Figure 4.3. Regression lines (overlay) showing Itatey biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtim@ight (DSH: 3) crown area (4) and
crown volume (5) foAcacia ethaiCa.............cooiiiiiii e 137
Figure 4. 4. Regression lines (overlay) showingltatry biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtimeight (DSH: 3), crown area (4) and

crown volume (5) foAcacCia NIlOLICA..............cceviiiiiccceeeee e 138



Figure 4. 5. Regression lines (overlay) showingltatry biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtinmeight (DSH: 3), crown area (4) and
crown volume (5) for ACACIA SEYAL..........cccocovioveieeieeee e 139

Figure 4.6. Regression lines (overlay) showing Itatey biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtinmeight (DSH: 3), crown area (4) and
crown volume (5) FOACACIA OIS ..........cooiiiiiri e 140
Figure 4.7. Regression graph with 95% confidenterwal for total dry biomass of mixed
woody species versus three predicators [diametsiuenp height (DSH), TH and CA (a)]
and [diameter at breast height (DBH), TH and CA (D). 142

Figure5.2.Mean values of above-ground biomass cashucks (woody and herbaceous vegetation) in lurne

and the adjacent unburned sites at each landscapavaraged for all Sites. ........eevevviiiicccccce e, 168

Xii



AGB
Adj.R?
AlC
ANOVA
Av.P

BMZ

CF
C:N
CEC
CDM
CGIAR
CO;
CA
cVv
DBH
DSH
ETM+
FAO
GPS
ICRAF
ILRI

IPCC

LIST OF ABBREVIATIONS/ACRONY
Aboveground biomass
Adjusted coefficient of determination
Akaki Information Criterion
Analysis of Variance
Available Phosphorus

Bundesministerium flr wirtschaftliche Zusammsr&t und

Entwicklung

Correction factor

Carbon to Nitrogen ratio

Cation Exchange Capacity

Clean Development Mechanism
Consultative Group on International AgricuilResearch
Carbon dioxide

Crown Area

Crown Volume

Diameter at breast height

Diameter at stump height

Enhanced Thematic Mapper plus

Food and Agricultural Organization
Geographical Positioning System

World Agroforestry Centre

International Livestock Research Institute

Inter governmental panel on climate change

Xiii



Ln
LULC
Mg
Masl
MSE
MSS
NGO
PES
SOC
SE
SAS
™
TN
TH
TLU

VIF

Natural logarithm

Land use /land cover

Mega gram

Mean above sea level

Mean square error

Multi Spectral Scanner
Non-Government Organization
Payement for Environmental Services
Soil Organic Carbon

Standard error

Statistical Analysis System
Thematic Mapper

Total Nitrogen

Total tree height

Tropical Livestock Units

Variance Inflation Factor

Xiv



PAPERS/ MANUSCRIPTS

This dissertation consists of the following manigsrin chapter formats:

Chapter Il

Effects of enclosure management on carbon seqtiestraoil properties and vegetation
attributes in Borana rangelands of southern Ethiopi

Published in modifiedform: Kenea Feyisa, ShelemgeRe, Ayana Angassa, Mohammed
Y. Said, Jan de Leeuw, Aster Abebe and Bekele Meg€2017).Effects of enclosure
management on carbon sequestration, soil propeatigs vegetation attributes in East

African rangelands.Catena, 159:9-19.

Chapter Il

Assessment of land use change and its effect dnosganic carbon and total nitrogen
stocks in savanna rangelands, southern Ethiopiae&d-eyisa, Sheleme Beyene, Ayana
Angassa, Ashenafi Burka and Ermias Aynekulu (Inewy. Geoderma (ELSIVER).

Chapter IV

Allometric equations for predicting above-grounarbass of selected woody species to
estimate carbon in Borana rangelands, southeroithi

Published in modified form: Kenea Feyisa, Sheleragdde, Bekele Megersa, Mohammed
Y. Said, de Leeuw Jan, Ayana Angassa (2016). Altdmequations for predicting above-

ground biomass of selected woody species to edicabon in East African rangelands.
Agro-Forestry Systems.92 (3):599-621.

Chapter V

Effects of long-term ban of fire on carbon dynamasd soil Properties in Borana
rangelands, southern Ethiopia.Kenea Feyisa, SheBayene and Ayana Angassa (under
final review).Catena (ELSIEVIER).

Xv



THE DYNAMICS OF LAND USE MANAGEMENT ON CARBON SEQUSETRATION,
SOIL PROPERTIES AND VEGETATION ATTRIBUTES IN BORANASOUTHEN
ETHIOPIA

ABSTRACT

The Borana rangelands of southern Ethiopia havenlmdensively used as grazing lands
by pastoralists for millennia.However, there hasembea dramatic shift from prime
grazingland to cultivation, left unused becauseusgh encroachment, and highly degraded
leading to different land use/land cover typeshi@ tegion. Therefore, this thesis work was
designed to study the dynamics of land use manadgeomecarbon sequestration, soil
properties and vegetation attributes by consideritigg roles played by enclosure
management, different land use systems, the abmwegrbiomass of woody species, and
long-term ban of prescribed range fire. This stwdys conducted in Yabello district of
Borana, southern Ethiopia during the period frormduAugust 2013. A paired-site design
approach was used in this study, where samplintgs @80 m x 30m each) with nested’ sub-
plots for field data collection on soil and veg&tatlayers were establishedin a systematic
random sampling techniquealomga 500 m long trankeetin each adjacent experimental
site.Using enclosures versus the adjacent openegras control, our results showed that
the SOC and TN contents and stocks increased ios®mes as compared to the adjacent
open-grazed rangelands, although the differencese wet significant (P > 0.05) and
varied along the age sequence and soil depths.Qy&talmean SOC stocks of 39.6 +3.5
Mg ha in the younger (< 20 years old), 40.8 + 3.4 Mg hian the medium (20-30 years
old ) and and 51.0 + 4.4 Mg Rain older (> 30 years old) enclosures age categ®yi
whereas in the adjacent open-grazed areas the salmsged from 34.4 £2.5t0 47.9 +5.1
Mg ha'in 0-30 cm. The herbaceous biomass was signifigaiftk0.05) higher inside
enclosures (115.4 gmfithan that of the adjacent open-grazed rangelanchs@3.6 gm
m?).The study in this thesis showed that the Boramgyelands had undergone substantial
changes in land use/land cover during the last&&ry. Our results also showed that mean

SOC stocks (0-30 cm) in woodland was 55.9443.41hsiwhile for enclosure, grazing

XVi



and cultivated lands the values were 50.03£3.03,7451.00 and 38.10+2.39 Mg Ha
respectively. Additionally, woodland had the high@s52#0.43 Mg h&), while cultivated
land had the lowest (5.38.35 Mg ha) total nitrogen stock. The potential changes of
SOC and TN stocks also showed both gain and lossdban the present measurements
and historical land use change. The developed spespecific and mixed species
allometric equation models for majorities of therestigated woody species ithat related
the total above-ground, stem and branches biomassiponents well fit to the measured
dendrometric variablesas as indicated by their atgd coefficient of determinations and
highly significant (adj.R? > 0.80; P < 0.001). Tistudy on long-term of ban of fire on
carbon stocks in soil and woody biomass, and TNksaxross the two landscape site
showe that relatively higher SOC and TN contentd atocks as well as herbaceous
biomass carbon in burned than unburned areas, wdsraore accumulation of woody
biomass carbon was recorded in the unburned st@sygars of fire exclusion).Overall,
this study will contribute to the existing knowledgaps in terms of the potential of SOC
and TN stocks related to different rangeland manag# practices as well as anestimate
of the above-ground woody biomass in arid and saidi-ecosystems of southern
Ethiopia. However, it is suggested further studstuding other variables such as climatic
factors, seasonality and inherent soil propertiesoas wider landscapes, which may have
confounding effects on the dynamics of carbon ssrpt®n other than land management
practices for the sustainable use of the savanngetands of southern Ethiopia

Key words: Above-ground biomass, Borana rangeland, Carboamycs, Enclosure, Fire,
Land use change, Soll
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CHAPTER ONE



GENERAL

This chapter presents general introduction, prold&atement and justification, objectives,

hypotheses of the study, literature review and gégmeaterials and methods.



1.1. GENERAL INTRODUCTION

This studyexamined the dynamics of land use managewon carbon sequestration, soil
properties and vegetation attributes in Boranathson Ethiopia, by considering the effects
of enclosuré management, different land use systems, aboveadrgagetation biomass

and long-term prescribed fire ban.

Though the expressions ‘savanna ecosystem’ andéfands’ are used interchangeably in
this thesis, the former refers mostly to the flaral fauna and the latter to the systems of

resource exploitation for extensive livestock prcithn in pastoral areas (Angassa, 2007).

Rangelands constitute the largest and most divarsk resources, make up about 50 to
70% of the world’s landmass of which over 50% aated in arid and semi-arid regions
(Holechek et al., 2005).

On the continent of Africa, savanna rangelands c@apnore than 60% of the ecosystems
(Neely et al., 2009), and mainly used for pastaral agro-pastoral activities that support

up to 50 million pastoralists and 200 million agrastoralists (Jode, 2009).

In Ethiopia, rangeland areas are located withinatieé and semi-arid agro-ecology below
1500 meter above sea level (m.a.s.l.), coveringual6®d% of the total land area and
support 12-15% of the country’s human populatiod anlarge number of livestock
(PADS, 2004).

Rangelands, because of their vast extent, holdt gregential for carbon sequestration

(Reeder and Schuman, 2002; Derner and Schuman,).B08Gt, rangelands store

'Enclosure is defined as area of rangelands, wikiemélosed by a fence with branches of
thorny Acacia trees as well as traditional ruleptotect vegetation from grazing and/or
browsing with the exception of calves and sick aign(Coppock, 1994; Oba, 1998). In

some cultures, such enclosed areas may be caketb%eires” (Aerts et al., 2009).



enormous amount of terrestrial carbon stock botbaly (36%) and in Africa (59%)
(Campbell et al. 2008).

The potential of rangelands to store carbon iserggd in details in many studies (e.qg.,
Tennigkeit and Wilkes, 2008; Perez-Quenada ek@ll1l; Mengistu and Mekuriaw, 2014)

and lies within the natural state of rangelandsramrgelands moderately disturbed by
grazing (Perez-Quezada et al., 2011).The poteottiehngelands for carbon sequestration

and their managementcan help in mitigating clincii@nge (Neely et al., 2009).

Others (e.g., Reid et al. 2004; Tennigkeit and ¥4/k2008)suggested reducing poverty
among pastoralists through payment for environnieservices based on carbon
trading.Sequestration of carbon in soil systemnde assential for the improvement of soil
guality, nutrient rente3ntion and water holding a&efy to increase the net primary

productivity for more carbon assimilation (Lal, Z)1

The carbon stock in arid and semi-arid rangelarafssists of biomass and soil carbon
pools (Derner and Schuman, 2007). In these ecamgsteowever, the largest pools of

carbon are typically found in soils than in the aground biomass (e.g. Rau et al., 2010).

Globally, soil stress carbon (C) about three tesnaich as in the atmosphereic pool and
more than four times as in the biotic (vegetatisejuestered manily in decomposed plant
litter and residues(Lal, 2008), and plays a mage in the global carbon cycle (Lal,
2004).

In this thesis, carbon sequestration is a termritesg the process that removes carbon
dioxide (CQ) from the atmosphere through photosynthesis arésas carbon in biomass
(tree trunks, branches, foliage and roots) ands Sg¢daurralde et al.,, 2001). In Kyoto
Protocol, the term “soil carbon stock” is equivalém “soil carbon storage”, however, it

does not make distinction in the forms of carbdabke and liable portion (FAO, 2001).

Hence, the carbon fluxes between terrestrial dragganic carbon and the atmosphere can
be positive (sequestration) or negative (emissa@pending on anthropogenic alterations
of atmospheric carbon dioxide (@dLal, 2008).



Despite the potentials of rangelands for soil carbequestration, heavy grazing pressure
and landuse change have contributed to the rapgof carbon (C) and nitrogen(N), two
important elements linked to climate change (Reéia.e2008; Liu et al., 2013).

In particular, degradation of pastoral rangelands heen associated with inappropriate
land use systems such as overgrazing and frequentolifire (Neely and de Leeuw,
2011).Grazing and fire modify the structure andction of ecosystems with major effects

on soil carbon and nitrogen storages (Pifieiro.e2@alL0).

Moreover, a significant land use change happendfearrangelands of Africa in the past
few decades due to increased food scarcity and mfiea more lands through expansion
of cultivation to cope with economic hardships (fwin and Vogel 2008; Reid et al.,
2014).

Simultaneously, expansion of woody species int@saa rangelands changes the way the
rangeland ecosystem cycles carbon (C) and nitrglygnmainly through the amount of
woody biomass (Liu et al., 2013).An increase intbescroachment is recognized as a
major factor that aggravates degradation of ramgeila dry land areas of the world (Belay
et al., 2013).

In general, inappropriate rangeland managementhentdreakdown of traditional resource
management probably contributing to the loss ofgetand ecosystem and vegetation
structure as well as loss of soil quality and reiducin carbon stocks (Reid et al., 2004),
with a considerable impact on the environment aredihoods of the pastoral communities
(Oba et al., 2000; Angassa, 2014).

The interest in carbon sequestration as mecharfmsni®th environmental protection and
livelihood diversification options in developinguries has increased considerably in the
last decades (Perez, et al.,, 2007).Hence, there igrowing intrest to improve
understanding of the current and potential effedtgrazing and land management on

crbon dynamics (Kibebew and Tessema, 2016).



Several studies (e.g., Reid et al., 2004; Mekurial.e 2007;Girmay et al., 2008; Abebe et
al., 2006) have suggested that soil restoratiogetation regeneration by use of enclosures
and reduced grazing pressureto increase the cg@dmla, and can simultaneously achieve

carbon sequestration (Trumper et al., 2008).

Enclosure asmanagement and the age sequence isnportant strategy for the

regeneration and accumulation of above-ground bssnfabebe et al., 2006; Angassa and
Oba, 2010), and bcontribute to enhance the tei@ks@rbon storage (WenHong et al.,
2010). Lal (2004) also indicated that restoratidndegraded land is a key strategy to

reduce soil carbon loss.

Prescribedfire in comination with other rangelaedtoration technqué. cutting trees
followed by fire, cutting trees followed by restitige land etc)also plays an important role
to improvetheproductivity of the grass layer(Angasand Oba, 2008),and this

maycontribute increase soil carbon storage.

In contrast, clearing of natural vegetation (bujla@s burning often increase the release of
carbon into the atmosphere and thus significantntributing to climate change
(McAlpine et al., 2009).

Nevertheless, thestrategies currently being implemented range fréhe use of
enclosuremanagement and fire on soil propertiese mpecifically oncarbon and nitrogen
dynamics varied among different ecosystems andoiregyi depending on climate
(precipitation and temperature), soil propertieed aegetation types and landscapes
(Nosetto et al., 2006; Pineiro et al., 2010;McShand Ritchie; 2013; Booker et al., 2013).

Furhtermore, the complexity of vegetation struaetand changes in land use systems in
savanna ecosystems areadditional inadequaciesllyo understand whether rangeland
ecosystems function as carbon (C) sinks or sofRe®z-Quezada et al., 2011; Angassa et
al., 2012b).



Rangelands are generally considered mosaics ofsdivecological conditions created by
spatial variation in soils, topography and micriprglte resulting in skewed distribution of
carbon storage (Booker et al., 2013; Dabasso,e2@l4).

The Borana rangelands in southern Ethiopia haven leeensively used as savanna
grasslands traditionally managed with the use dafod& fire until the early 1970s
(Coppock, 1994).However, these rangelands have inesedramatic shift form grass cover

to towards a bush dominated savannasince then §&agand Oba, 2008).

Moreover, the establishment of permanent watertpaamd accelerated semi-sedentary
settlements followed by transformation of the comalugrazing lands that involve
theintroduction of range enclosures and an increaseop farming created different land

use systems in the region (Angassa et al., 2014y &t al., 2015).

As copying mechanism, the communities have had gadan livelihood diversification
activities.In particular, the mixed grazing approatich as calves with young cattle and
goats apparently benefited the local people througbsistence income source generated
from hay, firewood and fattened young bulls forrked sale (Tache, 2010).

Such efforts may be more sustainable if complententdth the Payments for

Environmental Services (PES) through carbon traditgwever, terms such as carbon
sequestration is are new to pastoral communitieBarana, let alone relating rangeland
management practices to payement for carbonsegtiestrand reduction of carbon

emmssion.

Previous studies conducted in the Borana rangelasgds mainly focused on vegetation
ecology and range condition assessment (e.g., [@alk., 2006; Solomon et al., 2007;
Angassa and Oba, 2010).

Besides, few recent studies (Hasen-Yusuf et all52Bikila et al., 2016), who quantified
carbon stocks in relatin to different landmanagemese types in Borana of southern

Ethiopia are limited to specific sites anddid noicds on the effects of enclosure



management along the age chronosequence, while ofotiem assessed the impacts of

land use change and long-term banning of fire ebharalynamics.

Furthermore, presence of limited dataon carbon estcation potential of arid and semi-
arid envirnonments resulted in lack of recognitiminthe rangelands contributionin an
international carbon trading discourseofKyoto cdamde market, like the Clean
Development Mechanism (CDM) in developing financiatentives to reward carbon

emission-reduction land management (Tennigkeit\&iikies, 2008).

Therefore, the present study was designed tohidl knowledge gap through generating
empirical evidencesin terms of potentials of carlstotks and associated soil properties
and vegetation characteristics related to differemtd use systems in the Borana

ranglenads of southern Ethiopia.

It is also important to develop sustainable lanchagement practices to enhance carbon
sequestration potential that is specific for aridd asemi-arid ecosystemof southern
Ethiopia. Therefore, this study aimed at providiagswers to the following research

problems and hypotheses.

1.2. STATEMENT OF THE PROBLEMS

The Borana rangelands of southern Ethiopia usee @mmong the most productive pastoral
areas in East Africa, comprise extensive grazingdawith a unique feature of landscapes

and indigenous knowledge on natural resource mamagie(Homann et al., 2008).

The Borana pastoralists managetheir grazing lamtksrins of wet and dry seasons grazing
systems and separate grazing culture through a@egpthe herds according age, sex,
lactation and health conditions of the animals&posd to grazing impacts in a sequential
and predictable manner even under the influent¢beohon-equilibrium environment(Oba,
1998),

Such management system keeps animal numbers béewhteshold set by pasture

availabilityand signifies “controls of livestock migty-dependent of Borana



pastoralism”,which partly explains why the Boraaagelands remained in relatively better

contion, regardless of their use for many cent(#egassa and Oba, 2007).

For the last four decades, however, the Boranaetandshave undergone substantial
reduction in grassland cover due to bush encroachmexpansion of cultivation, and
increased sttlements (Dalle et al., 2006; Solomai.£2007; Angassa andOba, 2008),

Particularly, long-term prohibition of range firyltivation of bottomlands and continuous
grazing on the remaining portion of the communabedands have induced the invasion of
bush encroachment and degradation in terms ofasdilreduced pasture quality (Oba and
Kotile, 2001), which is apparent in Yabello distriE&lias et al.,2015; Abate and Angassa,
2016).

The subsequentexpansion of invasive woody speeisgited in various forms of land
degradation in terms of depletion of soil qualibhdanutrient , and palatable grass species
in these rangelands (Angassa, 2014), with negatwsequences on the livelihood of the

local communities (Desta and Coppock, 2004).

Thesis research work, therefore, was undertaken @t of a bigger project “Livelihood
diversifying potential of livestock-based carbonsestration options in pastoral and agro-
pastoral systems in Africa’as additional livelihoogtion and improved management

isexpected to significantly increase the carbok Birdryland ecosystems.

However, there are little or no empirical evidermesiow much carbon is currently and
can potentially be stored in the Borana rangelatwdgrovide accurate data for the
establishment of PES systems a to diverfify the&lbood option for their masustainable
rangeland managemen Hence the following researektigns were addressed under the

following researchable themes;

(i) Existence of enclosuresas management and teesaguence (effective years since
establishment), particularly in Dida-Hara area issique opportunity to explore the

important aspect of rangeland management, andniafioon of the impact on soil carbon



dynamics in savanna rangelands of southern Ethiopibich will also provide

livelihooddiversifying option to local pastoraligteough carbon tradinghapter II) .

(i) Different land use systems and land use/langtec change in the study areas,in
particular,the introduction of crop cultivation ahéavy grazing pressure is an intresting
dimentions to estimate the potential loss and ghfeROC and TN and stocks at ecosystem
level Chapter I11).

(i The various types of woody species under drranagement, landscapes and soil
characterstics in the Borana rangelands of soutlghmopiademanding current and
accurate information on woody biomass. Howevehegispecies specific or generalized
allometric equations for predicting the abovegrotlnoimass are rarely available for the
region. Moreover, use of established allometricagigns may be source of error, and
developing site and species specific allometricaign models is imperativ€papter
V).

(iv) The use of prescribed fire was a common vegetamanagement tool in the Borana
ragelnds of nsouthern Ethiopia, but this practies wiscontinued in the 1970’s following
a ban on bush fire imposed by the government. Assalt, the physiognomy of the
vegetation of the Borana plateau has changed frxdemgive grassland to state with greater
cover by bushes and woody species, a transform#tairhas been attributed to the ban of

firesince then (Angassa and Oba, 2008).

One of the important impacts of change in vegetaisoa significant increase in woody
biomass and an associated increase in the amoucarbbdn sequestered in the woody
vegetation. Thus far, there has been no attempu#mtify the impact of long-term fire
suppression from the system on the potential ofmadequestration in the below- (soil)
and above-ground vegetation biomass across ditfémadscapes of theBorana rangelands
(Chapter V).



1. 3. OBJECTIVES OF THE STUDY AND HYPOTHESIS

The general objective of this thesis work was teesgtigate the effects of land management
practices and disturbances viz., enclosure managemiferent land use systems, above-
ground vegetation biomass and long-term fire barcambon sequestration, selected soil

properties and vegetation attributes.
The specific objectives were:

1) To investigate the effects of grazing managementl¢sure versus adjacent open-
grazing systems) on soil properties, more spedifi&DC and TN contents and stocks as
well as vegetation characteristic, while accounfmgeffects of the age of enclosures and

soil depths;

2) To assess land use/land cover change between 1Ri7r@(3, and its effect on soil
properties, more specifically SOC and TN contemd stocks, and estimate changes in

SOC and TN stocks due to land use/land cover change

3) To develop site and species-specific allometric ef®do estimate the aboveground
biomass and its components for most dominant wacies in Borana rangelands of
southern Ethiopia and contribute to the actaiestimation of the above-ground biomass

and carbon stocks of woody vegetation in the savaangelands of East Africa;

4) To investigate the impact of long-term ban of f{rrirned versus adjacent unburned
areas) on carbon stocks in soil and above-grounodywand herbaceous biomass, while

accounting for effects of landscape position (ugland bottomland) and soil depths.

Research hypotheses

The current study was based on the hypothesestliaatwere formulated to test the

separate objectives of the individual studies;

i. Enclosure management would favor more accumulaifoBOC and TN contents and
stocks, and the recovery of herbaceous vegetdtemthe adjacent open-grazed areas, and
the older age enclosures would accumulate more &@ICTN contents and stocks as well

as herbaceous biomass than the younger enclospexsfic objective 1)
10



The magnitude and rates of land use/land coverggsgam the study sites is very high
with further increase in recent years; soil prtipsr more spefically SOC and TN contents
and stocks significantly varied in different lanseutypes as well as the dynamics in land
use brings considerable changes in SOC and TN stoeér the last decadespgcific
objective 2)

The biomass prediction models for (total abovaigtband the components biomass)
would vary in different woody species due to vaoiatin their growth form and canopy
architecture; Use of two or more of the predica@miables (DBH, DSH, TH, CA and CV)
would provide the best goodness of model fit, whileould also make the model complex

and sources of bias in some woody spedapsdific objective 3)

iv. Prescribed fire would increase soil nutrients, mepecifically soil organic cabon total

nitrogen due to the increase of understory layer the reduction of the direct release of
nutrients in the fire; while unburned areas accateumore carbon in woody biomass as

compared to the burned rangeland urgtse€ific objective 4).
1. 4. STRUCTURE OF THE THESIS
The thesis has been organized into six chapters;

Chapter one provides a general introduction, researcheable |gnmudy objectives,
hypothesis, literature review and over all deswmiptof the research methodology
(description of the study areas, experimental aesigproaches , data collection and
laboratory analysis of soil and vegetation samplasd statistical analysis) used in the
study.

Chapters Il through V wasself-contained and structured in the formatsahuscripts.
The findings of the studies in this thesis in tbenf of papers which have published and or

submitted to peer-reviewed international journatsgublicationsSpecifically,

11



Paper-I-Chapterll presented the results on carbon sequestration, psoperties and
vegetation attributes in the enclosures along thehgonosequence and the adjacent open-

grazed lands

Paper-lI-Chapterlll assessed the land use/land cover use changesaaftfeitt on soll
organic carbon and total nitrogen contents andkst@nd changes attributable to land

use/land cover change.

Paper-Ill- ChapterlV focused on development of allometric equationspi@dicting the
total above-ground biomass and its components dtacgeed woody species dominantly
found in Borana rangelands of southern Ethiopiaubh destructive harvesting of samples

of woody plants.

Paper- IV-Chapter V, we investigated the effects of long-term banningjrefon selected
soil properties and carbon sequestration in sallayove-ground vegetation biomass along

the two different landscapes.

Finally, chapter VI provides the generalsummary, conclusions and rewordations

suggested for future research.
1. 5. LITERATURE REVIEW
1. 5.1. Overview of rangelands and their importance

There are various definitions of rangelands thatehlaeen used in reference to diverse
vegetation cover, use, management and environm@nisd, 2007). More broadly,
rangelands can bedefined ras the land managed retusal ecosystem with natural
vegetation including grasslands, shrub-lands, saasntundra, and woodlands that often
contain a human dimension implied by managementcaéged with grazing and fire
(SRM, 2006).

In Africa, rangelands (savanna ecosystems) cotestthhout 43% of the total land surface

area and are mainly used for pastoral and agroy@dsactivities to support more
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than250million people , and account for more th@#o6f the total landmass of the East

African region (Neely and Bunning, 2008).

The natural vegetation of rangelands also proalsmut 70% of the feed needs of domestic
ruminants worldwide and more than 85% of the té¢ad needs of ruminants in African
countries (Lund, 2007). Furthermore, rangelandsroifnportant ecological services
ranging from protecting fragile soils and providingbitat for wild fauna and flora (Booker
et al., 2013)

In Ethiopia, rangelands areas are located withéenahd and semi-arid agro-ecology and
most of these areas are found below 1,500 meteraden level (m.a.s.l.) and estimated to
be 61-67% of the country’s total area. These amraslocated in the east, northeast,
southeast, and southern parts of the country whigbport pastoral and agro-pastoral
communities of about 12-15% of the country’s t@apulations (PADS, 2004).

In these areas, livestock plays a central rolév@nlivelihood and social value systems of
the pastoral and agro-pastoral communities andastgpghe livelihoods of about 80% of
the rural population, and it contributes 15 to 1@P@verall growth domestic product and
over 90% the live animal and meat export is sourtech rangeland based livestock
production in the pastoral areas of the countryliBA2004).

The Borana rangelands in southern Ethiopia, whiskecabout 95000 khis more suitable
for extensive livestock production whose gross imes from livestock keeping are at least
50% (Desta and Coppock, 2002).

In recent decades, these rangelands, however, natate of transition to different

vegetation states (e.g., from a grassland (the'$itate’) to a bush land (the second ‘state’)
due to several factors including climate changeument drought,overgrazing and
increased human and livesock population and aiberatf traditional communal resource
(Dalle et al.,2006; Angassa and Oba,2008).

13



1.5.2. Rangeland management systems in Borandesautthiopia

The pastoral communities in Borana traditionallyidiéd the grazing spaces (communal
rangelands) into categories of land units each débkignated time of access ‘temporal
use areas’.In this context, rangeland is synonymtrs‘grazing land’ in the utilization of

the natural resources (Coppock, 1994).

In this management system, permanent settlemelfdg@s) are prohibited within 10-15
km radius of thetula-well (i.e., non-settlement landscapes) that is ususlgd by the

homesteadwarra) herds during the dry season, and the area beyatds grazed by the
dry (foora)herd (Oba, 1998).

The foora isused for dry cows, bulls, mature males, oxen laeifers, while thewarra
consists of lactating cows, sick and weak animald aalves, which return to the
encampment every day.The separation of dry hend-fgctating cattle) from the rest of the
herd is a key rangeland management strategy toweodsrolling grazing pressure
(Angassa, 2007).

The mobility patterns corresponded with local raih&ind rangeland productivity, shifting
towards dry areas in the wet season and humid arehg seasons (Oba et al., 2000). The
earlier management system also involved periodimmibg of the rangelands (Coppock,
1994).

Overall, about 70% of the communal rangelandssisduas for open grazing systems,
while about less than one third of the total anease managed for controlled (dry seaon

grazed areas(Kamara et al.,2004).

The protected rangelands are locally known kald® ,managed ateera (groups of
villages) set aside and keep livestock off from grazing ek¢le calves and sick animls
Ad few lactating animals , and such managemenesygirotecting paths of degradation

and design of sustainable rangeland use(NapieDasth, 2012)

Nevertheless, the weakening of the traditional comity leadership structu, the influx of

people, increasing human and livestock populatiofrced pastoralists to
14



intensifythegrazing land resulted in deterioratidrthe rangelandsled to overgragzing and
degradation resulting to an ecosystem that canljhardintain its stability, function and
structure (Angassa and Oba, 2008; Bikila et all 420

In general, improved rangeland management systémmigh enclosure approach for
rehabilitation of degraded grazing land that tri@tsito economic benefits for the local
people (Wairore et al., 2015).

1.5.3. Major challenges in the Borana rangelandsathern Ethiopia
1. 5.3.1. Rangeland (soil) degradation

Rangelands are sensitive ecosystems which couladbersely affected by inappropriate
land uses. Globally, about 10-20% of drylands, &fb of African rangelands soils suffer
from recent degradation as well as losses of smban due to intensive grazing and
agricultural practices (MEA, 2005; Trumper et aD08).

The term “soil degradation” and “land degradatiasm’generally used interchangeably in
many literatures and refers to the reduction ofhb&bil and vegetation of interest to

humans and useful to nature’s functions (FAO, 2011)

Recently, rangeland areas, however, are under stadegradation due to many factors,
among others, deforestation, overgrazing, poor laadagement and increasing pressure

on the rangeland resources (Kiage, 2013).

In pastoral rangelands, overgrazing accounts foremban 30% of all forms of land
degradation (Vagen et al., 2005; Wehrden et al.2pand depletion of soil organic carbon
(SOC) associated with intensification of grazinglanthe dominant features in the Borana
rangeland (Elias et al., 20015).

Besides, rangeland areas are experiencing incgeg®pulation growth rate, livestock
changes, under varying climatic conditions and mjgat environmental policies (Abate
and Angassa, 2016).
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The continued degradation of rangelands in termsoilfand vegetation is becoming a
serious problem with considerable impact on theirenment and livelihoods of the

pastoral communities (Oba et al., 2000; Angassi4 R0

Therefore, restoration of degraded rangeland dmylsmeans of protecting the natural
vegetation resources (woodland), and improved ggazianagement practices such as the
use of enclosure are important strategies to mainmgilosses of soil carbon and nutrient

(e.g. nitrogen) and improve the environment (FAQD0
1.5.3.2. Expansionush bush encroachment

The history of Borana in southern Ethiopia tellattlthe region is dominated by open
grassland savannas containing mixtures of pererr@dbaceous and woody vegetation
until 1970s and being transformed into thick bustiese then (Oba, 1998).

The major woody plant species which are considdwede encroachers ar&cacia

brevispica Hammaresp A.bussie Kallo), A. drepanolobium Hullensg, A. melifera

(Saphansga A. reficiens $igirsg, A. seyal Wachy and Commiphora africana
(Hammesspare the dominant species that make up major plaminwnities of the area
(Dalle et al., 2005).

By the mid-1980s, about 40% Borana rangelands \aéfexted by bush encroachment
(Coppock, 1994) and further increased to 52% ardbhedyear 2004 (Dalle et al., 2006).
Moreover, Hasen-Yusuf (2013) reported consideraitecase of bush cover from 22 to
61% between 1976 and 2012 in the same region.

This consistent increase of bushes and shrubs cowérdensity in the region can be
attributed to numerous factors such as suppressidine and increased grazing pressure,
exclusion of browsers (Dalle et al., 2006; Angaasd Oba, 2008) and episodic climatic

events (Angassa and Oba, 2007)

In line with, previous studies that have been edrin Borana rangelands (Angassa et al.,

2012a; Bikila et al., 2014)showedthat controlling iovasive bush species by cutting

16



increased herbaceous biomass on thinned grazirgds las compared to non-thinned

rangeland units.

Furhtermore, use of prescribed fire in combinatwith other management technqunes
such as bush cutting also suggested asbest appimodelms of improving herbaceous
biomass and suppression of eencoracher invasive tbers species (Angassa et al., 2012a;
Bikila et al.,2014).

Hence, bush control through treecutting has becoliguitous activitsy in Borana that
government and many non-governmental orgnagizatiis®s) provide cash for work and
food aid for bush clearing (Bikila et al., 2014).

In contrast, clearing of natural vegetation (bu¥taten increases the release of carbon
into the atmosphere that will contribute to climateange (McAlphine et al., 2009). As a
result, there is a growing intrest to understandaglyics of carbon changes in relation

woody encroacgment in the dry savannas (Aragab, &(44; Grace et al., 2014).

Furthermore, to balance the rangeland economidcesrioss (grass quality, quantity, and
livestock production), with environmental serviggsn (carbon storage, soil fertility, and
animal diversity) from bush expansion, developmensustainable and sound rangeland

management policy is imperative(Gonzalez-Roglichle2014).

Thus, the increase of woody cover and denswity émaBa rangelands has a potenal to
increase the carbon accured in above-ground woedgtation biomass, which will foster

furture carbon trade disccsuins with respect t@tegies in mitigating climate change.

However, little no experinces exist about the ira¢ign of management of busg
encroachment into relvant national and communityedanatural resources management
strategies and policies in order into integrate gaement for envrinmentl services

through carbon trading in mitigating the climateue.
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1.5.3.3. Change in land use patterns

The savanna rangelands in southern Ethiopia comprtensive rangelands with a unique
feature of landscapes and supports pastoralism| soae farming and other ecosystem
functions (Homann et al., 2008), and being recaghitong times for their resilient

ecosystems in East Africa (Oba, 1998).

However, since the last four decades these randglzave been experiencing considerable
changes in patterns of land uses (Oba et al., 20@&}icualry, from 1980s on wards

Increasing human and livestock populations, chamgdse regimes, expansion of crop

production were the major transitions resulted imexological and economic loss of

productivity of the communal rangelands in southEthiopia (Angassa and Oba, 2008;

Haile et al., 2010

In the region, reliance on the cmmual resource paa@s gradyually restricted; whereas
private lagnd sue (private enclosure and farmlan@sg increased. For example, only 5%
of the total area of the Borana lowlands was cavérecrop cultivation during the 1980s,

whereas the total lands allocated to crop prodnatias increased to about 16% after 20

years (Kamara et al., 2004).

A few recent study (e.g., Elias et al., 2015) asfmwed that there was a significant
increase in the proportion of cultivated land fr@®3% in 1985 to 20.92% in 2011.
However, there are few pocket areas in Borana tands with relatively wetter areas
receiving relatively good precipitation that carmpgoart rain-fed crop production (teff,

sorghum, barley, and haricot beans).

The main reasons contributing to the rapid coneersif savanna rangelands to marginal
croplands were losses of pasture and declined viestibck prodtivity and economic

hardships (Abate and Angasa, 2016). Moreover, ttr@oiangovernment policyalso

encourages dryfarming to cope up with the econohdodships of the local people
(Tsegaye et al., 2010; Abate and Angassa, 2016).
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This type of shifts in natural state of rangelandgwever, accelerates soil erosion and
deterioration of randgelsnds and loss of soil caidowever, recent information on the
spatial and temporal changes in land use and fiégstebn the status of soil and nutrient
dyanmics is rarely available to design sustaianalsie of rangeland resources and to

enhance carbon sink potential in the systems

1.5.4. Strategies to improve rangeland management

1.54.1. Enclosure as management strategy to enhzarben sequestration

Establishment of seasonal grazing enclosure hasniecan important rangelands
rehabilitation strategy,which is enclosed by a &nmdgth branches of thorny bushes of
Acacia species and traditional rules to protectev@gpn from grazing /or browsing with

the exception of calves and sick animals (AngassaGba, 2010; Mureith et al, 2014).

The semi-private enclosures are widely practicedpasgtoralists in East Africa for dry
season grazing (Verdodt et al., 2009; Angassa d@d2D10). In Borana, use of enclosures
locally known askaloosvas the gradual shifts from the traditional cafawes lafa seera
yaabj) to the communal enclosures ranging from tens uondheds ha to cope up the

periodic shortages of forage, especially for cal{Bspier and Desta, 2012).

In fact, the size of enclosures is determined lgyrthmber of vulnerable animals (calves,
lactating cows etc.) and their use is restrictech@mbers of the community that built the

fences, usually one or moo#la’s (encampment).

Numerous studies in different locations of Ethiofeay., Abebe et al., 2006; Yayneshet et
al, 2009) showed the importance of enclosurein t&hsegetation regeneration and
aboveground biomass.Other studies(e.g., Mekurialet 2007; Haftay et al., 2013)

alsoreported thar enclosure a management enhaackedncpools as compared to that of

the adjacent open grazing lands.

Enclosure management through controled grazirgyvallvegetation regeneration , which

has a positive effect on biodiversity (Abebe ef8D6), soil fertility restoration (Mekuria
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et al.,2007), but varied depending on local bioptalsand management conditions (Haftay
et al., 2013; Wairore et al., 2015).

Soil nutrients are essential for the normal grointhangelands and development of plants,
and the growth, maintenance and productivity ofblveres (Teka et al., 2012).The

communities in the southern Ethiopis are restomuigenous vegetation inside enclosures
in an effort to combat severe land degradation address their livelihood problems

through income source generated from hay, firewarod fattened young bulls for market

sale (Tache, 2010).

Thus, enclosures offere opportunity of being indéea in carbon sequestration projects
funded by International organizationsor governmgi@sson et al., 2001; Deng et al.,
2014), which could allow large areas of extensiaemrglands ofotherwise degraded

and/or cultivated to revert to semi-natural vegetat

1.5.4.2. The role of prescribedfire in rangelandragement and carbon dynamics

Fire is a key environmental driver that controle fanction of savannah ecosystems. In
southern Ethiopia, the historical role of fire ihet management has been widely
documented(e.g., Coppock, 1994; Dalle et al., 2006)

It was a tool used by Borana pastoralists to sigspbeish growth by killing encroaching
woody species, stimulate fresh grass growth, arieelp control tick populations (Angassa
and Oba, 2008). However, a ban on range burninginvalemented as of mid-1970s with

the goal of safeguarding the natural forests agaiiidfires (Angassa and Oba, 2008).

The reason for the fire ban was the official comagon policy linked to the loss of forest

cover in the Ethiopian highlands (Reid et al., 20@4d was perceived as the major factor
that caused encroachment of woody plants in tharmBolowlands (Coppock, 1994). As a
result, the physiognomy of the vegetation of theaBa plateau changed from extensive

grassland to state with greater cover by bushesvandy species.

Over the last 30 years, the traditional use ofviies no longer possible as mentioned by

pastoralists and development staff alike, are thatfuel load (ground cover) is now so
20



patchy that it can be difficult to get a fire stltand maintained. Moreover, the
proliferation of villages in the area could constt a hazard should fires get out of control
(Angassa and Oba, 2008).

Since fire had been used traditionally and alsdfepred the idea of this rangeland
management tool as it echoed one of their own jpescwith associated good results to
revive range burning received positive attentionthg policy makers (LaMalfa et al.,
2008).

In a practical study conducted to compare the m@fitdifferent rangeland management
systems, Angassa found that combining fire withzigia achieved a restoration of
herbaceous plant diversity and suggested as antieéfestrategy in restoring a healthy
grass understory in Borana rangelands(Angassa,) 2@dd this could help to enhance soill

carbon storage.

Precautions would have to be taken, however, tarenthat burning is kept within
prescribed areas as not all areas are appropGater( et al., 2007). Bearing these factors
in mind, NGOs are re-introducing burning as a réag® management technique through
‘prescribed fire’-the controlled and managed amtlan of fire to defined units of
rangelands (Gebru et al., 2007).

It is, therefore, imperative to investigate the &opof long-term fire ban versus the re-
introduction of prscribed fire on carbon in belossi{) ansd above-ground vegetation
biomass that will improve our knowledge on the @iag ecologyof Borana rangelands

and to design effect management of the savanngstenss.
1.5.4.3. Role of allometric equations for estimgtaibove-ground biomass

Estimation of above-ground biomass has receivedifgignt attention in recent years
because of the fact that the change in above-grduamhass is associated with the
potential of woody vegetation to sequester andestarbon dioxide as components of

climate change mitigation strategy (Lu et al., 2002
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Above-ground biomass is commonly divided into threajor components: bole (main
stem), stem bark, and crown (branch and foliagel) each component require different
models. Moreover, different tree components ared Use different purposes requiring

separate estimates of component biomasses (Hoydgaos).

Woody plants species encroachment into grasslandssavannas play dual role as the
carbon sink by removing carbon dioxide through phgnthesis, converting that
photosynthetic to vegetation biomass, and as aonasburce by releasing carbon dioxide

through respiration, wildfires, and decompositiStephen et al., 2009) .

This opportunity is vital in Borana rangelands otthern Ethiopia, where woody tree
density is consistently increasing from about 409middle of 1980s (Coppock, 1994) to
more than 60% (Hasen-Yusuf, 2014). The consistarease of bush and shrubs density
resulted in shifts in the balance between woodytpland grass species (Anagssa et al.,
2012a).

However, direct measurement of tree biomass thatves harvesting and weighing trees
is time consuming, costly and impractical methapeeially when dealing with numerous
species and large sample areas. For this, all@naguations are useful tools for accurate
estimate of biomass (Lu et al., 2002).

Thus, allometric equation whichrefers to a regmssanodel that fitted the total tree
biomass and its components (e.g., stems, brantdess or roots) to easily measurable
independent variables such as diameter at bremgtti{e.g., DBH), (Basuki et al., 2009).

Thus, the dendrometric parameters of all of thestrare measured and the allometric
equation is then used to estimate the stand biolhassmming the biomass of individual

trees (Kuyah et al., 2012). However, there are gefgw allometric equations available to
estimate the above-ground biomass of woody plantoashment in this region (e.qg.,

Hasen-Yusuf et al., 2013).

Furthermore, use of generic allometric equationseliped somewhere have limited

applicability particularly for drylands woody spesidue to different growth form and
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architecture (Kuyah et al., 2012).This showed that sites specific allometric equations
are more accurate in predicting the biomass of wamecies on the local level as it takes

into account the site effects (Yuen et al., 2016).
1.5.5. Potentials of rangelands in sequesteringocar

Rangelands are estimated to store greater thar1@é terrestrial biomass carbon and up
to 30% of the global soil organic carbon (Gracalgt2006; Derner and Schuman, 2007).
Furthermore, improved rangeland management practicecreased the carbon
sequestration potential that raged from 0.35-0.68 @r'by 2030 worldwide (Tennigkeit
and Wilkes, 2008) depending on a wide range ofofacsuchgrazing fire , land use and

landscapes (Neely et al., 2009).

Likewise, Ethiopian rangelands, with wide rangéplant composition and management
systems alsohold great potential for carbon serptest.A few study (e.g., Kibebew and
Tessema, 2016) on carbon stocks under differeatrggaystems in selected pastoral areas
of Ethiopiashowed that total SOC stock (mean *ddath deviation) in Somali region
rangedfrom 58.622+9.296 to 160.536+31.477t,tim Afar region, the mean carbon stock
was 29.519+17.771 t Ha

In the same study indicated above, it was alsortegahat the total carbon stocks that
ranged between 60.962+14.110 and 81.697+20.248 fbm Borana zone of Oromia
region. A study conducted by Niles et al. (2010¥éhected sites of Borana rangeland also

reported higher carbon stocks in enclosure as coedga that of the open- grazed areas.

Moreover, numerous reviews and studies on soilaragequestration in Ethiopia (Girmay
et al., 2008; Sheferaw et al., 2013)also elucidébedpotential of increasing SOC pools
through different land restorative measures of aéed soils, bur their data are limited to

specific sites and mostly focused on highlands.

In general, the carbon (C) input to the soil isaredl to net primary production (NPP),

which in turn varies with climate, land cover, plaspecies composition and soil type
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(Sharma et al., 2012), and hence information ondidon sequestration potential of

Ethiopian rangelands is imperative.
1.5.6. Opportunities of carbon sequestration igetands

People living in dryland areas faced many challengach as climate variability, land land
degradation and drought and poverty (IPCC, 2007relithi et al., 2014).0On the other
hand, arid and semi-arid rangelands are thoughol potential for carbon sequestration
(Tennkgeit and Wikes, 2008)

Therefore, improved land management practicesd@iatenhance carbon sequestration in
soil systems can enhance resilience of the ecasyatal provide an important incentive

for pastoralists (Neely et al., 2009).

Carbon finance projects in rangelandshave alrea&dyirb transactions in many countries
like USA and Australia, and the potential of rargels for carbon sequestration deserves
significant to contribute to environmental proteatiand livelihood diersfifcation option in

developing countries received attention in re¢eemés (Perez et al., 2007).

The Kyoto Protocol opened the possibility for ledsveloped countries to receive
payments for carbon offsets based on land use,hemde African communities may

benefit rather than only suffer from these globbsmges (Tieszen et al., 2004).

Accordingly, there is increasing need to link carlsequestration in pastoral rangelands to
local livelihoods through promotion of carbon-ctedand reduce vulnerability associated
with climate variability and change (Follett andede2010).

For example, (Reid et al. (2004) reported thatifoon is valued at $10 per ton and with
modest improvement management can gain carbon sipcR.5 t C h& yr?, which
translates into $50 yr(with population density in pastoral areas estiaat 10 people
km™ or 1 person per 10 ha), and this gain would bebgut 15% increases in income,
where half of the pastoralists in Africa earn lgsm $1 day* or about $360 V.
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In context of Ethiopia, Shiferaw et al. (2013) sleawthat land restorative measures
increased SOC pools that ranged from 1-3.2 Mg k&', while land conversion
particularly to arable land resulted in depletiéb@ Mg ha'yr.Girmay et al. (2008) also
reported about 0.066-0.154 Mg Yya’ (0.24-0.55 Mg C®@ e ha'yr') SOC stocks

withimplementation of improved rangeland managenpeattices.

However, carbon finance in rangelands is constcameregulations of eligibility criteria

as suggested in the Kyoto Protocol (Tennigkeit @fitkes, 2008), among others: (i) the
exact rate of carbon stock change per unit area aftoption of the practice, (ii) the time
required for new steady-state levels to occur, éidthe total area over which the

intervention carried out.

Yet, study is needed tofill the knowledge gap mm® enprical evidence on the potential of
carbon stored in the system required to devel@tegiies in carbon sequestration projects.
Moreover, there are a number of priority actioret theed to be undertaken as the pastoral
wasys of land use system based on communal resopomds may constraints in carbon

markets trade as livelihood diversification option.
1.6. MATERIALS AND METHODS

1.6.1. Description of the study area

1.6.1.1. Location and topography

The study was conducted in Yabello district, lodate Borana administrative zone,
southern Ethiopia.Yabello district is located ire thentral part of Borana rangelands,
located between °30'55.81"and 824'36.39"N latitude an d3A4'14.7"and

38°36'05.35”Elongitude, and covers a total area 066,5quare kilometers.

Borana rangelands (also known as the Borana plateaer approximately 95,000 Km
and extends from 4° to 6°N latitude and 36° to 4@tgitude, is slightly undulating and
ranging in altitude from 1000 to 1500 m above ssell (m.a.s.l.) with peaks up to 2000

m.a.s.l.
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The present studies were carried out across thiree samely: Dida-Hara, Dharito and
Obda inYabello district (Fig.1.1).Yabello is thepdal town of the Borana zone and
located 570 km south of Addis Ababa. The altitufithe study area ranges from 1260 to

1928 meter above sea level, where Obdais a majbtamd feature in the district.

These sites are located in North-East, South andt\at of the Yabello town (zonal
capital of the Borana administrative zone) in thawa sub-basin watershad (OWDSE,
2010).
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Figurel.1. Map of the study sites from Yabello miistin Borana rangelands of southern
Oromia

1.6.1.2. Climate of the study area

The Borana rangelands are characterized by arigeioi-arid climate with most areas
receiving between 238 and 896 mm annual precipitativith a high coefficient of
variability that ranged between 18 and 69% (Angamsd Oba, 2007). The rainfall in

Borana is bimodal, with 60% received during thegleains from March to May and 30%
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during the short rains from September to Novembéile the remaining 10% is from the

occasional rains.

The mean daily temperature in the Borana rangeleng4°C, with a mean maximum and
minimum daily temperatures of 28 and 17°C, respebti(Coppock, 1994). Drought is
recurrent in the area and generally increased fomme every twenty years in 1900s

(Cossins and Upton, 1998) to five to six yearsd8@s (Megersa et al., 2014).

1.6.1.3. Soils of the study area

The terrain of the central Borana plateau includesentral mountain range, scattered
volcanic cones and craters and gently undulatirdy fet plains. The basement-complex
mountain largely runs from north-west to south-destn Yabello to Moyale and north
from Arero (OWWDE, 2010).

Soils in the Borana rangelands are developed fr@nitic and volcanic parent materials
and their mixtures, and soils of East Africa maiotynposed of the Precambrian basement
complex, quaternary deposit and tertiary and qoatgrvolcanic parent materials followed

one another (Coppock, 1994).

Soils are generally characterized by low organictengfertility) and deficiency in most
nutrients, especially nitrogen and phosphorus,rtpsi very low cation exchange capacity
(CEC),and are prone to compaction attributed to vbry old age of common parent

materials (Tully et al., 2015).

The uplands and hills had well drained soils (Mi8s Luvisols and Cambisols) having
reddish brown to dark reddish brown color, whilee thottom land soils (Vertisols,
Fluvisols and Andosols) are characterized by das#tetrk grayish color (Oba et al., 2000;
OWWDE, 2010).

The level of electrical conductivity (EC) in soi$ the Dawa sub-basin, where the present
study area found, is less than 2 mmhos/cm whiclcaels that the soils are salt free and
suitable for most crops production and/or for ndrgrawth of bush and shrubs for grazing

(OWWDSE,2010).
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In general, soils in Borana rangelands are wellinéd and usually have equitable
proportion of sand (53%), clay (30%) and silt (17%hich are sandy clay loam to sandy-
loam in texture(Coppock, 1994).

1.6.1.4. Vegetation in the study area

In terms of woody vegetation, the Borana rangelsndominated by tropical savannah
with varying proportions of perennial grasses ammdy plants with few areas covered by

forest. Acacia species is the dominant vegetatimercin the study area.

The main encroachers of low value woody tree speaieAcacia mellifera, A. oerfata, A.
drepanolobium, A. reficiens, Commiphora africana, Bevispica, A. horrida Aloe
species, Albizia amare andghly nutritive woody species arAcacia tortilis and A.
nilotica (Coppock, 1994; Dalle et al., 2006).

Common perennial grass specie€eafichrus ciliaris, Chloris myscrostachya, Cynodon
dactylon, Panicum maximum, Pennisetum stramineteterbipogon contortysSporobolus
pyramidalis and Themeda triandraChrysopogon aucheriPanicum turgicamd Panicum

coloratumand various families of forbs are also found (Arsgaand Oba, 2010).
1.6.1.5. Human and livestock population, and lasd systems

The Borana zone of southern Ethiopia has a humanlation of about 962,489, 487,024
men and 475,465 women, of which about 96,862 (& fetnhale and 56360 male) are
residing in Yabello district (CSA, 2008).The maicoaomic activities are livestock

production while crop farming is increasing in terwf the space it occupies (Coppock,
1994).

The major livestock species kept in the Borana dmalwere cattle, goats; sheep and camel
whilethe minor livestock species were equines (®asid Coppock, 2002). As reported by
Homan et al., (2008), the livestock density wasnested at 23.5 TLU kif for Borana

rangelands.
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In a recent study (Samuel and Tredyte, 2017), s stocking density based on total
area and livestock population was estimated at Z42 (Tropical Livestock Unit) per

km? (16.5, 2.7, 1.8, 1.2 and 2 of cattle, goat, shelemkey, and camel, respectively).
However, the number of cattle population in thed@ar of southern Ethiopia followed the

boom-and bust pattern (Desta and Coppock, 2002).

Generally, the open grazed areas are exposed hoghéging pressure throughout the year
as the open-grazed areas were freely accessilgeating throughout the year, whereas
enclosures used during wet season. Changes iutaitind cover types such as expansion
of crop farming and bush encroachment are commdm @ansequences on the livelihood

of the local communities
1.6.2. The study approaches
1.6.2.1. Experimental sites

The studies in this thesis were conducted in teasaby taking into account the existing
grazing management systems (e.g., enclosures veparsgrazed lands), different land
use systems (e.g., crop land , protected naturasfqwoodland)) and exsiting prescribed

fire experiments (burned sites versus unburnedsgrea

Accordingly, three sites namely Dida-Hara, Dhadtal Obda Pastoral Associations (PAS)
were selected through systematic random sampliognique. The Dida-Hara site was
included in all studieswhile the other two sites (Dharito and Obda) wesed only for the

study inchapter III.

The sites represented landscape types dependinggetation structure and different land
use systems to systematicaaly assess for carbokssttynamics. In selection rocess, a
preliminary survey followed by mapping at landscégentinel level) was carried out were
carried out. Knowledgeable community elders andeegspworking in the area were

participated in the process.

29



1.6.2.2. Experimental design

In this study, we adopted a paired-site design agudr which also applied in several
research studies (e.g., Murphy et al., 2003; Noedral., 2012)for studying soil organic
carbon dynamics. Accordingly, adjacent sites, wathilar slope, elevation, and land
aspect were selected through systematic randmotisgmpechnque to fix the

experimental plots.

A transect line of at least 500 m long was esthblisin each adjacent site. Along a
transect line, sampling plots (30x30m size eacltf) wested’ sub-plots were establishedfor

collection of response variables on soil and vdgataamples.

A systematic randomized samplingtechnique was eyegldo account for variability of
soils and vegetation.However, the number of pldigcation along a transect line was

flexible to adjust a small sample size in eachystant control pseudo-replication.

The general approach and sampling methodologyvieltbin data collection, preparation
and analysis of vegetation and soil samples weesgmted the next sub-sections.
Furhtermore, some of the specific design approadirsample collection methods specific

to each study were presented in each material atldan section of the individual study.
1.6.2.3. Soil sample collection, process and latmgaanalysis

Random soil samples were collected at 0-5 5-151&380 cmsoil depths for the studies in
chapterll andV, and from 0-15 and 15-30 cm depths for the studgeureed inchapter

Il using standard auger (Eijkelkamp Agrisearch EgeipinBV). Ten to fifteenauger
points (sub-plots) were allocated in systematicdeemized patterns placed the square

angled wire (25 cm x25 cm) on a proper place withaplot.

The sub-plots were well spaced at minimum of 15istadce from each other to account
for heterogeneity in soil and vegetation charastes within the site. However, the
distance between the sub-plots was not drawn tetdredard scale.During soil sampling,
litter or any other residuematerials were remowenfthe soil surface by hand before

taking the soil samples.
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The collected soil samples from each auger poimgewmixed thoroughly in a bucket to
form a composite sample for each depth and platallyi, thecomposite soil samples of
about 1 kg for plot by soil layer were placed izip-locked nylon bag and labelled for

further laboratory processes.

As number of plots and depths of sampling variethwhe individual studies, specific
sampling techniques were presented under the ralstesind methods section of the

individual studies.
Soil Bulk density determination

Soil bulk density was determined by recovering mssk from the respective soil layers
using auger (internal diameter of 7.6 cm) (Ayneketwal., 2011). Accordingly, cumulative
mass of soil was at three to four spots (sub-platsyvhich the first sampling point was
near the center of the main plot, and the otherpdots (auger points) were locatedin

systematic random pattern within the plot establisfor random soil sample collection.

A sampling metal plate was prepared for this pugposhelp as guide for augering and to
prevent the collapse of the auger near the sdihserr Accoridngly, the sampling plate was
first pressed firmly onto the soil surface and plélte auger at center of hole of the plate

and started pushing the auger straight downwardsdnding on either side of the plate.

Hence, the first depth layer was augered and alhefsoil materials from inside and
outside of the auger and any soil that fell onte sampling plate were transferred into a
bucket with the shovel without disturbing the shapsoil aggregates. The same procedure

was applied in collecting the mass of soil remairsoil layers.

Finally, the entire mass soil augered from the gialb-by depth layer was transferred into
bag with zip-locked for further processing.The sammer was used throughout soil
sampling to avoid any change in volume of soil. Depestriction, if any, was also

recorded.

In the laboratory, composite soil samples weredagd by spreading each on paper in a

ventilated soil sample preparation room and subpéesn(200-250 gm based on the massof
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soil augered in each depth layer) oven-dried af@@6r 48 hours to constant weight, and
gravimetric water content on sub-sample basis sed determine the total dry weight soil

mass.

The remaining soil mass was air-dried and passezigh 2 mm sieve and the coarse
fragments (> 2 mm), and weighed separately. Bulksite was finally calculated as the
ratio of the mass of oven dried soil mass to igeawolume corrected for coarse fragment

and used in the calculation of SOC and TN stocks.

Similarly, composite soil samples were air drieghund to pass through 2 mm size sieve
and samples were further sieved to 0.05 mm sized&ermination of SOC and total
nitrogen. Laboratory analysis for composite soihpkes was carried out at the Soil and
Plant testing laboratory at College of Agricultutdawassa University following the

procedures as outlined by Sahlemedhin and Tayed§200
Determination ofsoil particle size distribution

Soiol particle size distributions were analyizedhygrometer method (Bouyoucos, 1962).
In this respect, 50 gm of air-dried soil sample waesghed into a one liter plastic bottle
with stopper and 100 ml of dispersing agent (40agreodium hexametaphosphate and 10

gm of sodium carbonate were dissolved in distileder) was added.

Then, the solution was shaken on an end to encesliakthree hours, transferred into the
stirring cup and stirred for 5 minutes. The dispdrsoil suspension was transferred to a
cylinder, and first and second hydrometer readwgse taken at 40 seconds after the
cylinder is set down and 2 hours after the firstdiag, respectively. The USDA particle

size classification method was followed to assaxiural classes.
Soil pH

Soil pH was measured in a 1:2.5 mixture ofsoil émdized water ratio. For this, 10 gm of
<2 mm size dry soil sample was weighed into a 100beaker and 25 mL distilled water
was added, and the suspension was stirred viggrdosl20 minute (Sahlemedhin and

Taye, 2000).
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Then, the soil-water mixture was allowed to staoddbout 30 minutes.A pH meter was
calibrated with buffer solutions of pH 4.0 and 7The electrode of the pH meter

wasinserted partly into the settled suspensiontamgH readings were recorded.
Cation exchange capacity (CEC)

For determination of cation exchange capacity (CE® soil sample was extractedusing
the 1 M ammonium acetate (LIMNBIAc at pH 7.0) following the guideline of Chapman
(1965). Hence, five gram of air-dried soil sampdesged through 2 mm sieve was weighed
into a 250 mL beakerfor determination of CEC. Abd@0 mL of ammonium acetate
(IMNH40Ac pH 7) was added and stirred instantlyhvatstring rod and allowed to stand

overnight being covered with watch glasses.

The next day, the soaked samples were transfemrtmd fiter funnels placed on 250 ml
volumetric flasksfitted with filter paper and thexture was washed on the filter with 25
ml ethanol 3 times. Some drops of the filter wedeeh into Nessler tubes and 3 drops of

Nessler's reagent was added to avoid formatiorretipitation.

The soil sample was saturated with sodium by washiith successive20 mL of sodium
chloride (NaCl) 5 times and the filtrate was cadiet in 250 ml plastic bottles for
determination of CEC by distillation. The leach&&aCl percolate) in the plastic bottles
was transferred to a 500 ml Kjeldahl flask and pifesstic bottles were washed with 25 ml

of distilled water, with small amount at a time.

Fifteen mL of 0.20 N K5O, was poured to distillate receiver of 250 mL Erleyer flask
and the distillation tip was dipped in the sulfuacid solution. Ten ml of 1IN NaOH
solution was added to the Kjeldahl flask and cotewcmmediately to distillation

apparatus.

After about 75 mL of the NaCl percolate was distlll the distillate receiver was removed
from the distiller, condenser tip was rinsed araldrstillate was titrated with 0.1 N,BQ,
using methyl red indicators until the color chandiexin purple to yellow and finally CEC

was computed

33



Available Phosphorus (Av.P)

Soil available phosphorus was extracted with Md&hBcmulti-nutrient extraction method
(Mehlich, 1984) at Horticoop Ethiopia (HorticultlyaPLC Soil and Water Analysis
Laboratory, Bishoftu, Ethiopia.

The Mehlich No. 3 extricating solution contained2[0N CH,COOH, 0.25 N ammonium
nitrate (NHNOj3), 0.015 N ammonium fluoride (Nj), 0.13 N HNO3, and 0.001N
ethylenediamenetetraacetic acid (EDTA)] and measimgnductively Coupled Plasma
Atomic Emission spectrophotometer (ICP-AES) at viewgth of 178.221 nm and the
value was reported in mg RgA blank of Mehlich No.3 was prepared for eachchat

during the analysis.
Soil organic carbon (SOC) and totan nitrogen (TN) dtermination

The organic carbon content of the soils was deterthfollowing method of Walkley and
Black wet-oxidation (Walkley and Black, 19934); wles total nitrogen was analyzed by
wet-oxidation procedure of the Kjeldahl method (Breer and Mulvaney, 1982).

Calculation of SOC and TN stocks

SOC stock (Mg h'eb in each depth was calculated as described in Ularnibelow
(Aynekulu et al., 2015):

SOC= %C:x Bd (i) x (1-%fragx Dx100 (1.1)

Where, SOC-soil organic carbon stock (MghaC is soil organic carbon content (%) in
fine soil (fraction < 0.05 mm) determined in thbédaatory (%), BD (i) =bulk density, frag
(%) = weight of coarse fragment (>2 mm) determiimrethe laboratory dividdd= depth

soil layer (cm) and 100 used to convert the unkigpha™.

BD(i) = % (1.2)
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Where M = the oven-dry soil mass, (g). Here, avpdume was estimated from its (radius
3.8 cm) and depth of the soil as V @m 1< (3.8fx depth layer (cm), wherél = 3.142.

The TN stock was calculated in an analogous to StO€Ek by substituting the soil organic
carbon content (% OC) by total nitrogen content % The overall (0-30 cm) SOC and
TN stocks were estimated by summing in each spdrla

1.6.2.4. Vegetation survey and biomass estimation

Vegetation sampling was conducted using 0.5 m mQ&nd a 10 x 10 m quadrat size was
used for sampling of herbaceous and woody layerspectively. Response variables
included herbaceous biomass, grass basal coveariespechness, and density of woody

population.

Herbaceous biomass was estimated by hand harvesdtitige herbaceous materials rooted
withinthe sub-plot (quadrat) to ground soil sugdte distructively harvested herbaceous
samples were weighed immediately and retained ferchination ofherbaceous dry
biomass (oven dried at 85 for 48 hr to toconstant weight). Samples from shbe-plots

were pooled together and reported average dry lsisimagm .

Herbaceous species richness was determined byicguaikt herb and grass species rooted
in each sub-plot, while herbaceous cover (grasdaid) was estimated visually based on
the area (soil part) covered by herbaceous baspamu to bare ground in each quadrat
(Oba et al., 2001).Woody plant species (maturdjrsgpand seedlings) within 100%area

were recorded used to estimate the density of weedgtation.

Sampling procedure with respect to measurementeafimetric variables to develop
allometric equations for the estimating the aboraigd woodybiomass was presented in
chapter 1V.Generally, knowledgeable people and expert workinthe areaparticipated

during field data collection.
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1.6.3. Statistical analysis.

Analysis of variance (ANOVA) in linear mixed modelasemployed to fit the esearch
hypotheses and objectives of the studies dptersll, 1ll and V , whereas descriptive
statistics and regression models were used fostiy inhapter IV). The details of the
models and procedures were presented in each tegpsection of each study. The data

analyses were performed using SAS versio®qSAS2012).

1.7. REFERENCES

Abate, T. and A. Angassa. 2016. Conversion of saaaangelands to bush dominated landscape in
Borana, Southern Ethiopia. Ecological Process 5:6.

Abebe, M.H., G. Oba, A. Angassa and R.B. Welad)D& The role of area enclosures and fallow
age in the restoration of plant diversity in north&thiopia. African Journal of Ecology 44:
507-514.

Abule E., G.N. Smit and H.A. Snyman. 2005. Theuafice of woody plants and livestock grazing
on grass species composition, yield and soil misien the middle Awash valley of Ethiopia.
Journal of Arid Environments 60: 343-358.

Aerts, N., J. and M. Haile. 2009. on the differermsween “exclosures” and “enclosures” in
ecology and the environment. Journal of Arid Enwvinents 73: 762— 763.

Angassa, A. 2007.The Dynamics of Savanna EcosystardsManagement in Borana, southern
Ethiopia.PhD Thesis, Norwegian University of lil@dences (UMB), Norway.

Angassa, A. and G. Oba. 2007. Relating long-tetinfath variability to cattle population dynamics
in communal rangelands and a government ranchuthem Ethiopia. Agricultural Systems
94: 715-725.

Angassa, A. and G. Oba. 2008. Herder perceptionmpacts of range enclosures, crop farming,
fire ban and bush encroachment on the rangeland3ordna, southern Ethiopia. Human
Ecology 36: 201-215.

Angassa, A. and G. Oba. 2010. Effects of grazmegsure, age of enclosures and seasonality on
bush cover dynamics and vegetation composition oathern Ethiopia. Journal of Arid
Environments 74 :111-120.

Angassa, A., G. Oba and A.Tolera. 2012a. Bush ecbrment control demonstrations and
management implications on herbaceous speciesvemsas of southern Ethiopia Tropical

and Subtropical Agroecosystems 15: 173-185

36



Angassa, A., S. Beyene, G.Oba, A.C. Treydte, Astddter and J. Sauerborn.2012b. Savanna land
use and its effect on soil characteristics in sewthethiopia. Journal of Arid Environments 81:
67-76.

Angassa, A. 2014.Effects of grazing intensity andhbencroachment on herbaceous species and
rangeland condition in southern Ethiopia. Land Regtion &Development 25: 438-451.
Aragao, L. E.O. C., B. Poulter, J. Barlow, L. Anstem, Y. Mahli, S. Saatchi, O. L. Philips and E.
Gloor. 2014. Environmental change and the carbdenba of Amazonian forests. Biological

revolution 89: 913— 931.

Aynekulu, E., T.Vagen, K.D. Shephard and L.Winowiec2011. A protocol for modeling,
measurement and monitoring soil carbon stocks iircaltural landscapes. Version 1.1. World
Agroforestry Centre, Nairobi, Kenya 26 p.

Aynekulu, E., K.D. Shepherd, R. Coe, T., Vagen, indWiecki and A.Sila. 2015. A Protocol for
Measurement and Monitoring Soil Carbon Stocks iopital Landscapes. Version 1.1. World
Agroforestry Centre, Nairobi, Kenya (http/www.waalgbrforesty. org/SOC).

Basuki, T.M., P.E.Van Lake, A.K. Skidmore and Y.Aussin. 2009. Allometric equations for
estimating the above-ground biomass in the tropicalland Dipterocarp forests. Forest
Ecology and Management 257: 1684-1694.

Batjes, N.H. 2004. Soil carbon stocks and projectdénges according to land use and
management: a case study for Kenya. Soil Use Managie20:350—-356.

Bikila, N.G., Z.K. Tessema and E.G. Abule. 2016rl®@a sequestration potentials of semiarid
rangelands under traditional management practic&oiana, Southern Ethiopia. Agriculture,
Ecosystems and Environment 223:108-114.

Booker, K., L. Huntsinger, J.W. Bartolome, N.F. Bagnd W. Stewart. 2013. What can ecological
science tell us about opportunities for carbon sstjation on arid rangelands in the United
States? Global Environmental Change 23: 240-251.

Bouyoucos, G.J. 1962. Hydrometer method improvedniaeking particle size analysis of soils.
Agronomy Journal 54:464-465.

Bremner, J.M. and C.S. Mulvaney.1982 Methods ofl swialysis, part 2 chemical and
microbiological properties, 595-624

Campbell, A., L. Miles, I. Lysenko, A. Hughes, add Gibbs. 2008. Carbon Storage in Protected
Areas. Technical Report. UNEP World Conservation Moimg Centre.

CSA. 2015. Federal Democratic Republic of Ethiofientral Statistical Agency. Agricultural
Sample Survey Report on Livestock and Livestockr@tteristics. Statistical Bulletin 578,
Addis Ababa, Ethiopia.

37



Conant, R.T.K. Paustian, and T. E. Edward. 2001. Grazing landag@ment and conversion into
grazing land: effects on soil carbon. EcologicppAcation 11: 343-355.

Coppock, D.L. 1994. The Borana Plateau of Soutt#imopia: synthesis of pastoral research,
development and change, 1980- 91. Internationatdtock Centre for Africa (ILCA), Addis
Ababa, Ethiopia 360 P.

Cossins, N.J. and M. Upton. 1988. The impact aghatic variation on the Boranapastoral system.
Agricultural Systems 27: 117-135.

Holechek, J.L., R.D. Pieper and C.H. Herbel. 20R&nhge Management Principles and Practices.
5th edition.Pearson Prentice Hall, Upper SaddieRNew Jersey, USA 321p.

Dabasso, B.H., T. Zerihun and D. Hoag. 2014. Cadiooks in semi-arid pastoral ecosystems of
northern Kenya. Pastoralism. Research, Policy aactiee 4:5, 1-8.

Dalle, D., B.L. Maass and J. Isseilstien. 2005.nPIRiodiversity and Ethnobotany of Borana
Pastoralists in Southern Oromia, Ethiopia. Econddaitany 59(1): 43—65.

Dalle, G., B.L. Maass and J. Isselstein. 2006. REmgl condition and trend in the semi-arid
Borana lowlands, Southern Oromia, Ethiopia. Afridaurnal of Range & Forage Science 23:
49-58.

Jode D.H. (ed.)/IIED and SOS Sahel UK. 2009. Modand Mobile: the future of livestock
production in Africa’s drylands. International litgte for Environment & Development
(IIED) & SOS Sahel International UK.

Deng, L., S. Sweeney and, Z.P. Shangguan.2013.-tevng effects of natural enclosure: carbon
stocks, sequestration rates and potential for lgradsecosystems in the Loess Plateau.
CLEAN Soil Air Water. 41: 1-9.

Derner, J.D. and G.E. Schuman. 2007. Carbon seqgtiestand rangelands: A synthesis of land
management and precipitation effects. Journal df &ad Water Conservation 62: 77-85.

Desta, S., and D. L. Coppock. 2002. Cattle Pomrafdbynamics in the southern Ethiopian
Rangelands, 1980-97. Journal of Range ManagemeAB895451.

Desta, S. and D. L. Coppock. 2004. Pastoralism mpdessure: Tracking System Change in
Southern Ethiopia. Human Ecology 32: 465-487.

Eldridge, D.J., M.A. Bowker, F.T. Maestre, E. Rqg&fF. Reynolds and Whitford. 2011. Impacts
of shrub encroachment on ecosystem structure ametidming: towards a global synthesis.
Ecological Letter 14:709-722.

Elias, M., O. Hensel, U. Richter, C. HilsebuschKBufmann O.Wasonga. 2015. Land Conversion
Dynamics in the Borana Rangelands of Southern RiduicAn Integrated Assessment Using
Remote Sensing Techniques and Field Survey Datardiment 2:1—-31.

38



Follett, R. and D. Reed. 2010. Soil Carbon Seqatstr in Grazing Lands: Societal Benefits and
Policy Implications. Rangeland Ecology & Managem@3sit4—15.

FAO. 2001. Soil Carbon Sequestration for Improveshd. Management, World Soil Resources
Reports 96, Food and Agriculture Organization (FARD)me, Italy 188p

FAO. 2010. Challenges and opportunities for carlsaguestration in grassland systems: A
technical report on grassland management and dintdiange mitigation. Food and
Agriculture Organization of the United Nations, Rentaly.

Gebru, G., S. Desta, D.L. Coppock, L. GizachewAmosha and T. Taffa. 2007. Stakeholder
alliance Facilitates Re-introduction of Prescridéide on the Borana Plateau of Southern
Ethiopia.GL-CRSP research brief 07-02- PARIMA.
http://glcrsp.ucdavis.edu/publications/PARI MA/0Z-BARIMA.pdf.

Girmay, G., B., R. Singh, H.Mitiku, T. Borresen aRdLal. 2008. Carbon stocks in Ethiopian soils
in relation to land use and soil management. Laagr&dation & Development 19: 351-367.

Grace, J., J. San José, P. Meir, H.S. Miranda a”d Rontes. 2006. Productivity and Carbon
fluxes of tropical savannas. Journal of Biogeogya®8 387—-400.

Gonzalez-Roglich, M., J.J. Swenson, G.E. JobbahgyBaR. Jackson. 2014. Shifting carbon pools
along a plant cover gradient in woody encroachedirszas of central Argentina. Forest
Ecology &Management 331: 71-78.

Grace, J., E, E. Mitchard and E.Gloor. 2014. Pbdtions in the carbon budget of the tropics.
Global Change Biology 20: 3238-3255.

Guo, L. and R. Gifford. 2002. Soil carbon stocksl &and use change: A meta-analysis. Global
Change Biology 8: 345—-360.

Haftay, H.; T.Yayneshet, G. Animut and C.Treydtd.PB.Rangeland vegetation responses to
traditional enclosure management in eastern Ethidpangelands Journal 35:29-36.

Haile, G., M. Assen, A. Ebro. 2010. Land use/calygmamics and its implications since the 1960s
in the Borana rangelands of Southern Ethiopia. dtivek Research for Rural Development
22:132. http://www.Irrd.org/Irrd22/7/hail22132.htéccessed on 8 March, 2015.

Hassan-Yusuf, M., A. C. Treydte, E. Abule and ligshorn 2013.Predicting aboveground biomass
of woody encroacher species in semi-arid rangeldatsopia. Journal of Arid Environments
96:64-72.

Hasen-Yusuf, M., A.C.Treydte and J. Sauerborn. 2(M&naging Semi-Arid Rangelands for
Carbon Storage: Grazing and Woody Encroachmentctsffen Soil Carbon and Nitrogen.
PloS One, 10(10):1-8.

39



Hoffman, T.M., Vogel, C., 2008. Climate change imisa on African rangelands. Plant
Conservation Unit Botany Department University ape Town South Africa.Rangelands. 30
(3), 12-17.

Homann, S., B. Rischkowsky, J. Steinback, M. Kakd M. Mathias.2008.Towards endogenous
livestock development: Borana pastoralists’ respsnt® environmental and institutional
changes. Human Ecology 36, 503-520.

Houghton, R.A. 2005. Aboveground Forest Biomass #rel Global Carbon Balance. Global
Change Biology 11: 945-958.

IPCC (Intergovernmental Panel on Climate Chang®72@npacts, adaptation and vulnerability.
Contribution of Working Group 1l to the Fourth Assenent Report of the Intergovernmental
Panel on Climate Change. In: Parry, M.L., Canziénk., Palutikof, J.P., van der Linden, P.J.,
Hanson, C.E. (Eds.), Intergovernmental Panel om&k Change, Cambridge 1-45p.

Izaurralde, R.C., N.J. Rosenberg and L. Lal. 20@itigation of climatic change by soil carbon
sequestration: Issues of science, monitoring, auladled lands. Advances in Agronomy 70:
1-75.

Kamara, A. B., B. Swallow and M. Kirk. 2004. Poési interventions and institutional change in
pastoral resource management in Borana, Southbrapi. Development policy Review 22:
381-403.

Kiage, L. 2013. Perspectives on the Assumed Canfdesnd Degradation in theRangelands of Sub
Saharan Africa. Progress in Physical Geography84:684.

Kibebew, K. and T. Tessema. 2016.Assessment ofddaBtock of Rangeland Systems in Selected
Pastoral Areas of Somali, Afar and Oromia Regidns.Mulugeta Getu, Tesfaheywet, Z.
Kibebew. K., Kassahun, M., Habtamu H. (Eds). Prdoege of Research for Enhancing
Pastoralists Livelhood Through resielence and Maikepansion: Haramaya University:
Pastoralist Areas Resilence Improveme3nt throughrk&ta Expnasion (HU-PRIME)
project,2016. Vol.1 Haramaya University, Ethiopia.

Kuyah, S., J. Dietz, C. Muthuri, R. Jamnadass amdwRngi. 2012. Allometric equations for
estimating biomass in agricultural landscapes algpgand biomass. Agriculture,
Ecosystemsand Environment 158; 216-224.

Lal, R. 2004. Soil carbon sequestration to mitigditmate change. Geoderma 123, 1-22.

Lal, R. 2008. Carbon sequestration. Philosophicahsactions Royal.SocietyBiological. Sciences
363:815-830.

Lal, R. 2010. Managing soils and ecosystems fdigating anthropogenic carbon emissions and
advancing global food security. BioScience 60: 78~

40



Lal, R. 2011. Sequestering carbon in soils of agrosystems. Food Policy 36: 533-539.

Lal, R. 2015. Restoring soil quality to mitigatel skegradation. Sustainability 7: 5875-5895.

LaMalfa, E.M., G. Gebru, A. Dadhi, and D.L. Coppo@008. Guidelines on the Application of
Prescribed Fire in the Borana Rangelands of EthidReport Prepared for CARE-Ethiopia,
PLI/ENABLE

Liebig, M.A., J. Gross, S.L. Kronberg, J.D., Hansa&nB. Frank and R.L.Phillips.2006 Soll
response to long-term grazing in the northern GRdains of North America. Agriculture
Ecosystems & Environment 115, 270-276.

Lipper, L., C., Dutilly-Diane and N. McCarthy. 2018upplying Carbon Sequestration from West
African Rangelands: Opportunities and Barriers. geéend Ecology & Management 63(1):
155-166.

Liu, Y., Y. Zhou, W. Ju, S. Wang, X.Wu, M. He andZBu. 2013. Impacts of droughts on carbon
sequestration by China's terrestrial ecosysterm #0600 to 2011. Biogeosciences 11: 2583-
2599.

Lund, H.G. 2007.Accounting for the world’s rangalarRangelands. 29(1), 3-10.

Maitima,J..M and S. Mugatha. 2009. The linkagesvbet land use and land degradation and
biodiversity across east Africa.Africa journal gfveronmental science and technology3 (10):
310-325.

McAlpine, C.A. et al. 2009. A continent under stremteractions, feedbacks and risks associated
with impact of modified land cover on Australia'din@ate. Global Change Biology
15(9):2206-2223

MEA (Millennium Ecosystem Assessment). 2005. Ectesys and Human Well-being: current
state and trends findings of condition and trendskimg group. Island Press, Washington,
DC, USA

Mehlich, A. 1984. Mehlich 3 solil test extractantnfodification of Mehlich-2 extractant. Commun.
Soil Science and Plant Analysis 15(12): 1409-1416.

Megersa, B., A. Markemann, A. Angassa, J.O. Ogtt®,. Piepho and A. Valle Zarate. 2014.
Impacts of climate change and variability on catgeoduction in southern Ethiopia:
Perceptions and empirical evidences. Agricultuget&nms 130, 23—-34.

Mekuria W., E.Veldkamp, M. Haile, J. Nyssen, B. Mwgnd K. Gebrehiwot .2007.Effectiveness of
exclosures to restore degraded soils as a resolitefyrazing in Tigray, Ethiopia. Journal of
Arid Environments 69 (2): 270-284..

Mureithi, S. M., A. Verdoodt, C. K. Gachene, J. Njoka, V. O. Wasonga, S. De Neve, E.
Meyerhoff and E.Van Ranst. 2014. Impact of EnclesMianagement on Soil Properties and

41



Microbial Biomass in a Restored Semi-Arid Rangelakénya. Journal of Arid Land 6
(5):561-570.

Mureithi ,SM, A. Verdoodt, J.T. Njoka, C.K.K. Gacle E.Meyerhoff and E. Van Ranst.2015.
Benefits derived from rehabilitating a degraded isarid rangeland in communal enclosures,
Kenya. Land Degradation & Development. DOI: 10.1002341.

Murphy, B., A. Rawson, L. Ravenscroft, M. RankirdaR.Millard.2003.Paired Site Sampling for
Soil Carbon Estimation — New South Wales.Nationatbh®on Accounting System Technical
Report No. 34pp.

Napier, A. and S. Desta. 2012. Review of Pastorahgeland Enclosures in Ethiopia,
http://sites.tufts.edu/feinstein/2012/ date 20,86] 2015.

Neely, C., S. Bunning and A. Wilkes. 2009. Revigevidence on drylands pastoral systems and
climate change: Implications and opportunities faitigation and adaptation.FAO, Rome,
Italy 39p.

Neely, C.L., and J. de Leeuw. 2011. Home on thegearThe contribution of rangeland
management to climate change mitigation. In E. Whlkrg, A. Nihart, M.-L. Tapio-Bistrom,
and M. Grieg-Gran (Eds.), Climate Change Mitigatenmd Agriculture.Earthscan, London,
333-346pp.

Niles, J, E., H.G. Cleland and B. Orcutt. 2010. @ar finance in Ethiopian rangelands:
Opportunities for Save the Children/US Leadershipal report. Ethiopia.

Nosetto, M.D., E.G. Jobbagy and J.M.Paruelo. 2@@8bon sequestration in semi-arid rangelands:
comparison of Pinus ponderosa plantations andrmggaiclusion in NW Patagonia Journal of
Arid Environments 67:142—-156.

Novara, A., T. La Mantia, V. Barbera andL.GristR@12.Paired-site approach for studying soil
organic carbon dynamics in a Mediterranean seméaridronment. Catena 89, 1-7.

Oba, G.1998. Assessment of indigenous range maragemowledge of the Borana pastoralists
of southern Ethiopia.Part I. GTZ/Borana LowlandtBesd Development Program 98p.

Oba, G., E. Post, P.O. Syvertsen and N.C. Sten2&®0. Bush cover and range condition
assessments in relation to landscape and grazimguthern Ethiopia. Landscape Ecology
15:535-546.

Oba, G., O.R. Vetaas and N.C.Stenseth. 2001. Bestips between biomass and plant species
richness in arid-zone grazing lands. Journal ofli&gdpEcology 38: 836-846.

Olsson, L., A.Warren and J.Ardd. 2001. The poténtienefit of carbon sinks in dryland

agriculturalsoils. Arid Lands Newsletter, 4@p://ag.arizona.edu/OALS/ALN/aln49/olsson.html

42



OWWDSE (Oromia Water Works Design Study Enterprig€)10. Borana Land Use Planning
Study Project, Final Report, Oromia National Regiddtate, December 2010, 246p

PADS. 2004. "Pastoral Areas Development Plan (PADRInistry of Agriculture and Rural
Development, Addis Ababa, Ethiopia.

Perez-Quezada, J., C. Delpiano, K. Snyder, D. &ohaad N. Franck. 2011. Carbon pools in an
arid shrubland in Chile under natural and afforeestenditions. Journal of Arid Environments
75: 29-37.

Perez, C., Roncoli, C., Neely, C., Steiner, J.Q02 Can carbon sequestration markets benefit low-
income producers in semi-arid Africa? Potentiald ehallenges. Agricultural Systems 94, 2—
12.

Pifieiro, G., J.M. Paruelo, M. Oesterheld and Edbbagy. 2010. Pathways of grazing effects on
soil organic carbon and nitrogen. Rangeland Ecob@yanagement 63: 109-119.

Rau, B. M., R. Tausch, A. Reiner, D.W. Johnson,. J@Qbambers, R.R. Blank and A.
Lucchesi.2010. Influence of Prescribed Fire on ¥stesn Biomass, Carbon, and Nitrogen in a
Pinyon Juniper Woodland. Rangeland Ecology & Managyg 63(2): 197-202.

Reeder, J.D., and G.E. Schuman. 2002. Influendiwestock grazing on C sequestration in semi-
arid mixedgrass and short-grass rangelands. Emaieatal Pollution 116: 457—-463.

Reid, R.S., K.A. Galvin and S. Kruska.2008. Globigihificance of extensive grazing lands and
pastoral societies: An Introduction. In Fragmewotatin semi-arid and arid landscapes:
Consequences for human and natural systems, edlsGélvin et al., 1-24, Springer.

Reid, R.S., M.E. Fernandez-Giménez and K.A. Gald014. Dynamics and Resilience of
Rangelands and Pastoral Peoples Around the Glélmaual Review of Environment and
Resources 39: 217-242.

Reid, R.S., P.K. Thornton, G.J. McCrabb, R.L. Kiaysk. Atieno and P.G. Jones. 2004. Is it
possible to mitigate greenhouse gas emissions Btogz ecosystems of the tropics?
Environment, Development and Sustainability 6: 98-1

Sahlemedhin Sertsu and Taye Bekele. (eds.). 2008ce&ures for soil and plant analysis.
Technical paper 74.National Soil Research Centdhiofian Agricultural Research
Organization, Addis Ababa, Ethiopia.

Samuel. T.K., and A. Treydte. 2017. Modeling Bocattle populations under climate change and
varying carrying capacity. Ecological Modelling 3323-127

Sharma, B K; M K. Chalise and G S. Solanki .201@atation types and wildlife occurrence in
Baghmara Buffer Zone Community Forest, Nepal. lha&onal Multidisciplinary Research
Journal 2 (2):52—65.

43



Shiferaw, A., H. Hans and Z.Gete. 2013. A Reviewsoil carbon sequestration in Ethiopia to
mitigate land degradation and climate change. #uoh Environment and Earth Science
3(12): ISSN (Online) 2225-0948.

SRM (Society for Range Management).2006.RangelandsGlobal Change. Society for Range
Management, Accessed (4 November, 2017). Available/RI: http://www.rangelands.org/.

Solomon, T.B., H. A., Snyman and G.N. Smit. 200@ngeland dynamics of southern Ethiopia:
(2). Assessment of woody vegetation structure listioe to land use and distance from water
in semiarid Borana rangelands. Journal of Envirantalévlanagement 85(2): 443—-452.

SAS (Statistical Analysis System). 2012. User'sd8uiSAS/STAT® 9.3: Statistical Procedures,
Second edition. SAS Institute Inc., Cary, NC, USA.

Stephen, R. M., E.H. Mark and B. O. Karle. 2008re5t fuel reduction alters fire severity and
long-term carbon storage in three Pacific Northveestsystems. Ecology Society of America
19(3): 643-655.

Tache, B. 2010."Participatory Impacts Assessmeri@rolight Reserve Areas in Guji and Borana
Zones, Oromia Region." Report prepared for SaveCthilren USA, Addis Ababa, Ethiopia.

Teka H., I.C. Madakadze, A. Angassa and A. Hasgem2: Effect of Seasonal Variation on the
Nutritional Quality of Key Herbaceous Species im&arid Areas of Borana, Ethiopia. Indian
Journal of Animal Nutrition29(4): 324-332

Tennigkeit, T., and A.Wilkies. 2008. Carbon finangeangelands: An assessment of the potential
for carbon finance in rangelands. ICRAF Working &ap8. International Centerfor Research
in Agro-forestry, China, 29p .

Trumper, K., C. Ravilious and B. Dickson. 2008. l&zar in drylands: desertification, climate
change and carbon finance. A UNEP-UNDP-UNCCD TexinNote for Discussions at
CRIS 7, Istanbul, Turkey.

Tsegaye, D.; S.R. Moe, P.Vedeld and E. Aynekul0102 Land-use/cover dynamics in Northern
Afar rangelands, Ethiopia. Agriculture, Ecosysteé&isnvironment 139; 174-180.

Tully, K., C. Sullivan, R. Weil and P. Sanchez. 20The State of Soil Segregation in Sub-Saharan
Africa: Baselines, Trajectories, and Solutions.t8ngbility7: 6523-6552.

V°agen, T.G., R. Lal and B.R. Singh. 2005. Soilbca sequestration in sub-Saharan Africa: a
review. Land Degradation&Development 16 :53-71.

Vagen, Tor-G., L.A. Winowiecki, A. Abegaz and M.Kadgu.2013.Landsat-based approaches for
mapping of land degradation prevalence and soittianal properties in Ethiopia. Remote
Sensing and Environment 134: 266—-275.

44



Verdoodt, A., S.M. Mureithi and E.V. Ranst. 200%hr@osequence analysis of two enclosure
management strategies in degraded rangeland ofas@ienya. Agriculture, Ecosystems &
Environment 129: 332—-339.

Walkley, A., and I. A. Black. 1934. An examinatiofthe Degtjareff method for determining soil
organic matter and a proposed modification of thremic acid titration method. Soil Sciences
37: 2938.

Wehrden, V. H., J. Hanspach, P. Kaczensky, J.Fisafe K. Wesche. 2012. Global assessment of
the non-equilibrium concept in rangelands. Ecolalgipplications 22(2): 393—-399.

WenHong, M.,M. Jing-Yun, Y.H.Yang, M. Anwar, J.Y#&®2010. Biomass carbon stocks and
their changes in Northern China’s grasslands duti®g2-2010.Biological Sciences.53:841-
850.

Yayneshet, T.; L.O. Eik and S.R. Moe. 2009. Thea&# of exclosures in restoring degraded semi-
arid vegetation in communal grazing lands in naritgthiopia. Journal of Arid Environments
73:542-549.

Yuen, J.Q.,T., Fungand A. D. Ziegler. 2016. Revavallometric equations for major land covers
in SE Asia: Uncertainty and implications for abamd below-ground carbon estimates.

Forest Ecology and Management.360:323—-340.

45



CHAPTER TWO

46



2. EFFECTS OF ENCLOSURE MANAGEMENT ON CARBON SEQUHBATION,
SOIL PROPERTIES AND VEGETATION ATTRIBUTES IN BORANASOUTHERN
ETHIOPIA

Published as:Kenea Feyish Sheleme BeyefileAyana Angas$d*, Mohammed, Y. Saft
Jan de Leeufy Aster Abebgand Bekele Megera2017. Effects of enclosure management
on carbon sequestration, soil properties and végetaattributes in East African

rangelands. Catena, 159, 9-19.

®School of Plant and Horticultural Sciences, CollefeAgriculture, Hawassa University,
P.O. Box 05, Hawassa, Ethiopia

®International Livestock Research Institute (ILA)O. Box 30709, 00100 Nairobi, Kenya
¢ School of Veterinary Medicine, Hawassa UniversiyQ. Box 05, Hawassa, Ethiopia

4 World Agroforestry Centre (ICRAF), P.O. Box 306 D100 Nairobi, Kenya

¢ Botswana University of Agriculture and Natural Beses, Department of Animal
Science and Production, Private bag 0027, GaboRuwtsywana

* Corresponding author’s address: ayana.angassa@gpma

47



ABSTRACT

The use of enclosure has globally gained populastyan effective strategy to enhance soll
carbon sequestration, but empirical evidence ikilag particularly in arid and semi-arid
rangelands of southern Ethiopia. We investigatedditierences in soil properties, more
specically soil organic carbon (SOC) and total agen (TN) contents and sctocks, and
vegetation characteristics between enclosures adgcant open-grazed areas, while
accounting for the effects of the enclosure ageombtsequenceand soil depths.
Accordingly, enclosures along three age categd@e20, 20-30 and> 30 years old) each
paired with adjacent open grazed areas were sdledteough systematic random
sampling technque. We collected soil samples atetlsoil depths (0-5, 5-15 and 15-30
cm), and vegetation attributes from 90 plots witBirenclosures each paired with the
adjacent open grazing sites. The results showet $i&C and TN contents and stocks
increased in the enclosures as compared to thecadjzopen-grazed rangelands, although
the differences were not significant (P > 0.05) aadied along the age sequence and soil
depths. We recorded an overall mean of SOC stdc®9.6 + 3.5 Mg ha' in the younger
(< 20 years old) , 40.8 +3.4 Mg R&in the medium (20-30 years old) and 51.0 +4.4 Mg
ha* in older (> 30 years old) age enclosures to tegtti of 0-30 cm. Similarly, the SOC
stock for the adjacent open-grazed areas rangeuh 8.4 + 2.5 to 47.9 +5.1 Mg f& In
contrast, herbaceous biomass was significantly (P.€5) higher inenclosures than the
adjacent open-grazed areas.The enclosuresage cbegence further showed a general
trend in increasing SOC and TN contents and stoeks| herbaceoius biomass with
increasing duration of enclosures, but not line&eT study concluded that
enclosuresgenerally improved the soil nutrientsaedovery of vgetation, indicates the
effectiveness of enclosure management in the egginrof degraded rangelands and roles
for enhancing the soil carbon sequestration potspithimplication for environmental
management andclimate change mitigatation. Howeweryemain cautious with respect
to the conclusiveness of these findings givendhecgy of information on soil data prior
to enclosure establishment and other environmdatabrs, most importantly soil moisture
and climatic factors may influence the carbon aitdogen dynamics in such ecosystems
other than management and needs for a comprehesisiug.

Keywords: Soil carbon stock, Total nitrogen stock, Rangetanderbaceous biomass,
Borana
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2.1.INTRODUCTION

Rangelands constitute the largest and most divargkeresources in the world (Reeder
and Schuman, 2002), and hold great potential fobara sequestration (Lal, 2004).
According to Campbell et al. (2008), rangelands chore enormous amount of

terrestrial carbon stocks both globally (36%) améirica (59%),

The carbon sequestration potentias in the rangslaad help to mitigate the impact of
climate change (Neely et al., 2009).Moreover, setjagon of carbon in the soil system
is essential for the improvement of soil qualitytrient retention and water holding
capacity to increase the net primary productivity more carbon assimilation (Lal,
2015).

Despite the potential of rangelands for carbon esmation, heavy grazing pressure
contributed to the rapid losses of soil carbond@g nitrogen (N) (Reid et al., 2004). The
degradation of rangeland resources is a major @nobh arid and semi-arid ecosystems
with significant impact on the environment and hikeods of the pastoral communities
(Oba et al., 2000; Angassa, 2014).

Previous studies (Tessema et al., 2011; Bikilal.e2816) showed that increased grazing
pressure resulted in the losses of soil carbora(@)nitrogen (N). According to Pifieiro et

al. (2010), the effect of grazing modifies the stmwe and function of ecosystems, affecting
biomass and soil organic storage.Management pescsiscch as community enclosures and

rotational grazing can help to restore rangelamgystems (Nosetto et al., 2006).

Similarly, others (Howden et al., 1991; Glenn et 8993; Walker and Steffen, 1993) have
also indicated that rehabilitation of degraded edawgds by means of enclosure and/or
grazing exclusure is a key strategy in reducing ltss of carbon (C) from terrestrial

ecosystem.

Moreover, several studies (Su et al., 2005; Mekeirial., 2007; Pei et al., 2008; Steffens et
al., 2008) have documented an increase in soildraalation in exclusions, but others
(Reeder and Schuman, 2002; Nosetto et al.,, 2006es@ia and Stahl, 2008) have
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reportedlittle improvement in soil carbon underlesare management as compared to the
open grazing systems..

In consrast, other studies particularly in arid aedni-arid areas in Kenya and Ethiopia
(e.g. Verdoodt et al., 2009; Mekuria et al., 20Mureithi et al., 2014) reported that soil

propertiesand vegetation characteristics are ingatdollowing grazing exclusion.

In general, differences among various studies agglons are apparent because of
variations in climate, soil properties and soil tlegandscape position, plant community
composition and management practices (Derner ardingan, 2007; McSherry and

Ritchie, 2013).

Furthermore, the complexity of vegetation dynamitand use practices and soil
characteristics are additional inadequacies ty fufiderstand the driving factors (Angassa
et al., 2012). This suggests the need to furthersiigate the effect of grazing management

on carbon dynamics.

In East Africa, community enclosures are extengiyeacticed by pastoralists to conserve
standing pasture for dry season grazing (Angassh Qioa, 2010; Oba et al., 2001,
Verdoodt et al., 2010).

Enclosures are defined as area of rangeland, vidiehclosed by a fence with branches of
thorny Acacia trees as well as traditional rules pimtect vegetation from grazing

and/orbrowsing with the exception of calves ané arimals (Coppock, 1994; Oba, 1998).

In some cultures, such enclosed areas may be caledosures” (Aerts et al., 2009).
According to Angassa and Oba (2010), calves aoavell grazing inside enclosures for 3

to 4 months depending on the length of the dryaeas

The use of the communal enclosures for over tlodeur decades in savanna rangelands
of southern Ethiopia and the restored areas far #clusive use may have positive

implication to enhance the potential of carbon sstpation in the region.
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However, this potential notion has rarely been stigatedso far. Previous studies that
have so far conducted in the rangelands of Boraisauthern Ethiopia focused only on the

effects of grazing on vegetation ecology and razagalition assessment.

On the other hand, few studies (Belay and Kebed#&0;2Yusuf et al., 2015; Bikila et al.,

2016) reported the influence of land use and véigetaypes on carbon stocks and these
studies are also limited and sites specific. Funtioee, these studies did not show the
effects of enclosures management along the enelesige chronosequence on soil carbon

stock.

Hence, investigating the effect of enclosures dhcsobon in Borana rangelands helps to
understand the potential of rangelands for carbequestrationto inform policies for

diversification of local livelihood options througtarbon finance. The age of enclosures
may also reflect the spatial separation of carbquesstration in terms of time of restoration

of vegetation states.

Therefore, the objectives of the study were: (ijreestigate the effects of management
systems on soil properties, more specifically SA®|, contents and stocks and key
vegetation characteristics; (ii) to investigate htve age of enclosures influences soil

properties, more specially SOC and TN contentsshamecks as well as vegetation attributes

We hypothesized that (1) enclosure management wautet more accumulation of SOC
and TN stocks, and herbaceous biomass than theceamdjoopen-grazed areas; (2)
enclosures in the older age category could accumuat@re soil nutrients and herbaceous

biomass than the younger enclosures.

2.2. MATERIALS AND METHODS

2.2.1. Study area

This study was carried out across 9 semi-privaten(aunity) enclosures in Dida-Hara
area(04°47.318l latitude and 038°20.01 longitude), which are located at about 30 km
north-east of Yabello town in Borana rangelandsitsern Ethiopia ( Fig. 1.1). Dida-Hara

covers an area of about 985%m
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The biophysical conditions described of the stutBaaare given in detailsin the general
materials and methods section undeapter |, but a few points specific to the Did- Hara

are repeated here.

The topography of Dida-Hara area is flat to slighthdulating plain, with altitude range
between 1260 and 1700 meter above sea level (h).Before the 1970s, Dida-Hara was
open perennial grassland, which was used for ggaduring the rainy season. After the
1980s, range enclosures were established by thenaaity following the development of

perennial ponds that attracted semi-permanenesedtits Yillage).

The pastoral population in Dida-Hara area is skfttesemi-permanent settlementslocally
known asOllas. The creation obllas had substantially affected the patterns of sedsona
grazing to a year-round grazing (Angassa and Ob&0))2The mean livestock holding of
household was estimated at 12.63 cattle, 11.13| saralnants (goat and sheep) and 2.38

camels (Solomon et al., 2007).

Most of the communal rangelands are degraded dtieethigh stocking rate, which was
estimated at 23.5 Tropical Livestock Units &h TLU ~ 250 kg) (Homann et al., 2008).
However, overgrazing in enclosure is not a thresaem@closures are seasonally grazed by
calves only during the dry season and rested duheggrowth season. Incontrast, the
communal rangelands are under continuous year rgraming systems (Angassa and Oba,
2010).

2.2.2. Study approaches and experimental design

Before starting the actual field sampling, field\a&y and mapping of enclosures were
carried out in Did-Hara between May and June 2@tigh technical support from the

International Livestock Research Institute (ILREnga).

In the identification and mapping processes, kndgdéable community members,
especially those managing the enclosures and expedrking in the area were

participated.
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A high-resolution satellite image from Google e@rtéind ground-truth points collected by
means of Geographic Position System (GPS) were tseatklineate the boundary of

enclosures following line features (fence).

Hence, a total of 16 communal enclosures were iftkohtand mapped (Fig.2.1).
Information collected during the preliminary fiesdrvey was used as a guide in selecting
the study sites for the final data collection.
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Figure 2.1. Maps of enclosures and the samplires sit Dida-Hara area from Yabello
district in Borana rangelands, southern Ethiopia

Following the initial step, we selected 9 semi-pterenclosuresassociated with settlements

(Ollas) using a systematic random samplingmethod. Thectad enclosures ranged from
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60 to 620 ha in size, while the enclosures’ ageevelstributed between 15 and 37 years
old at the time of fielddata collection (May—Jur@s ).

We grouped the enclosures into threeage chronosegup< 20 years old (younger), 20—
30 years old (medium) and> 30 years old (oldergheaith three replicates (N = 3), while

each age category of enclosures had correspondjageat open-grazed sites as control.

Therefore, age in this paper is used as anindepéndgiable, whereas site served as
replicates.These selectedenclosures were distdlwitbin 20 km radius in Dida-Hara area

andall enclosures were selected from the upland$1{® m.a.s.l.)

The experimental design paired site design approaokisted pairs of enclosuresand the
adjacent open-grazed areas (as control) (Fig. 2A&aach paired site, a 500 m long line

transect was established each in enclosure aratifheent open-grazed site.

We checked whether the selected paired sites hathssoils and landscape position. The
transect position was chosen at about 20-30 m dveay the fence border between

enclosure and the adjacent open grazed areasitbawedge effect.

At each paired site, five pairs of plots(30 mx 30each) were established along each
transect. The plots were well spaced (separateat byast 100 m) to account for spatial

variability and avoid pseudo-replication (Fig. 2.2a

In total, ninety plots (90) were used for field al@bllection from nine (9) enclosures and
the adjacent open-grazed (control) sites. Datacidin on soil and vegetation was carried

out at the end of the main rainy season betweenavidyJune in 2013.

2.2.3. Soil and vegetation sample collection aralyens

In each plot, we collected soil samples at threéledepths (0-5, 5-15 and 15-30 cm) from
10 sub-plots (auger points) and distributed in redoanized pattern within the plot using
auger (Eijkelkamp Agrisearch Netherlands Equipni (Fig. 2.2b).
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A total of 270 composite soilsamples: [two grazmgnagement systems [(enclosure vs.
open-grazed areas) x three age categories of emefsg three sites (replicates) x 5 plots
(five each experimental site) x3 soil depths (35 and 15-30 cm)].

In addition, soil mass was collected from three @arg points (sub-plots) in each plot for
the same soil depths(Fig.2.2b).The augered maksauples were used to determine soil
bulk density,while the samples from compositesasplere used to determine soil organic

carbon (SOC) and related soil properties in lalooyat

Furthermore, three sub-plots of 0.5 x 0.5 m an@ & 10 m nested within the main plot at
each paired site, respectively were used for sammpdf herbaceous response variables
(biomass estimation, species richness and basar)cand woody density (mature,

saplings and seedlings) as indicated in figure .Zi¥ details are presented under

thegeneral materials and methods of sectiarhapter |

(a) (b)

K

-Denser vegetation I Enciomive ate
cover i
= Protected soil ]

C, ; Distribution of sampling plots in the enclosure

0O, Distribution of sampling plots in the adjacent open-grazed land

Figure2.2. The image of paired site with enadlesand the adjacent open-grazed areas

(a) and diagrammatic sketch of sampling plot arigsot layouts (b).
2.2.4. Data analysis

Before data analysis, we tested our data for natynahd homogeneity of tests. We also

checked the data for outliers. The effects of manmant and age of enclosures across the
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soil depths on soil properties and nutrient stoaleye analyzed using mixed model

procedure.

The categorical fixed variables in the model foil parameters included: [management
(dummy variable: enclosure vs. open-grazed aréa®e age categories of enclosures] at
each soil depths (three levels) and to the théd@n3 depth.

For vegetation attributes, the model included mansnt along the enclosures age
sequene. The sampling plot was included in the iresla random effect to control for the
repeated measures. Mean comparisons were madeTusiry's test (adjusted) at P< 0.05.
All values were reported as mean * standard er®).(All statistical analyses were

performed using SAS version 9.3 software packag&(2012).
2.3. RESULTS
2.3.1. Effects of grazing management on soil priger

The distribution of soil particle size fractionsggiasilt and clay)did not show significant (P

> 0.05) difference between the two management syst@able 2.1).However, the the
proportion of silt and clay fractions were relativhigher in enclosure than in the adjacent
open grazing lands, whereas that of sand contestincansistent across the age sequence
(Table 2.1).

With respect age effct, older enclosures had saanitly (P < 0.05) higher in clay content
than the younger enclosures, whereas higher silieab was recorded in the younger age
group than the medium and older age of enclosdralé 2.1). Overall, the proportion of
sand fraction was dominant (i.e., over 43 %) immierof textural fractions under both

management systems (Table 2.1).

In the present study, soil bulk density did notwhany significant (P > 0.05) differences
betweent enclosures and the adjacent open-graead across the three soil depths (Table
2.1). However, relatevly higher bulk densityundes bpen-grazed areas that ranged from
1.10 to 1.47gm cifi, while the values were ranged between 0.90and gn88ni°in soils

under enclosure management across the three gtlilsd@able 2.1).
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However, apparently more difference was observédden the medium age enclosure and
its adjacent open-grazed areas in the lower deld#F3Q cm). There was an increasing

trend in bulk density with increasing duration atsures (Table 2.1).

Our present results showed that there was gendrglher soil pH in enclosures than that
of the adjacent open-grazed rangelands, althougitsevaried with the enclosures age
sequence.Accordingly, the medium age enclosurdmatsignificantly (P < 0.05) higher
soil pHthan its adjacent open-grazed areas in ttie&nd 15-30 cm depths (Table 2.1).

Our results also showed relatively higher CEC valmeenclosure than the adjacent open-
grazed areas. However, only the medium age en@sgbat had significantly (P < 0.05)
higher CEC values than than the corresponding adfaapen-grazed areas across the three
soil depths (Table 2.1).

Furthermore, we observed an increasing trend in €&@ents with increasing duration of
enclosures, although significant difference (P<5PWas obtained only between the older

(> 30 years old) and younger (< 20 years old) eswiles age categories(Table 2.1).

Our present study results also showed that relgitivigher available phosphorus (Av.P)
inside enclosuresas as compared to the adjacentgspeed areas. However, apparently
more increase of Av.P values were recorded in tedinam and older age enclosures in the
top soil surface (0-5 cm) and medium depth (5-19 cmhile lower in the lower depth

(15-30 cm) except for the medium age enclosures (Takle
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Table 2.1. Mean values of selected soil propertiesveen enclosures along the age
chronosequence and the adjacent open-grazed amess #éhree soil depths in Dida-Hara
from Borana rangelands

Grazing management systems

Soil . Depth encTc?suur:ggr(QO Agjpaecr?—nt enclg/lsic:ieusnzzoeo Adjacent enclc?slg:aers(>30 Adjacent open-
properties  (cm) years old) grazed years old) open-grazed years old) grazed
0-5 44.1+1.4 44.7+1.3 47.3+1.4 49.3+2.2 46.9+1.7 45.5+2.4
Sand (%) 5-15 43.1+1.3 44.2+1.3 45.4+1.6 47.5+2.4 44.9+1.6 42.5+2.1
15-30 41.8+t1.4 44.6+1.8 42.6+1.7 46.212.2 42.9+2.0 43.4+2.3
0-5 25.2+1.6 24.9+1.6 19.3+1.4 19.8+1.6° 18.1+1.5 20.7£2.1
Silt (%) 5-15 25.61.5 24.3+1.4 19.9+1.6 20.9+1.9 20.9+1.7 21.742.1
15-30 26.0+1.5 24.4+2.0 21.9+1.5 21.0+1.8 21.3+1.3 22.7+2.1
0-5 30.8+1.1 30.4+1.1 33.5+#1.0 30+.91.2 35.0+1.0 33.8+1.0
Clay (%) 5-15 31.3+1.0 31.5+1.2 34.7+0.9 31.6%1.2 34.2+0.9 35.9+0.7
15-30 32.240.9 31.5+1.2 35.7+1.1 32.8+0.8 35.8+1.0 33.9+0.8
BD 0-5 0.91+0.06 1.1+0.1 1.10+0.1 1.10+0.05 1.21+0.15 1.26+0.21
5-15 1.10+0.10 1.19+0.1 1.16+0.1 1.21+0.07 1.13+0.08 1.11+0.04
(gmem?) 1559 1.13+0.08 1.21+0.1 1.39+0.1 1.47+0.12 1.34+0.08 1.300.10
0-5 6.2+0.1 5.9+0.1 6.3+0.2 6.2+0.2 6.2+0.1 5.9+0.1
pH (H,0) 5-15 6.1+0.1 5.9+0.1 6.4+0.2° 6.0+0.2° 6.2+0.1 5.9+0.1
15-30 5.9+0.1 5.9+0.1 6.6+0.2° 6.2¢0.2° 6.1+0.1 5.840.1
0-5 15.57+0.55 15.48+0.73 18.42+1.40° 14.35+0.71° 22.5612.85 19.83+1.05
CEC
5-15 17.25+0.59 16.25+0.96 18.58+0.83" 14.27+1.2° 21.65%0.72 21.63+0.55
(cmol. kg'l)
15-30 18.32+0.81 17.80+1.08 18.84+0.73% 12.86+1.1° 22.94+1.32 20.67+0.66
0-5 3.91+0.31 4.41+0.25 6.87+1.95 5.70+0.63 5.42+0.97 4.87+0.30
:;IlF)’ (mg 5-15 3.3610.24 3.13+0.17 4.91+1.24 3.13+0.17 3.93+1.12 3.21+0.28
15-30 2.64+0.23 2.75+0.22 3.46+0.49 2.75+0.22 2.74+0.43 3.02+0.48

Note: BD -Bulk density, CEC- Cation Exchange Capadhv.P- Available Phosphorus, N=3 -replication of

experimental sites (enclosures along the age ceemu@nce each paired with open-grazed areas).

Mean values {SE) followed by different letters showed sigrdfit P >.0 05 between enclosure and the
adjacent open-grazed areas , while in bold shovigitehin the older age enclosures as compareieto
youger enclosures , after Tukey's test (adjusted} & 0.05 significant level.

2.3.2. Effects of grazing management on SOC andditients and stocks

The present results showedthat enclosures didigoifisantly (P>0.05) increased SOC

content and stock, but marginally improved as caeghdo the adjacent open-grazed areas

along the enclosure age sequence and soil depdhie(Z.2).
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On average, enclosures along the age chronosequimennc®.13 -11.4%, 9.0 -20.60 %
and7.6 -15.0%,respectively higher SOC contenthéyounger, medium and older age
enclosures as compared to their corresponding emljaxpen-grazed areas across the three
soil depths (Table 2.2).

Hence, apparently more increase in SOC conteng)@% was obtained in the medium
age enclosure at 5-15 cm soil depth followed by alderage enclosures with 15.0%
increase in lower (15-30 cm) depth as comparedheo tespective adjacent open-grazed
areas, although the amount increase was not signicaboth enclosures groups (Table
2.2).

Similarly, the difference between enclosure andidgmcent open-grazed in terms of SOC
stock ranged from -0.5- 2.8, 1.2 -2.9, and 0.3-Mgtha*’, respectively in the younger,

medium and olderage enclosures across the thiledepbs (Table 2.2).

Accordingly, the SOC stock in enclsoures under gwunger age category had
showedinconsistent results decrease (-3.85%) i®4t%e cm and significantly higher (50%

increase) at 0-5 cm depth as compared to thetleedj open-grazed areas (Table 2.2).

On the other hand, increase in SOC stocks witlygdnfrom 10.0 -25.0% is more
apparently in the medium age (20-30 years old)csuees as compared to the adjacent
open-grazed areas, although the increase didnatv significant across the three soll
depths(P > 0.05) (Table 2.2).

Furthermore, the older age enclosures had more @@tent and stock along the three soil
depths, although the differences did not show Sggmt (P > 0.05) (Table 2.2).Likewise,
relatively higher TN content was recorded underl@nges as compared to the open-
grazed areas across the three soil depths, butresuied along the age chronosequence
and soil depths (Table 2.2).

Accordingly, more apparent increase in TN contdatstranged from 11.8 to 21.4%

wererecorded in the older age (> 30 years old)osoces; with significantly higher (P
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<0.05) value as compared to the adjacent open-gramas was recoredonly in 15-30 cm
depth (Table 2.2).

Similarly, younger age enclsoures (< 20 years oldgonsistent results in terms of TN
stock with both signficatnt higher (42.4% increaisethe 0-5 cm soil layer,and marginally
lower (6.7%) in the 5-15 cm soil depth as compai@dts corresponding open-grazed
rangelands(Table 2.2).

On the other hand, we recorded more range of Tbkdtom 3.65 to 33.90% and14.60 to
253.9% increase in enclosures at the medium arel @lge categories, respectively than

their respective open-grazed areas across theghiledepths (Table 2.2).

In the current study, both TN content and stockeased with increasing with duration of

enclosures, but the increase was non-linear as tmy older enclosures that had

signfrcantly higher TN content than the medium gadng enclosures, while the TN stock

was only significant between the older and youngeclosure age groups, yet results
varied along the soil depths (Table 2.2).

In the present study, we also found a higher CnMnclosures management than in the
open-grazed areas, but did not significantly (P.65p vary (Table 2.1). Furthermore,

results varied across the enclosure age categesiels paired with adjacent open-grazed
site (Table 2.1)
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Table 2.2Mean values of soil organic carbon (SQ®@tatal nitrogen (TN) conents and
stocks andCarbon to Nitrogen ratio (C: N) in enates along the age chronosequence and
the adjacent open-grazed areas across three ptiilsde Dida-Har from Borana

rangelands

Grazing management systems

Soil Younger Medium

properties enclosures Adjacent enclosures Adjacent Older Adjacent
. Depth (cm) enclosures(>30
and nutrient (<20 years open-grazed (20-30 years open-grazed ears old) open-grazed
stocks old) old) y
0-5 1.37+0.08 1.23+0.09 1.46+0.14 1.34+0.12 1.74+0.16 1.55+0.17
SOC (%) 5-15 1.33+0.10 1.23+0.07 1.23+0.11 1.02+0.09 1.55+0.14 1.44+0.14
15-30 1.12+0.08 1.01+006  1.03x0.14 0.93+0.08 1.39+0.13 1.21+0.13
0-5 7.70+1.03 5.14+0.48 7.51+0.92 6.36+0.84 9.78+1.55 9.36+1.54
(S'\;)gchalf‘m(:k 5-15 12.75+1.14 13.26+1.66 14.10+%.10 11.28+1.18 16.92+1.61 15.71+1.69
15-30 19.17+1.97 16.37+1.17 19.21+2.45 3%1530 24.30+2.03 22.87+2.51
0-5 0.15+0.01 0.15+0.01 0.14+0.01 0.13+0.0  0.19+0.0 0.17+0.01
TN (%) 5-15 0.14+0.01 0.14+0.01 0.13+0.01 0.14+0.01 0.18+0.( 0.15+0.01
15-30 0.13+0.01 0.13+0.01 0.13+0.01 0.10%0. 0.17+0.0% 0.14+0.0%
TN stock 0-5 0.84+0.11 0.59+0.06 0.79+010 0.59+0.07 1.14+0.2: 0.92+0.10
5-15 1.38+0.11 1.48+0.16 1.58+0.14 1.47+0.16 1.95+0.15 1.64+0.10
(Mg ha) 15-30 2.15+0.13 2.10+0.19 2.27+0.16 2.1930.1 2.83+0.16 2.47+0.19
0-5 9.9+1.1 9.1+0.8 10.3+0.9 10.6+0.70 419.6 9.4+0.9
C:N ratio 5-15 9.9+1.1 9.6+1.0.0 9.5+0.8 7.9+0.6 8.8+ 9.8+1.0
15-30 9.2+1.1 9.0+1.2 9.0+1.1 8.5+0.8 89 9.7+1.4

N=3 - replication of experimental sites (enclosuaéang the age chronosequence each paired with- open
grazed areas). Mean valuesSE) followed by different letters showed sigrdfit at P >.0 05 between
enclosure and the adjacent open-grazed areas € whbold showed significantly higher in the oldaye
enclosures as compared to the youger enclosufies Takey's test (adjusted) at P < 0.05 significivel.
Averaged for all sites, soil organic carbonandltataogen contents and stocks between
enclosures versus open-grazed areas along theéegoils are presented in figures 2.3 (a-d).
Accordinly, our results showed that more apparentease (12.4%) in SOC content in
enclosures as compared to the open-grazed landshigised in 15-30 cm depth, although

the difference was not significant (Fig. 2.3(a)).

Likewise, enclosure had 1.38, 1.17 and 1.98 Mg, haspectively more SOC stocks as
compared at 0-5 , 5-15 and 15-30 cm depths thanathacent open-grazed areas,
respectively, but did not show any significant eiéfnces (P <0.05) (Fig.2.3 (b)).
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These values are equivalent to percent increas&®to 20.0 % in SOC stock in the
enclosures as compared to the adjacent open-geagad, with more apparent difference
was obtained in the 0-5 cm depth, although theedifice was not significant (Fig.2.3
(b)).When averaged for all sites, enclosures haudiraglated 43.80+2.30 Mg HaSOC
stock, whereas in the in the open-grazed area8%@$ + 2.00 Mg h&o the top of 30 cm
depth

Similarly, TN content also showed percent increz4€.7% due to enclosure management
as compared to the open-grazed areas in the loepthd(15-30 cm), although the
difference were not significant (Fig. 2.3(c)), weas accumulation of TN stock in
enclosures (0.22 Mg Hai.e., 31.4% increase) as compared to that ofofren-grazed

areas was recorded in 0-5 cm depth(Fig.2.3 (d)).

Acoss all sites, enclosureaccumulated TN stockneséid at 5.00£0.20 Mg Hand that of
the adjacent open-grazed areas with 4.5+0.2 Mowere recorded in this study.
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Figure2.3Mean values of soil organic carbon (SO@tent (a), SOC stock (b), total
nitrogen (TN) content (c) and TN stock (d) in emsties and the adjacent open-grazed
areas across the three soil def@hss followed by same letters at each soil depdhndit differ
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Overall, total mean SOC and TNcontents and stodtts pooled data to the 0-30 cm depth
in enclosures along the sequence each paired atloppen-grazed areas are presented in
Figures 2.4(a-d).

Accordingly, enclosures had increased higherSOQetorin the younger, medium and
older age enclosuresas compared to their respeadiaeent open-grazed areas with more
apparent relative increase (14.3%) was obtainezhalosures at the mediumage category
(20-30 years old), although the difference notisicemt (Fig. 2.4(a)).

On average, we recorded higher SOC stocks withiolosares (i.e., ranged from
39.55+3.45 to 50.96+4.37 Mg fpandthe values ranged from 34.75+2.32 to 47.905 5.
Mg ha') for open grazed areas in the top 0-30 cm depthARb).

The soil carbon sequestration rate in enclosuresgathe age sequence was estimated.
Accordingly, difference between younger enclosyggerage of 16 years) and medium
enclosures (average of 22 years old), the the medge enclosures had accumulated SOC
at the rate of 0.2 Mg Hgr® as compared to younger enclosures.In the same way,
enclosures in the older age category accumulatedtdb8 Mg h& yr* attributable to age

difference between 22 and 35 years (medium to @dercategories of enclosures).

Overall, enclosures managed for more than 30 yedhe study area had shoowd marginal
increase of SOC stock at a rate of 0.6 Mgym# than the younger age enclosures that

ranged between 16 and 35 years (younger to oldes)ag

In this study, wealso found that the older enclesy> 30 years old) had relative increase
of 20% inTN content as compared to its adjacenhapazed areas when data was pooled
to 0-30cm depth, Furthermore, older enclosures d@imulated higher by 0.9 Mg ha

(18% increas) in TN stock when compared with thm@eht open-grazed areas (Fig.2.4

(d)).

However, no recognizable differences were obsehettveen the younger and medium
age enclosures and their respective adjacent opeedareas in terms of TN contents and

stocks as it was depicted in Figures 2.4(c&d).
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Figure 2.4 Mean values of soil organic carbon (S@@tent (a), SOC stock (b), total
nitrogen (TN) content (c) and TN stock (d) in theelesure and their djacent open-grazed
lands along the sequence an in nthe top of 0- 3@egth.

Bars followed by similar letters at each age catggd enclosure did not differ significantly (P

>0.05), after Tukey's test (adjusted). Error badidate standard error of the mean \SE
2.3.3. Effects of grazing management on vegetati@macteristics

The results in this study showed that enclosuras$ significantly (P < 0.05) higher
herbaceous biomass, species richness, and herlsabasal cover as compared to the
adjacent open-grazed areas (Table 2.3), althoiugbults varied along the age

chronosequence

Accordingly, herbaceous biomass increased by ah@uimes in the younger, 0.9 times in
the medium and 2 times in the older aged enclosasesompared to their corresponding

adjacent open-grazed areas (Table 2.3).

Averaged for all sites enclosures had (differenc8E: 71.8 +4.8 gm m-2) herbaceous
biomass as compared to the open-grazed areas wheagad for all sites (Table 2.3). In
terms of age effect, the older enclosures had ase@ herbaceous biomas by only 30.0 gm

m-2 (28.5% increases) as compared to the mediuny@unaer enclosures (Table 2.3).
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Our results also showed that enclosures had signifiy higher P < 0.05) species richness
than the open-grazed areas. However, only the yenenclosures that had significantly (P
< 0.05) higher number of species richness thaadjacent open-grazed areas (Table 2.3).
The resultson herbaceoius richness with respeagecof enclosures was non-linear, which
was initially, increased in the medium age and ttedined in the enclosures with older

age group (Table 2.3).

Our results also showed that significantly morebbheeous basal cover (difference + SE:
20.9+3.4%) in enclosures as compared to that o&tli@cent open-grazed areas. However,
results showed variability along the age chronseguwhere apparently more significant
difference was obtained in the older enclosureO%Z8increase) as compared with that of

the adjacent open-grazed areas (Table 2.3).

Overall, herbaceous basal cover increased witleasing enclosures age. However, more
significant variation was observed between thereldad younger age enclosures (Table
2.2). In this study, we did not observe significé#0.05) difference between enclosures
and the adjacent open-grazed areas in terms of yvdedsity, and the results alsovaried

along the enclosures’ age chronosequence (Table 2.3

Accordingly, enclosures had relatively higher woadysity (1309 woody plants stems ha-
1) than open-grazed areas (1238 number of woodyiiems ha-1 except in the younger

enclosures, where slightly lower counts of woodnpd were recorded (Table 2.3)
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Table 2.3. Mean values of selected vegetatiorbates between enclosures along the age
chronosequence and adjacent open-grazed areadarHara area of Borana in southern
Ethiopia

Vegetation attributes

Herbaceous
ll;i_erbaceous richness Basal cover Woody density
iomass
Enclosures' age group Management systems N
g b f (% i hd)
o e emsnd
Enclosure 105.2 (11.4 5.0 (0.2% 25.04(5.2) 1167 (174)
<20 years 3
Open-grazed 28.6 (6') 3.0 (0.5§ 7.5 (2.23) 1573 (222)
20-30 years Enclosure 105.4 (19.7 5.0 (0.4) 31.5 (5.0) 1307 (282)
3
Open-grazed 56.1 (899) 4.0 (0.5) 14.8 (3.3) 1067 (166)
> 30 years Enclosure 135.5 (24.7) 5.0 (0.17) 45.0 (4.98) 1453 (393)
3
Open-grazed 43.6 (4.81) 4.0 (0.5) 16.7 (3.18) 1073 (90)
Enclosure 9 1154 (112) 5.0 (0.15) 33.9 (3.11) 1309 (169)
Overall
Open-grazed 9 43.6 (4'8) 3.0 (0.30) 13.0 (1.75) 1238 (102)

Mean values%SE) followed by different superscript letters aigngicantly different between enclosure and opeazgd
lands, after Tukey's test (adjusted)R0.05. N- Replication of enclosures along the ag®mmosequence each paired
with open-grazing systems.

2.4. DISCUSSIONS

2.4.1. Effects of grazing management on soil priger

Absence of significant difference between encloswed open-grazed areas in terms of
soil particle distribution, which is also in agremmh with the findings of Angassa et al.
(2012) that indicated that texture is a permaneittpsoperty that would not be altered in

short period and grazing management might havenmaingffect in this regard.

However, the inconsistent results (i.e., decreasslit and increase in clay) with respect
different age of enclosures in the present studyhaps due to weathering. Furthermore,
the higher sand fraction, low silt and clay congantthe open-grazed areas that might have
resulted from the process of accelerated soil eno#fiat facilitated by the poor ground
cover (Oba et al., 2000).
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Generally, the results of the current findingsenrs of sand proportion sandy-clay loam
textural class agrees with the report by Coppd&e4), who indicated that most parts of
the Borana rangelands are characterized by sartighailow soils (53.0 % sand, 17.0 %
silt and 30.0 % clay).

The average bulk density of the soil in the studgssdid not show any significant
difference between enclosures and open-grazed. aleagver, a slightly higher soil bulk
density in the open-grazed areas could be attdbigehe effect of soil compaction as a
result of continues grazing. Similarly, Mureithiat (2014) recorded a significantly lower

soil bulk density in enclosures than in the opegegrg lands in Baringo district of Kenya.

Furthermore, the observed increase in soil bulkstignwith the advanced age of
enclosures could be associated with the level afagament practices by the individual
settlements where the enclosures be affiliated.witrstudy conducted by Yusuf et al.
(2015) in Borana rangelands of southern Ethiopmdiso indicated variation in soil bulk

density across different intensity of bush encroaeht.

Our study results suggesting that although the higksity was not found to be
significantly different between the two managenm&rstesm, variation in bulk density did

have an important influence on SOC stock.

Ingeneral, soil bulk density is a dynamic propérighly dependent on soil conditions at

the time of sampling. Hence, it may be necessacaktoulate SOC stocks in a manner that
is less subject to fluctuations to an equivalemi@a mass method (fixed mass) (e.g., Lee
et al.,2009).

A slightly higher pH in enclosures than in the adjt open-grazed areas might be
attributed to the effects of CEC and SOC withinleswres that in turn trap base cations. In
a semi-arid savanna of Ethiopia, Tessema et al.1(Rfeported that grazing pressure did
not significantly affect soil pH, although to sometent higher pH value was found in the

light grazed areas.
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The discrepancy in the results of soil pH alondedént age of enclosure management is

most likely related to past management practicGasg@ burning and cultivation).

In this study, the overall mean pH values in engles (5.9 to 6.6) and open-grazed lands
(5.8 to 6.2) across the three soil depths fall withe moderately acidic soils according to
the ratings of Landon (1991), which could be attdble to occurance of heavy rainfall
duringmain rainfall season preceded our samplimg tieach away base forming cations
from the surface soils, despite the arid and semdi-af climatic condtions and limited

rainfall in the Borana rangelands.

Inconstrst to our findings Angassa et al. (201@ported that soils of the Borana
rangelands are moderately alkaline with higher eslwf pH for grazed (7.56) and

ungrazed (7.38) areas, which still are good endogthe growth of diverse plant species.

The results of the present study indicated thatXBE values are higher in enclosures than
in the open-grazed areas, followed similar trerfdgtb and SOC. Organic matter usually

increases the available negative charges in thehgice increasing the CEC.

A study conducted in semi-arid rangelands of Kefiareithi et al., 2014) indicated that
enclosures can accumulate more cations than opaedjrareas. The same authors also
indicated that soils with high organic matter comtenight have higher cation exchange
capacity due to more accumulation of litter fromcessive above-ground biomass in

enclosures.

Generally, the results of CEC values in the cursgntly fall within the range of 15-25
cmolc kg-1 (i.e., medium) according to the ratirgsification by Landon (1991). Angassa
et al. (2012) also found similar ranges of CEC galin Borana rangelands of southern

Ethiopia.

Although not significant, relatevly higher amoumtavailable phosphorus was observed in
the medium age enclosure than the open grazingraysthereas this was reverse at the
young age enclosure, similar trend with that of C&@ pH. In general, phosphorous is

68



made available to the plants if the pH is in betwéeé® to 7.0, where our results in soil pH

values fall within.

Angassa et al. (2012) also reported significantighér available phosphorus in the
ungrazed sites in the same study which is some sitlkar trend with our findigs in the
present study. Furthermore, Mekuria and Aynekul01(3 also reported a significant
increase in terms of available phosphorus in encéssin semi-arid areas of Tigray in

northern Ethiopia.

In geral, our results on available phosphorus (AwRder both management systems
corresponded to a very low range (0-15 ppm) basgidgs by EthioSIS (2014).The

probable explanation for the very low Av.P valuegm be due tothe low phosphorus
status inthe parent material of the soils in thelgtareas.

As indicated by Quinton et al. (2001) phosphoraisarmally lost through erosion and
decrease in grass cover due to animal grazing ranagpting, but animal excreta has long

been recognized as an important pathway in thegttawas cycle in grazed pasture.
2.4.2. Effects of grazing management on SOC anddmtents and stocks

Although the differences between enclosures andati@cent open-grazed rangelands in
terms of SOC and TN contents and stocks did notvsdignificant to meet our expected
hypothesis, relatively more accumulation of SOC amd contents and stocks in the

enclosures than adjacent open-grazed lands wasseldse

The implicitly assumption of this study was thatclesures and the adjacent open
rangelands have had comparable initial conditiarth ghat changes in soil quality, more
specifically SOC and TN stocks dynamics are thesequence of enclosure establishment

and the respective management differences .

The current increase in SOC content under enaoasrcompared to the adjacent open-
grazed areas might be attribute to more herbackimmsass and litter fall as well as the
dense fibrous rooting systems of woody trees fawwis organic matter formation and

more built up carbon storage in the soil.
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In line with our findings in the present study, Asga et al. (2012) also reported that
enclosures had moderately more SOC content (0.89%th#) the open-grazed areas
(0.86 %) in the same study area. In contrast tqpoesent findings, Rathjen (2012) found a
significantly higher below-ground carbon allocation the open-grazed areas than in

enclosures in the same study area.

Others (Reeder and Schuman, 2002; Dabasso eDa#) 2also reported that exclusion of
livestock enhanced the growth and development oiahand perennial grasses which
have dense fibrous rooting systems conducive tb @ganic matter formation and

accumulation.

Reeder et al. (2004) also argued that plant rosidues are the primary source of soil
organic matter that helps to improve more accunarabf below-ground biomass that in

succession enhances soil organic carbon.

Our results showed an increase (5.24, 5.66 andN@8a") in SOC stocks, respectively
under the younger (<20 years old), medium (20-3rye®Id) and older (>30 years old)

enclosure age sequence as compard to their paljackat open-grazed sites.

Similar trend of increases by 6.6, 9.6, and 10.6Hdgin SOC stocks, respectively in the
0-15 cm depth, after 15, 18, and 23 years of enotogstablishment was reported by
Verdoodt et al.( 2009) in semi-arid rangelands $aoidKenya .

Although not significant SOC content and stocksenegpparently more under enclosures at
the medium age (20-30 years old), whereas the @der(>30 years old) had higher TN

content and stock than their respective adjacesn-gpazed areas.

However, our results in terms of SOC and TN stauksin contrast with previous study on
exclosures in the central and northern highland&tbfopia (Girmay et al., 2009), who
reported an increase in SOC stock of 22.6 Mg T imathe 0-15 cm depth after 8 years of

exclosure establishment (i.e., on average, 2.8 &y ™).
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More studies (e.g., Su et al., 2005; Yong-Zhonglet2005; Pei et al., 2008) also reported
a significant increase in SOC and TN following gnagzexclusion in a desert steppe of the
in degraded lands of Inner Mongolia, northern China

Our results on the differences between enclosurdsopen-grazed areas in terms of SOC
and TN stockswere apparently more in the top sarf@:5 cm), while SOC and TN
contents in the lower (15-30 cm) depth, althoughesaliscprepnacies were observed along

the age chronsequence.

In linewith, Jobbagy and Jackson (2000) stated thatvertical distribution of SOC in
different ecosystems might be synchronized by ttpe tof vegetation through the root-
shoot allocations along the soil profile. Lal (2D0Odlso explained that in savanna
ecosystems biological activity (especially termjitase important factor influencing soil

structure and soil C is equally distributed wittiie soil profile.

On the other hand, Jobbagy and Jackson (2000)tbaeloses of SOC is more sensitive
in the upper most of the soils due to the impadanfl management systems. Furthermore,
Fultz et al. (2013) also highlighted that the deiptierval as small as 0-5 cm has a very
important implication in terms of capturing the yaninimal changes in SOC and TN

stocks due to the impacts of management and lse¢hanges.

Other study (Shrestha and Stahl, 2008) also inelicathighly significant change in terms
of SOC accumulation at 0-5 cm depth of the soegraftO years of grazing exclusion in a
semi-arid sagebrush steppe of Wyoming.

The SOC and TN contents and stocks increased mgtease in the duration of enclosures,
although it did not show linear to meet our sectiygothesis which stated significant
increase in SOC and TN stocks with advanced img®eof enclosure.

The differences in SOCsequestration indicates areasein SOC stock which averaged
each 0.3 Mg hayr’ in the younger (average of 16 years old) and nmedige (average of
22 years old) enclosures, whereas for older aglsnes (average of 35 years old) it was
estimated at 0.1 Mg Hayr™.
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The lack of linear increase along the age sequwasepossibly an indicator of vegetation
succession and of the partial removal of organittenanput through harvesting of grass
and forb biomass. However, the different ages raflasures management could play
significant role in regulating ecosystem servicéini rangelandsthrough enhancement of

vegetation restoration, soil erosion control andboa storage (Mekuria, 2013).

The overall lack of significant net effect of ermlioe management on carbon sequestration
can be understood as a balance from initial inpugaaly age of enclosure (degradation
level) , which is difficult to separate the effecfsenclosure as management and the age

sequnee, most importantly in the absence of stél piaor to enclosures establishement.

Dean et al. (2012) also indicated that the potentiarangelands for soil carbon
sequestration may be hindered by uncertainty onlitleetion and magnitude of changes in
soil organic carbon associated with shifts in wowdygetation cover.Moreover, Conant et
al. (2001) aslo showed that the response of SOG@raaing is highly variable across

various ecosystems.

Our results indicated that the overall mean of S€@rk, across the studied ages of
enclosures (15-37 years old) ranged between 3%6.bMg hd within the 0-30 cm depth

falls within the range of 20 and 80 Mg haported for tropical woodland and savanna
ecosystems by Alam et al. (2013). This finding adgoees with the report by Yusuf et al.

(2015) in the same study area.

The overall, the low accumulation of SOC and TNcksoin the present study might be
attributed loose enclosure management and humeariergnce like grass cutting activities

and lower inputs of primary productivity due toweent drought and low
2.4.3. Effects of grazing management on vegetati@macteristics

The observed higher accumulation of herbaceous dssnmn enclosures thanthe adjacent
open-grazed areas in the current study agrees twéhfindings of Angassa and Oba
(2010),which indicated enclosures accumulated ®ogmtly more above-ground

herbaceous biomass than open-grazed in southeiopEtihe decline in herbaceous
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biomass in the open-grazed areas might be dueatergand continuous grazing (Wairore
et al., 2015).

It seems that the accumulations of herbaceousasisrin enclosures (115.4 gn)yrand
open-grazed plots (44.0 gm 3nin the current study are very low as comparedhi®
finding of Oba et al. (2001), who reported highwoalation of herbaceous biomass (440

gm mi?) for enclosure and continuously grazed areas ¢h721%) in northern Kenya.

This suggests that the variations in sites andatlarconditions most likely contributed to
the lowaccumulation of biomass. Low primary prodtitt and poor condition of semi-
arid ecosystems were also noted elsewhere in thie \(Mdilchunas and Lauenroth, 1993;
Abebe et al., 2006).

The results of our findings indicated that the afjenclosures had no significant effect on
herbaceous biomass. Similar observation was algortexl byAngassa and Oba (2010)

inBorana rangelands of southern Ethiopia.

Our findings in terms of herbaceous species richmese comparable with the findings of
previous studies (Aerts et al. 2006; Angassa and 2010; Verdoodt et al. 2010), who
recorded higher herbaceous species within enclesuest probably because of reduced

disturbance in enclosures.

The same authors have also pointed out that aaadeerin species richness to some extent,
suggesting that short-term grazing exclusion cquitmmote herbaceous species richness,

while long-term grazing exclusion may not contréot species diversity.

Overall, our results indicate that the cover ofblaeeous plants in the open-grazed areas
was very low,indicating that the impacts of heaxgzing pressure on rangeland vegetation
and conversely the role of enclosures in restamatib rangeland vegetation. A similar
study by Zhao et al. (2011) in the Inner Mongolmanorthern China also showed that

heavy grazing is followed by severe damage on adigetcover.

The current study also indicates that woody plamtsity was relatively lower in the open-

grazed areas than in the enclosures. This may sugy@onotion that heavy grazing is not
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the only factor in driving bush encroachment idand semi-arid grazing areas (Angassa
and Oba, 2008).

On the other hand, others (Mekuria andYami, 2018irtve et al., 2015) have reported the
reduction in woody plant density, which could hekéd to heavy grazing pressure in the

communal areas.

2.5. CONCLUSIONS

Our results indicated that enclosures had relatikiejher SOC and TN contents and stocks
as compared to the adjacent open-grazed landsuglththe results varied along the age
sequence and soil depths. Hence, the medium ag80(3@ars old) enclosures more
apparently higher SOC content and stock, whilealder age enclosures (>30 years old)
showed a higher in TN content and stock as comptoetheir adjacent open-grazed

rangelands.

Furthermore, soil carbon and TN contents and stotkeases with duration of enclosures
though the increase was not linear. On the othed,henclosure management promoted the
recovery of vegetation as manifested by signifigahigher herbaceous biomasses as

compared to the open grazing system.

Thus, the data generated in the current study eBorni policy makers and local land
managers about the roles played by enclosuresmstef forage preservation, potential for

carbon sequestration, livelihood diversificatioml &tosystems services.

The study suggested that there needs for a compizeestudy, most importantly soil
moisture and climatic factors may influence theboar and nitrogen dynamics in such

ecosystems other than grazing management
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Abstract

The influence of land use/land cover changes omyimamics of carbon and nitrogen is a
major concern in the framework of global policy ada to address the impact of climate
change and food security. We studied land use/tmveér changes and its impacts on soil
organic carbon (SOC) and total nitrogen (TN) cort¢eand stocks in different land use
types in the Borana rangelands of southern Ethiofaquential satellite imageries of
1976, 1986 and 2013 were used to detect land uskfdaver changes. The impacts of land
use changes on the property of soils were alsdesugsing four land use systems namely:
woodland, communal grazingland, enclosure and watéid land. Soil samples were
collected at two soil depths (0—15 and 15-30 cnipur land use types representing four
line transects with three replication across diéfet sites. The results generally showed the
dynamics of land use changes in the study sitestheelast 37 years (1976-2013). The
results revealed a considerable reduction in woodlacover (-56.2%), communal
grazingland (-38.8%) and enclosure (-27.3%) frora ttench mark in 1976. In contrast,
cultivated land was increased by 946.5% (more th@rfold), while bushland cover was
increased by 260.3% (7 times) in 2013 as compaoethé situation in 1976. Overall,
about 70% of the land use/land cover types in theyssites were vulnerable to chang,
wheras the remaining balance was persistent to ghaaver the last 37 years. This
suggests an increase in ecological changes in thdysarea over the last decades. The
results showed that changes in land use systemsisamt influenced (P < 0.05) SOC and
TN contents and stocks. Accordingly, woodland hadhighest SOC stock (55.94£3.41 Mg
ha') and cultivated land contained the lowest (38.18%2Mg ha') in the 0-30 cm depth.
We recorded a loss of about 319 Gg SOC and 30.63Kgtocks, which mainly due to
conversion of communal grazingland and woodlandcwdtivated land. Incontrast,the
conversion of the communal grazingland and croplaodwoodland and enclosures
partially counter balance SOC and TN losses, algiodhe results might be better
understood as potential changes. We suggest furdserarch that can address variability
in carbon flux over time as influenced by land abanges to fully understand the long-

term dynamics of carbon.

Key words: Land use change, Mapping, Soil properties, SontE¢hiopia
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3.1. INTRODUCTION

Land use/land cover changes are induced by ngitmeésses and anthropogenic factors as
a result of human beings interactions with theiure environment for survival (Lambin
et al., 2001). The Borana rangelands of southehiofia have been extensively used as
communal grazingland by pastoralists for millentiaditionally managed with the use of

periodic fire until the early 1970s (Coppock, 1994)

However, there has been a dramatic shift from pgnagingland to cultivation, left unused
because of bush encroachment, and highly degrazeting to different land use/land
cover types in the region (Angassa and Oba, 2008).

Land use/land cover change is among the most impbdeterminants of SOC stock
status, other factors being similar, as they gowbm long-term patterns of vegetation,
frequency of removal and amount of organic mat@vl) added to the soil systems, and
thus threatening ecosystem functions like soiilfigrtand carbon sequestration (Novara et
al., 2012; Stringer et al., 2012).

Rangelands stored about 10-30% of the global soiban, besides the above-ground
carbon storage in trees, bushes, shrubs and gréSsase, et al., 2006; Derner and
Schuman, 2007). Hence, there is great potentialcéwbon sequestration in above-and
below -ground pool that might play a key role ie thitigation of climate change effects
(IPCC, 2007; Tennigkeit and Wilkes, 2008; Neelplet2009).

Rangelands comprise more than 60% of East Afrizarssa ecosystems and the potential
of these rangelands to sequester carbon underafiffenanagement practices has been
reported in numerous studies (Batjes 2004; Vageml.et2005; Grace et al., 2006).
However, recent studies reported significant lasel change in the rangelands of Africa as
a result of increased food scarcity and demandnfiore lands particularly through
expansion of cultivation to cope with economic shigs (Hoffman and Vogel 2008; Reid
et al., 2014).
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Estimating shifts of carbon due to land use chasge key process in determining the
impacts of disturbances on carbon storage in eta®gs For example, conversion of
rangelands to cropland resulted in a loss of 95%h@fabove-ground and up to 60% of the
below-ground carbon (Guo and Gifford, 2002; Reichlet 2004). Woomer et al. (2004)
also reported that land degradation can lead ¢ssdf up to 6 and 13 Mg havegetation

biomass and soil carbon stocks, respectively.

Hence, land use changes can cause a change ircdaed and an associated change in
carbon stocks through alteration of the structum@ @omposition of vegetation (Bolin and
Sukumar, 2000). Lack of appropriate policies thategn natural resources management

contributed to land use conversion from the Africantinent (Homewood et al., 2004).

However, the impact is hard to assess due to ladkfarmation. For example, a review
and synthesis of carbon balances for Africa fromen¢ researches (Ciais et al., 2011)
elucidated that inadequatesitu data and a high uncertainty have made it diffi¢alt

characterize the carbon stocks or fluxes in theoreg

Moreover, the complexity of vegetation dynamicsndlause practices and soil
characteristics are additional inadequacies toy fulhderstand the effect of land use
systems on soil nutrient dynamics (Grace et aD62@ngassa et al., 2012).Generally, land
use/land cover change is a dynamic process aredf@sts on soil properties and nutrient
dynamics are varied due to factors such as soi,tgtimate, topography, vegetation
characteristics and land management practices igBollet al., 2008;Cantarello et al.,
2011).

In contrast, restoring the degraded land to theurahtvegetation can improve soll
productivity and carbon sequestration in soils if@zy et al., 2008; Lipper et al., 2010;
Demessie et al., 2015). However, land resourcecamgtonmental decision makers require
quantitative information on the spatial distributiof land use types and their conditions as

well as temporal changes on carbon stock dynamics.

One way to reconstruct a better understanding efptist and present changes in land use

and its impact on carbon storage potentials isutfitoremote sensing data combined with
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ground based field surveys (Evrendilek, et al.,120¢agen et al., 2013).The savanna
rangelands in southern Ethiopia comprise extensamgelands with a unique feature of
landscapes and supports pastoralism, small scaf@nigq and other ecosystem functions
(Coppock, 1994; Homann et al., 2008).

However, since the last four decades these randglzave been experiencing considerable
changes in patterns of land uses (Oba et al., 2800ndicated by Coppock (1994),
landuse change in the Borana plateau had begunditba 1960s and dramatic increase in
bush cover, introduction of range enclosures, esipanof crop farming from the 1970s
onwards (Dalle et al., 2006’ Angassa and Oba, 2008) potential grazingland is being
cultivated, closed-off for purposes of private ul&ing the last 30 years (Tolera and
Abebe, 2007).

Some recent studies (Abate and Angassa, 2016sktial. 2015) showed that the Borana
rangelands had undergone substantial changes dthengast three to four decades,
attributed to the shift in the environment or proiion system. Earlier study by Angassa et
al. (2012) also indicated that land use and managesystems can significantly affect the

status of numerous soil properties in the sameysiteh.

Furthermore, a few recent studies (e.g. Yusuf.eRall5; Aynekulu et al., 2017; Feyisa et
al., 2017) also showed that improved land use nmemagt practices such as enclosure
improved carbon sequestration potentials and as®atisoil properties and vegetation

attributes as compared to open-grazedlands in saudg area.

Other (e.g. Bikila et al., 2016) also reported thiascribed burned areas have contributed
to enhance carbon sequestration potentials andiatsmh soil properties and vegetation

attributes in Borana rangelands of southern Ethiopi

However, these studies are limited to few sites spetific land use types to represent the
ast and heterogonous landscapes of the Boranaapla@n the other hand, there is no
reason to assume that the current land use chaitigetap with the current government

policies and increasing population pressure, rathgilikely to continue.
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Therefore, the objectives of this study were tgagsess land use changes using the
Landsat data for the period between 1976 and20lB2stigate the effects of different
land use systems on SOC and TN contents and st8ckstimate changes in SOC and TN

stocks due to land use changes.

We hypothesized that (i) the magnitude and rateshahges in land use/land cover in the
study sites is very high with further increasedanant years; (ii) SOC and TN contents and
stocks significantly varied in different land usgés, and (iii) the dynamics in land use
brings considerable changes in SOC and TN stoc&stbe last decades.

3. 2. MATERIALS AND METHODS
3.2.1. Study area

Our study sites from Yabello districtof Borana ralandsin southern Ethiopia were located
between 4.57and 5.06°N latitudes, and 38°1&nd 38.47° E longitudes with an area of
about 125873 ha and covering three pastoral asswsa(PAs), namely, Dida-Hara,
Dharito and Obda (see the maps in Fig. 1.1). Theystites were found in altitudes ranging
from 1478 to 1928 meter above sea level (m.a.s.l).

In this study, pastoral associations (PAs) locedliledKebelerefers to the smallest unit of
local government within a district. These sites aveelected through systematic random
sampling technique to represent different land types, among others, enclosures and
open-grazed rangelands, crop farming and a few qisckf protected natural forest

(woodland).

Expansion of bush encroachment was also among tisé mticeable changes occurred in
the study sites.In the identification processexywkadgeable community members and
experts working in the area were participated.Th&its of biophysical characteristics

including climate, soil, vegetation and livestoakghuction in the study area were described

under the general materials and methods se(tiwapter I).

3.2.2. Research methodology
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3.2.2.1. Data source, satellite image acquisitionl @reprocessing

The Landsat multispectral scanner (hereafter M8@®matic mapper (TM) and Enhanced
Thematic Mapper Plus (ETM+) images of the years6194086 and 2013, respectively

were used in the study.

The Landsat MSS (acquired on 25 January 1976), ddduired on 05 January 1986) and
ETM+ (acquired on 30 March 2013) downloaded frome tbnited States Geological
Survey (USGS) with sensor characteristics of path/(168/056-57).The MSS had a

spatial resolution of 79 m, while the TM and ETMetlbwere of 30 m ground resolution.

All satellite images were configured to World GetideSystem 1984 (WGS 84) and
Universal Traverse Mercator (UTM) zone 37N) specifo southern Ethiopia and
georefrenced to known ground control points (G@&R}ellite scenes were acquired during
the same season in order to minimize the influeoiceseasonal variations on LULC

analysis.

Ancillary data such as shape file of Yabello d&friGoogle Earth imag@sand different
LULC features and their location points were reeardising a Global Positioning System
(GPS) instrument.A maximum root mean square erfo®-6 pixels was achieved for

Landsat MSS image.

Using the nearest neighbour method, images wessmgled into a pixel size of 30 x 30 m
Atmospheric correction was not applied in this gtudecause the adopted post-
classification comparison approach compensated/dhi@tion in atmospheric conditions
and vegetation phenology for different dates, nussag and subsetting of the image on
the basis of Area of Interest (AOI) (Lillesand dfidfer, 2000).

Finally, color composite bands of RGB 4, 3, and2the MSS and'M, whereasRGB 5,
4, and 3band combinatidiorETM+ imagesvere used and clipped so as to include the land
use/land cover (LULC) classes indentified in thagrting sites and proceed to classify and

guantify the images in ERDAS IMAGINE version 2014software.
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3.2.2.2.Image pre-processiagd accuracy assessment

For LULCclassification, a classification scheme,thwisix LULC classes namely,
woodland, grazingland (the communal rangelandsglosare, cultivated land, bushland
and bareland cover types across the three sty (®ida-Hara; Dharito and Obda).

The nomenclature of LULC classes was based deh dileservation and discussion with
community elders and local experts as well as prevstudies (e.g., Tsegaye et al., 2010;
Elias et al.,, 2015; Abate and Angassa, 2016) ,wiinor modification to fit to the
objectives of the study (see Appendix 3.1).

Both unsupervised and supervised classificatiorhotst, with the Maximum Likelihood
Classifier Algorithm (Pradhan et al., 2010) methoslesre employed to classify the
individual images independently were used Clasttifins of imageries.

In the unsupervised classification, images werssifi@d into pre-defined land use/land
cover classes identified by the user by delimifpadygons around representative sites and
clipping the region of interest (ROI) assignedatdom of natural groupings based on the
spectral characteristics with the highest simyafitilesand and Kiefer, 2000) and the

results were used as a guide for the selectiorawiimg sites for supervise classification

Then, images were further classified using supedvidassification using analyst-defined
to determine the characteristics of each LULC tygped overcome the problems of mixed
pixels and misclassification. Filtering was notraad out in this study.This is because
filtering might mislead by generalizing the clagsition to the extent that some mapping

units for instance cultivated area and barelanéisweould be underestimated.

Accuracy assessment determines the quality ofrifeemation derived fromthe remotely
sensed data using error matrix and Kappa stat{§tangalton and Green, 2009). The
stratified random sampling, where the number ohfsowas stratified to the LULC types,
was adopted in order to reduce the bias effectncklea total of 250 pixels random points
were selected for LULC mapping for theyears 19B86land 2013.
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The visual interpretations of satellite images weveducted by analyst, groud reference
data for the training sites and Google earimage. A confusion matrix was produced as
cross- tabulations of the classified data versagdéference data and was used to assess the
classification accuracy. Afterwards, overall aceyrauser's and producer’'saccuracies and
the kappa statistidkhat = Coefficient of Agreement) were performed forle#dLC class

in each year (Congalton and Green, 2009) from ERDAS

3.2.2.3. Land use/land-cover change analysis

The LULC change analysis was done using postcleasdn comparison method where
Landsat image for each year (1976, 1986 and 20183} wlassified and labeled
independently, and then comparison was made ugingvarlay procedure (Lu et al.,
2004).

The magnitudes and rates of changes in terms of@_tlasses were determined using the
following variables: total area (TA), changed af@4) and change extent (CE)

The average change extent (CE %) was calculaténiviolg the formula adopted by Abate
and Angassa (2016)

- Az'Al

CE x100 (3.1)

1
Where:
CE = Change extent (%)
A; = Amount of land use/land cover type in time 1)(T
A2 = Amount of land use/land cover type in time 2)(T
T,= study period at initial time

T,= study period at final time.

A cross-tabulation module detection method was tse@tect land use /landcover change

(LULC) through which a LULC change matrix was puodd, which enables to knowthe

nature and spatial distribution of land use chaidgeschange/conversion matrix for three
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periods: 1976-1986, 1986—2013 and 1976— 2013 weceused to drive the gains and

losses for land covercategories.

The gains for each class were derived by subtiattia persistence from the column total
(final state) and the loss for each class was ddrby subtracting the persistence from the
row total (initial state). The land use/land coweralyses were carried out in ERDAS

IMAGINE ®version 2014. The land use/land cover classificato three study sites was

computed altogether.

3.2.2.4. Experimental design for field data coliect

A paired-site design approach was used in thisystdetailed under general materials and
methods section ithapter 1). Accordingly, four different land use types (wdand,

cultivated land and open-grazed-rangelands [comihuremd enclosure [protected
rangelands]) from adjacent sites, with similar sloglevation, and land aspect were

selected.

The selected land use types were apparently mmpegs/es of the current land use
systems in the area and their influence on carlbdmérogen stocks dynamics and related
soil properties were assessed and replicated timme=s across three sites (Dida-Hara;
Dharito and Obda) in order to capture the varigbiln terms of soils and management

practices of land use.

According to on-site discussion with local commuretders, crop fields received no farm
input such as fertilizer, since they were broughttltivation. Field data collection was

carried out between July and August 2013.

Hence, a total of 12 paired sites = [(4 land upesy x3 site (replicates)] were used in this
study. At each replicate site, we established IT0psag plots (30 x 30 m each) along a

500 m long line transect in each of the four lard types.

The plots were well spaced and put at an inter/&0om along a transect line to account
for the spatial variability of the soil, while kdag, 20 to 30 m distance away from the

land use perimeter to avoid edge effects.
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3.2.2.5. Soil sampling and Laboratory analysis

In each plot, random soil samples were collectedguauger (Edelman auger, 7.6 cm in
diameter) at 15 randomly distributed auger poist{plots) from soil depths of 0-15 and
15-30 cm. Hence, a total of 240 composite soil sasnd( 4 land use types) x3 site

(replicates) x 10 plots x 2 depths] were colle@erbss the study area.

In addition, cumulative masses of soil samples veaiected from four sampling points
(replicates) in each plot at the similar depth eanging auger with a diameter of 7.6 cm,
clearly marked to determine the soil bulk densir{@kulu et al., 2011).A cumulative soil
mass sampling plate was used to collect any satl fédl out of the auger during sample

collection.

The details of the procedures soil samples proegssiboratory analysis, calculation of
SOC and TN stocks were presented in detailsunderrgematerials and method section in

chapter I).

3.2.2.6. The SOC and TN stocks change due to lsmdhanges

There is a lack of long term monitoring carbon k#ochanges attributable to land use /land
cover changes in many arid and semi-arid parté\fata (Reid et al.,2004; Cias et

al.,2010), as this aslo the case in Borana randslahsouthern Ethiopia.

Thus, comparisons were made between adjacent gabéhand with different land cover,
and a known history of use, with similar climatiype aspect and altidue. In this study,
we did not set the base line and it was assumddtikaSOCof the same land use type

remains constant over thestudy periods.

The four land use types selected from adjacens sitere similar with respect to climatic
factors, the type of soil, slope, elevation, andimage, but under different land use
systems. On-site observation and discussions @it bwners showed that no substantial

differences in soil management practices have oedwver the last 30 years
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Thus, change in SOC and TN stocks over time wast@ehanges in land use types.Inthis
respect, when a ha of agiven land use /land cegr, (woodland) was converted to other
land use /land cover types, in this case (culttvakend), change inSOC stock was
eastimated as the difference in SOC stock undeivatéd and that of the woodland then
multiplied by the mangnitude of area of woodlandwarted to cultivated land and

viceversa (Carré et al., 2010).

SOg =(SOG-SOG)xA, (3.2)

Where, SOCc is the SOC stocks change caused hyatisfer out of and/ or transfer in of
land use types i and j using the land use tramsitiatrices, SOCand SOCj are the mean
SOC stocks of land use types i and j, Ajj is theaaconverted from land use type i to land
use type j during the study period. Then the saat®utations were done for the TN stocks.

3.2.2.7. Statistical analysis

Prior to data analysis, we tested our data tosatdrmality by producing a histogram and
a normal probability plot of residuals. The diffeces in SOC and TN stocks and related
soil properties in different land use types weralyred using one-way analysis of variance
(ANOVA) in linear mixed effect procedure for eacépth (0-15 and 15-30 cm) and to 30

cm soil depth (i.e., comparing land uses as theddfiffect and plots as the random effect).

Comparison of means among the four land use/landrachanges at each soil depth was
carried out using the Tukey's HSD test (adjustedpisignificance at P < 0.05). Results

were reported as mean + standard error, unlessnfigespecified
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3.3. RESULTS

3.3.1. Land use /land cover changes and accurasgsssnent

The land use/land cover maps were classified cilyrand independently according to the
selected land use classes including cultivated, larmddland, communal grazingland (the
communal rangelands),enclosure, bush land andlabaréor each period (1976, 1986 and
2013).

Results on accuracy assessment for each clasifined cover types showed an overall
accuracy of 85, 85.83 and 91.67% and the correspgritappa coefficients of 0.74, 0.81
and 0.90, respectively, for the three image mapsguthe Landsat MSS for 1976, TM
for1986 and ETM+ for 2013.

The results also showed a high rate of agreementeba the user’'s accuracy (UA) and
producer’s accuracy (PA) for the woodland, bushlandmmunal grazingland and

enclosure. In the case of bareland, users’ accuaadyproducer’s accuracy were 68 and
57.14%, respectively, and with users’ accuracyadband producers’ accuracy of 75% for

the cropland (Appendix 3.1).

The dynamics and rate of land use/land cover aisdlgs the study sites were obtained by
interpretation of Landsat data (MSS, 1976, TM, 1888 ETM+ 2013) as presented in
Table 1 and Figures 3.1(a-c).According to the peeduLULC mapsthere were six major

land use/landcover classes with a total area of8¥3516 ha.

However, the significant spatial expansion in ealted and bush land cover types and the
Computed percentages of LULC classes showed th#tenyear 1976, the communal
grazingland comprised the largest area coverag8¥9Jollowed by grassland (enclosure)
(22.3%), while the remaining balances were covéredoodland (12.6%), andcultivated,
bushland and bareland occupied o about 2.03, 418 &%6 that order (Table 3.1).

In the year 1986, the area coverage of cultivaéedl land bush cover were increased to

25.0 and 17. %, respectively, while the communakigg, woodland and eclosures were
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declined to 36.1, 7.2 and 8.8%, respectively aspaoe to the base year ( 1976) (Table
3.1).

In the year 2013, the area under enclosure intd&stand increased to 16.2%, whereas the
area coverage under communal grazinglands and eoddleclined as compared to the
base year (1986).

Overall the last 37 years (1976-2013), the propaortdof bushland showed substantial
increase (260.3%)and that of cultivated land ineedamore than tenfold (945%) as
compared to the base year (1976) (Table 3.1)

Table 3. 1. Magnitude and rate of land use/langcotanges (ha) across the three periods
(1976, 1986 and 2013) in the study areas from Yalggtrict in Borana rangelands

1976 1986 2013 1976-1986 1986-2013 1976-2013

CA CE
LULC class TAMha) (%)  TA(ha) )  TA(Ma) (%) CA(ha) CE(®) ) CAha) CE(%)
Woodland 15864.4 12.6  9069.1 72 69482 55 67953  -42.8 2121 234 -8916.2  -56.2
Bushland 60136 4.8 221875 176 216647 17.2 161739 269 5228  -2.4 156511 2603
Grazingland (communal) 67893 539 454217  36.1 415335 33 224713 -33.1 -3888.2 -8.6  -26360  -38.8
Enclosure(grassland) 28060.8 22.3 110401 8.8  20407.5 162 -17020.7 -60.7 9367.4 849 76533  -27.3
Cultivated land 2556.6 2 31415 25 267548 21.3 288584 11288  -4660.2 -14.8 24198.3 9465
Bareland 54847 44  6739.8 53 85645 6.8 1255 22.9 18248 271  3079.8 56.2

Total 125873 125873.2 125873

Notes: TA —total area, CA-change area, CE-changenéex

General patterns of the LULC class identified aiffexent classes were represented as
different colours in each image, making it easidentify (Fig. 3.1a-c). Across the LULC
maps, the arewa was dominated by the grazinglamarmnal). The LULC map of 1976
(Fig.3.1a) also illustrated that the predominaiesy of LULC class was grazingland (the
communal rangelands) followed by enclosures andiemal.

According to the LULC map for the year 1986(FidLtB, it was found that cultivated land
increased in magnitude. Furhtermore, the LULC miap0d 3 also showed that there was
progressive increase for bushland cover, whereasdland was dramatically reduced
(Fig.3.1¢c)
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Figure 3.1Maps showing land use /land cover forgéeods of 1976, 1986 and 2013 in
the study sites from Yabello district in Boranagelands of southern Ethiopia

3.3.2 Land use /land cover transition matrix
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The LULC change detection statistics for three quwi(i.e., 1976- 1986, 1986-2013 and
1976- 2013) in the studysites are presented in€er@uk(a-c). The results showed the
dynamics of land use /land civer transtion from eagegory to another, with bushland,
cultivated land and bareland were the net changeega whereas woodland and the

communal grazingland were the net change losers.

On the otherhnad, the bolded diagonal elements fi@hle 3.2 (a-c) indicated the
proportions of LULC classes that were static (sesl) and hence the net change to
persistence (Np) closer to the value of ‘zero,”icates a higher tendency to persist to

change.

Accordignly, major conversion of of land was readdrom grazingland (the communal

rangelands) to cultivated land (18,280.10 ha), laugh(15,180.20 ha) and enclosureduring
the period from 197 to 1986 (Table 3.2a). Durimg $ame period, however, about 33% of
total of the study area persistent to change, vth#eremaining balance (67%) of the land

use types was vulunerable to change 1976 and {98ble 3.2a).

Likewise, during the period from 1986-2013 grazamgl further converted to bushland
(13393.8 ha), enclosure land (8985.62 ha) andveitétd land (6589.19ha).During the same
time period,the maganitude and rate of changekimd use/land cover change was found
high with a total of 72% of the total areas in stedy sites showing internal trading
(Table 3.2b). During the same period (1986-2018)vdver, bush and cultivated lands had
negative and closer to zero values of Np, whilegoclosure the value was positive and

relatively higher Np value (Table 3.2b).

Overall the last 37 years (1976 to 2013), cultidagained (26082.36 ha), mainly through
conversions of the communal grazingland (61.76%9odland (15.3%), and enclosure
(15.2% (Table 3.2c).The net change to persisteid (Alp) for bushland (positive) and
cultivated land (positive), whereas it was negatwel closer to zero for the remaining
LULC classes).

Furthermore, the communal grazing land was the pestistent, suffered the highest loss

followed by woodland, whereas bush and cultivatettls showed the lowest persistence,
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with both have also with lowest amount of loss. @llethe largest proportion (70%) in
the study sites experienced land use /land covanrdgis, whereas only about 30% (i.e.,
sum of the diagonal elements) showed perisistamcbange (Table 3.2c).

Table 3.2. Transition matrix showing land use /langler changes for the periods of 1976,
1986 and 2013 in the study sites from Yabello wisin Borana rangelands of southern
Ethiopia

(2)1976-1986

WL BuL GL GR CL Bal 1986 total
WL 7,090.4! 49.59 1,717.02 73.71 118.26 20.07 9,069.14
BuL 2,678.48 1,423.5! 15,180.20  1,608.93 832.14 464.13 22,187.47
GL 2,764.73 1,311.03  25,700.66 13,727.20 105.39 1,812.69 45,421.70
GR 801.12 342.54 4,698.18 4,535.8 38.25 624.15 11,040.11
CL 2,200.86 2,769.48 18,280.10  5,403.33 1,360.01 1,401.21 31,414.99
BalL 328.73 117.36 2,316.87 2,711.79 10251 1,162.4¢ 6,739.75
1976 total 15,864.41 6,013.59 67,893.03  28,060.83 ,556256 5,484.74 412, 73.11 (33%
Gain 1,978.65 20,763.88 19,721.04  6,504.24 30,854.9 5,577.26
Loss 8,773.92 4,590.00 42,192.37  23,524.96 1,196.55 4,322.25
Net change -6,795.27 16,173.88 -22,471.33 -17,@20.7 28,858.43 1,255.01
Np -0.96 11.361 -0.87 -3.75 21.22 1.08

(b) 1986-201%

WL BuL GL GR CL BalL 2013 total
WL 5595.1: 1026.14 28.89 0.2 297.16 0.65 6,948.17
BuL 406.14 3439.1° 13393.8 1073.66 3052.55 299.34 21,664.66
GL 140.52 6473.63 14578.: 5260.39 12672.2 2408.63 41,533.47
GR 12.22 1102.45 8985.62 313441 5007.53 2165.31 20,407.54
CL 2805.51 8935.38 6589.19 836.76 7303.1¢ 284.81 26,754.81
BalL 109.62 1210.7 1846.1 734.69 3082.39 1581.0: 8,564.51
1986 total 9069.14 22187.47 45421.7 11040.11 39814. 6739.75  35630.98 (289)
Gain 1,353.04 18,225.49 26,955.37 17,273.13 19%851. 6,983.50
Loss 3474.01 18748.3 30843.6 7905.7 24111.83 5458.7
Net change -2,120.97 -522.81 -3,888.23 9,367.43 668418 1,824.76
Np -0.38 -0.15 -0.27 2.99 -0.64 1.15
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Table 3.2 (continued)

(c) 197¢-201:

WL BuL GL GR CL BalL 2013 total
WL 5,953.3 24.12 854.89 16.79 90.7 8.33 6,948.17
BuL 1,990.43 475.01 15,196.37 3,250.67 231.03 521.19 21,664.66
GL 2,139.53 2,606.18 22,497.7. 11,309.59 789.62 2,190.78 41,533.47
GR 1,298.61 1,316.18 9,035.30 7,398.36 410.4 948.69 20,407.54
CL 3,993.37 1,092.85 16,107.89 3,969.41 672.4¢ 918.83 26,754.81
BalL 489.13 499.25 4,200.84 2,116.01 362.36  896.9: 8,564.51
1976 total 15864.41 6013.59 67893.03 28060.83 25856 5,484.74  37893.82 (30%)
Gain 994.83 21,189.65 19,035.73 13,009.18 26,082.367,667.59
Loss 9,911.07 5,538.58 45,395.29 20,662.47 1,884.11 4,587.82
Net change -8,916.24 15,651.07 -26,359.56 -7,653.2924,198.25 3,079.77
Np -1.5 32.95 -1.17 -1.03 35.99 3.43

Notes: WL-woodland, BulL-bushland, GL-grazing lan@R-Enclosure, CL-cultivated Net change =
gain—loss, Np refers ratio of net change to pezscg ratio (i.e., net change/ bolded diagonalsashe
class).All the figures in the table are in hecexeept Np which is a ratio

3.3.4. Effects of land use systems on selectecpsmilerties, SOC and TN contents and
stocks

The results showed that sand fraction was lowevdondland and higher in the communal
grazingland (Table 3.3).Conversely; we found theg ¢lay fractions were higher in the

woodland plots and lower in both the cultivated aachmunal grazingland.

The results of this study aslo revealed that ficant (P< 0.05) difference was observed
only between woodland and cultivated land in teohslay fraction in both soil depths,
whereas no significant difference in terms of sand silt fractions. Overall, texture of the
soil for the investigated land use types was caieg@ under sandy clay loam, with sand
fraction being the dominant (Table 3.3).

The results showed no significant (P > 0.05) défere in terms of the overall mean soil
bulk density between land use types. However, werded a significantly higher bulk
density value in the communal grazingland thanhia ¢ultivated land (15-30 cm) depth
(Table 3.3).
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Furthermore, the mean value for the bulk densdg Wigher in the communal grazingland

than the value recorded in the woodland (Table. 35&nerally, the mean value for bulk
density showed a decrease in the communal grandgknclosure, cultivated land and
woodland in that order (Table 3.2).

Higher amounts of soil SOC contents were e obsentetivo depths of soil for the
woodland and enclosure than that for the grazimjcativated land use types (Table 3.2).
Moreover, woodland had higher SOC content thanosocé and the grazingland had
higher SOC content than cultivated land, but ditldiffer significantly across the two soil
depths (Table 3.3).

Generally, there was not significant (P > 0.05jedénce between woodland and enclosure
in terms of SOC stock, although the value was iadt higher for the woodland.
Likewise, the communal grazingland had a higher Si0¢k than the cultivated land, but

with no significant difference in both soil depifigable 3.3).

The results showed a significant (P < 0.05) diffieeein total nitrogen (TN) content (%)
between woodland and cultivated land soils, as agivoodland and enclosures. However,
there was no significant difference between the dimmad and communal grazingland in
the 15-30 cm soil depth (Table 3.3). Overall, wainid a higher TN content in the

communal grazingland than in the enclosures and/atéd land use types (Table 3.3).

Similarly, the results showed that the mean totabgen (TN) stock was significantly (P <
0.05) higher in the woodland than in the other larsg¢ types across both soil depths.
Moreover, enclosures had higher TN stock than \atkid land with no significant
difference in both soil depths (Table 3.3).

The carbon to nitrogen (C: N) ratio was signifidar{fP® < 0.05) higher in enclosures than
in the communal grazingland and cultivated lantath soil depths. Moreover, enclosures
had relatively higher C:N ratio than the woodlandmmunal grazingland, and cultivated

land across soil depths (Table 3.3).
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Table 3.3. Comparisons of selected soil proper8€¥C and TN contents and stocks in
different use types at two soil depths in the stsitlys from Yabello district in Borana,
southern Ethiopia.

soil parameters depth (cm) Woodland Grazingland |dsoce Cultivated land

0-15 50.9+2.5 56.9+4.5 54.20+3.1 58.7+2.7
Sand (%)

15-30 50.0+2.5 56.6+4.4 54.0+3.0 58.1+2.7

0-15 19.4+1.6 19.2+3.0 21.2+2.0 17.10+1.7
Silt (%)

15-30 18.8+1.6 19.5+3.1 20.0+1.9 16.3+1.8

0-15 29.7+1.8 23.9+1.f 24.6+1.2° 24.2+1.6
Clay (%)

15-30 31.2+1.% 23.9+1.4c 26.0+1.3b 25.6+0.9

0-15 1.45+0.08 1.59+0.07 1.50+0.06 1.54+0.07
BD (gm cm®)

15-30 1.54+0.08  1.68+0.06" 1.63+0.06° 1.58+0.0%°

0-15 1.390.1% 0.83+0.16 1.24+0.16 0.83+0.07
SOC (%)

15-3C 1.23+0.1¢ 0.79+0.1€ 1.07+0.16 0.73+0.0°¢

0-15 20.15+1.8% 22.97+1.98 25.80+1.5% 19.94+1.36
SOC stock (Mg hd

15-30 26.79+1.78 22.82+2.13¢ 24.23+1.65 18.16+1.28

0-15 0.1620.01  0.13+0.0% 0.13x0.0% 0.130.0%
TN (%)

15-30 0.1420.0¥  0.12+0.0%° 0.11+0.01c 0.10+0.01

0-15 3.81+0.28 3.25+0.28 3.09+0.1&° 2.84+0.19
TN stock (Mg hd)

15-30 3.71+0.2% 3.20+0.24 3.080.26¢ 2.74+0.18

0-15 8.730.49 6.68+0.48 10.26+0.78 7.50+0.35
C:N ratio

15-30 8.41+0.48 6.62+0.54 9.70+0.76 7.22+0.46

Notes: SOC-Soil organic carbon, TN- totals NitnogBD- Bulk Density, C: N- ratio of Carbon to Nigen.
Mean values £SE) followed by different letters within a row imdite a significant difference at P< 0-05
different between different land use types at edggth (tested by one-way ANOVA with proc mixed mipde
Tukey's (adjusted) test at P< 0.05).

Overall, the total SOC content across thje 0-30dapth showed significantly higher
under woodland (1.31+0.07%) enclosure (1.16+0.08f%) in the communal grazin gland
grazingland (0.81+£0.06%) and cultivated land (09%%) (Fig.3.2a).

Likewise, ttheSOC stocks in the 0-30 cm depth shibtiat woodland (55.90+3.4 Mg Ta
and enclosure (50.03+3.03 Mg hahad higher SOC than the communal grazing land
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(45.79+4.00 Mg hd) and cultivated land (38.10+2.47 Mg BHaHowever,
significantlydifference in terms of SOC and stoekss obtained between woodland and
communal grazingland, woodland and cultivated laadswell as between enclosures and
cultivated lands in terms (Fig.3.2 (a&b).

The mean total nitrogen (TN) contents in the 0cB0depth were higher under woodland
(0.15+0.04%), followed by communal grazingland aedclosures woodland each
(0.124£0.04%) and than the cultivated land (0.11%4)). However, significantly higher
TN content was found only in the woodland as comgdo the remaining land use types
(Fig.3.2¢).

The results showed a decline in TN stocks (0-3Gepth) from the woodland towards the
communal grazingland, enclosures and cultivatedd lam that order. However, a
significantly (P < 0.05) higher TN stock was obsehin woodland than in the cultivated
land use type (Fig. 3.2d).

(

c)
a
0.1 be be
0.1
0.1
0.1
0.1
0.0
0.0
0.0
land Enclosure

Woodland Grazinglan: Cropland

(d)
ab
7.0 bc c
6.0
5.0
3.0
2.0
1.0
0.0

Woodland Grazingland Enclosure Cropland

1.6
1.4
1.2
1.0
0.8
0.6

50C content {%)
TN content (36)

0.4
0.2

0.0

70.0 (b)

50.0 be

E c
= s00
w
= 400
S 300
#
S
g 200
100
0.0

TN stock (Mg ha't)
»
=)

land use types

Figure3. 2. Mean comparisons of SOC and TN con@misstocks between different use
types when the data pooled to 30 cm soil depths

Note: Different letters above bars indicate siguifi (P < 0.05) between different land use

types, after Tukey's test (adjusted) at P < 0.§bfwiant level. Error bars indicate standard
error of the mean.
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3.3. 4. Estimated SOC and TN stock changes damtbuse change

Based on the area weighted average of the fourdaadypes, the total SOC stocks were
estimated at 5.50, 4.34 and 4.33 Tg ,respectivetytlie year 1976, 1986 and 2013
(Fig.3.3). Likewise, the total TN stocks across $hene periods were: 0.74, 0.60 and 0.59,

respectively (Fig.3.3).

2013 A.33 0.59
=
=
@
g 1o86 a.34 0.60 Total SOC
= | | Total TN
~a
= S—

1976 5.50 0.7

. 1
0.00 2.00 A2.00 &.00 5.00

Owerall average of SOC/TM stocks (Tg)

Figure3. 3. Total SOC and TN stocks estimated actios different land use types (based
on the areaweighted coverage) in the study arethégperiod of 1976, 1986 and 2013
Nonetheless, LULC changes resulted in potentiad lmsSOC stock estimated at 319.51
(equivalent to 7.02 Tg ) and TN stocks of 30.65Gg (rate= -0.32 0.10 Gg'ypaue to
land use change for the period between 1976 ang(Z8khle 3.4)

Conversely, there was again in terms of SOC ststiknated at 59.63 Gg (rate= 1.61 Gg
yr'Y) due to conversion of the communal grazinglandi@odland and enclosure as well as

cultivated land to the remaining land uses typesfil976 to 2013 (Table 3.4).

Likewise, our results showed a total of 18.80 G @@.5Gg yi’l) in TN stocks between
1976 and 2013. During the same period, there vssaabain (increase) in TN stocks with
the conversion of cropland and enclosure to woatleamd grazingland cover types (Table
3.4). Accoridngly, conversion of communal grazimglao cultivated lands accounted for
39% (123.87 Gg) followed by conversion of woodlaartl enclosures to cultivated land
accounted for 37% (118.44 Gg) of the total losh(@#8.4).
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During the transfer out of land use types, the viaod resulted in carbon loss, whereas
during the transfer in cropland wwas carbon lodsgmas both carbon gain and loss for the
transfer out and in enclosure and the commual iggéemnd were observed in this study

(Table 3.4).

Thus, results showék potential changes in terms of both positive (ganyl negative
(loss) iIrSOC and TN stocks, whickntirely based on weighted area conversion as

estimated in LULCconversiomatrix

Table 3.4. Potential change (gain/loss) in soilaarg carbon (SOC) and total nitrogen
(TN) stocks due to land use change/conversion fi@%W6 to 2013 in the study area
(Yabello district), Southern Ethiopia

1976-2013
1976-2013 .Mean d{flference (- Relative change (%)* Total change (Gg)
i) (Mg ha*)
land use type (i) . Changed
(from) land use type (j) area (ha) SOC TN SOC TN SOC TN
Woodland 854.89 10.11 1.08 22.08 16.77 8.64 0.92
Grassland
Con_1mua| (Enclosure) 9,035.30 4.24 -0.34 9.26 -5.28 38.3 -3.07
grazingland & i ated land 16107.89  -7.69 -0.85 -16.79 132 124 -13.69
Net change -76.9 -15.84
Grazingland 2139.53 -10.11 -1.08 -18.09 -14.36 621. -2.31
Woodland ~ Crassland 129861 587  -1.42 105 -18.88 7.62 -1.84
(Enclosure)
Cultivated land 3993.37 -17.8 -1.93 -31.84 -25.66 71.1 -7.71
Net change -100 -11.86
Grazingland 11,309.59 -4.24 1.42 -8.47 23.28 -48 .08.6
Enclosure(grassl  Woodland 16.79 5.87 0.34 11.73 5.57 0.1 0.01
and) Cultivated land 3969.41 -11.93 -0.51 -23.85 -8.36 47.4 -2.02
Net change -95.2 14.04
Grazingland 789.62 7.69 1.93 20.18 34.53 6.07 1.52
Woodland 90.7 17.8 0.85 46.72 15.21 1.61 0.08
Cultivated land
Grassland 410.4 1193 051 31.31 9.12 49 0.21
(Enclosure)
Net change 12.6 1.81
Total gain 59.6 18.8
Total loss -320 -30.65
total Net change -260 -11.85
SOC /TN acculation rate in time intervals (Gg)yr -7.02 -0.32

Notes: WL-Woodland, GL-Grazingland, GR-Enclosureaggland), CL-Cultivated land, SOC- soil organic
carbon, TN —total nitrogen. Negative value showedearease in SOC and TN stocksfor due to land use
change , Gg —Giga gram= 1000 Mega gram
* Relative change (%) Land type (j) - land usestyp/land use type (j) x 100,
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3.4. DISCUSSIONS
3.4.1. Lad use /land cover changes and accuracysassent

The overall land use/land cover classification aacy and kappa statistics for those
Landsat images of 1976 to 2013 generally suggegb@d conformity between the
classification and land use/land cover categofiibs.accuracy level was within the 85% to
90% classification accuracy standards used by Q@0R) and Kiage et al. (2007).

The present results indicate that the conversiamefland use type to another over the last
37 years is not linear rather it is dynamic in natisenerally, an increase in the cover of
cultivated land and bushland are through the réosluadf communal grazing land and

savanna woodland.

Among the study areas, Dida-Hara and Dharito wezkk kmown for their good stands of
savanna grasslands in the past as used for exter@inmunal grazing areas during the dry
season by the local communities. Currently, thesasaare under stress due to increased
pressure from cultivated land and yearly grazirag ttontributed to the dynamics of land

use changes.

Currently, these areas are under stress due feased pressure from cultivated land and
yearly grazing that contributed to the dynamicdasfd use changes. Conversion of the
communal rangelands to crop cultivation is an eimgrgssue through land use change in
the study areas.

This type of land use change is seen by many #&sit@gy for livelihood diversification of
the local communities. Abate and Angassa (2016g hraported the situation of land use
conversion towards cropping as one of the mitigatstrategies against the economic
hardship associated with increasing populationguesand recurrent drought in Borana,
southern Ethiopia.

According to Elias et al. (2015), crop cultivatisnusually practiced through shifting land
use that involves clearing of woodlands where #imel remains abandoned after one or two

cropping seasons and eventually replaced by shrubs.
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The current results are consistent with the fingiafjothers (Tsegaye et al., 2010; Belay et
al., 2013) suggesting a substantial reduction | ¢bver of savanna rangelands and
woodland in arid and semi-arid areas of Ethiopia.

A similar study (Maitima and Mugatha, 2009) hasvehahat the majority of land use
changes in Africa as a result of the conversiomatural vegetation to farmlands and
human settlements. The observed dynamics in tefraarmus land use types and rate of

change over the study period could be a resulhtbfrapogenic factors.

Reid et al. (2004) have also indicated that agitucal expansion related to government
policy has been one of the key driving forces tog tlynamics of land use/land cover

changes especially in East Africa and many trogicaitries (Mugagga et al., 2012).

A substantial increase in terms of bush cover dyosuobserved in the current study is in
line with previous studies (Dalle et al., 2006; Asga and Oba, 2008), that suggest that
multiple set of factors including suppression oé fand heavy grazing as well as episodes

of climatic factors could be among the drivers ldieges.

Thus, the continued decline in woodland cover alerlast four decades perhaps linked to
the ever increasing human exploitation of woodynfdafor different purposes (i.e.,

charcoal making, fuel-wood collection, constructamd land clearing for crop production).

In consistent with the present findings, previousies (Tsegaye et al. 2010; Debeko et
al., 2018) have associated the reduction in veigetabver in different parts of Ethiopia to
the increasing demand for socio-economic needsdademographic pressure. Moreover,
Tsegaye et al. (2010) also reported that woodlaegetation in the Afar Region of
Ethiopia declined by 8.1% between 1972 and2003.

The observed increase in the trend of barelantdisnstudy is concurrent with the findings
of Elias et al. (2015), suggesting that a rapidagsgon of bareland into key grazing areas
is probably attributed to the expansion of farmmgfivities, shrinkage of grazingland
followed by heavy grazing and loss of vegetationeco
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3.4.2. Land use/land cover transition matrix

The results of the current study indicate a traosifrom one land use type to other
categories, which accounts for 70% of the studpsend this is in line with the findings
of others (Tsegaye et al., 2010; Abate and Anga26ap) from arid and semi-arid

rangelands of Ethiopia.

Overall, the present findings have shown a rapaieiase in the expansion of cultivated
land and bush cover in the study areas with ineeahrinkage and deterioration of the
communal rangelands. A study by Belay et al. (2@Gd@) the Hammer district of south-

western Ethiopia has reported a similar pattedamd use/land cover changes.

The same authors have reported an increase in weegegtation cover (i.e. woodland,
bushland and shrubland) with the reduction in daasts. Overall, there is a rapid increase
in the expansion of cultivation and bush covemhatéxpense of the communal rangelands

in the study areas.

As a result, the dynamics of land use changes agreldtly affect the status and quality of
soil properties, carbon and nitrogen content indysem. For example, Angassa and Oba
(2008) have suggested the re-introduction of pilesdrfire and selective clearing of

invasive woody plants for the reclamation of degadhngelands.

3.4.3. Effect of land use on soil properties, S@@ &N contents and stocks

Despite the similar proportion of soil particlefaycfraction was higher in woodland soils
than other land use types. This suggests thatrsepce of trees may be in reducing the
fine fraction through erosion, which has alreadyndastrated by significantly higher SOC

under the woodland and enclosure land use types.

Similarly, Kiflu and Beyene (2013) also reportedttthere was no significant difference in
sand content although the silt and clay fractiorsensignificantly varied between different
land use types in southern Ethiopia. Moreover, gharin land use patterns also have an
indirect impact on the variation in soil texturedhgh its effects in terms of exposing the

soil to agents of erosion (Mesele, 2006).
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The findings indicate that the textural class a&f #oil was sandy clay loam across the
adjacent land use types, suggesting that soil textuan inherent soil property that is not
influenced within a short period of time. Howev&rady and Weil (2002) argued that

pedogenic processes such as erosion, depositiosiagbn, and weathering can change the

soil texture over a long period of time.

The current findings indicate no significant diface in terms of soil bulk density between
the different land use types. In contrast to tresent findings others (e.g., Lemenih, et al.,
2005; Mesele, 2006) have reported that soil bulksdg significantly varied with land use

types because of differences in land managementaaddise histories.

In the current finding, we recorded more mean vdbresoil bulk density in the open-
grazed rangelands than in the woodland might bibatitd to the impact of heavy grazing,
soil degradation and poor land management. Zhaad €2014) also reported an increase

in soil bulk density as a result of heavy grazisgezially in degraded rangelands.

In line with our findings, Mesele (2006) also haparted higher values of soil bulk density
in grassland (1.40 gm ¢Hand degraded bushland (1.85 gmim Borana rangelands of

southern Ethiopia. However, the normal range ok lalénsity for mineral soils is ranging

from 1.3-1.4 gm cii (Bohn et al., 2001).

The probable reasons for the low SOC content avek st the cultivated land as compared
to protected woodland and enclosures in the prestrty could be due to increased
disturbance through cultivation and compaction thay be reducing organic matter input
into the soil system. Our findings agree with tlesuits by others (Yimer et al., 207,
Fuetal, 2010) that suggest that SOC concentratimntower in croplands.

Furthermore, the lower SOC content and stock ungen-grazed land might be because
of increased grazingland/or browsing pressure lded to reduced organic matter input.
Recnt studies from the same study areas (Aynekudl.,e2017;Feyisa et al., 2017) have
similarly indicated that the open-grazed rangelamal®e accumulated lower SOC content
and stocks than enclosures most likely due torttpact of continuous grazing in the open-

grazed areas.
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In consistent with the current findings, Dabassale{2014) also found higher SOC stock
in shrubland followed by grassland in a semi-aadtpral area of Kenya. Liu et al. (2010)
also argued that the type of vegetative cover & afnthe factors influencing soil organic

carbon content.

Generally, the mean SOC contents in the 0-30 cnthdejgultivated land (0.79%) and
open-grazed land (0.81%) fall within a very low ganwhile that of enclosures (1.16%)
and woodland (1.31%) fall within the medium rangeading to the rating by EthioSIS
(2014).

We found a relatively higher TN content and statkhe protected woodland than in the
communal grazingland, enclosures and farmland. Thidd be due to the presence of
leguminous woody trees that might have the capacifix atmospheric nitrogen resulting

in increased TN in the soil system.

Similarly, other studies from southern-central aftdvalley highland Ethiopia (Lemenih et
al., 2005; Yimer et al., 2007) reportedconversidramative forestland to cropland that
contributed to dramatic decline in SOC and TN. Hesvea relatively higher TN content
and stock under the communal grazingland as cordparenclosures and cropland land
might be due to the addition of N through urine &cks under continues grazing and/or

browsing by livestock.

A similar study from southern-central Ethiopia (Dessie et al., 2013) aslo found more
SOC and TN stocks in naturally managed vegetatsooompared to that of the converted
lands to agricultural activities. Another studyZiyang et al. (2013) in the Loess Plateau of
China reported that grassland and forest has dgnéra highest SOC and TN storages,
whereas the SOC and TN storages are the lowesbitanids.

The SOC stocks recorded in the cultivated land1(38g ha') and woodland (55.90 Mg
ha') are generally in agreement with the findings ¢dr et al. (2013), indicating that the

SOC for tropical woodland and savanna ecosystemmahe range of 20 to 80 Mg Ha
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In contrast, Dabasso et al. (2014) have reportgdehnivalue of SOC stocks (ranging from
78.93 to 107.22 Mg W8 within the soil depth of 0-30 in different vegita types of

semi-arid regions of Kenya.

Others (Grace et al., 2006; Mureithi et al., 20ldYye also stated that soil organic carbon
in response to land management practices are [s#eific. However, the same authors
stated that the interaction of natural and anthgepa factors with historical land use

change particularly in East African savanna are ad needs an in-depth study.

In general, the results of the present study iridit@at soils under the natural vegetation of
rangelands are threatened by the permanent huntenfienence such as overgrazing and
expansion of crop farming, whereas restorationegrdded rangelands and protection of
natural forest (woodland) can also enhance carbquestration.Lal (2015) has stated that
one of the most straight forward pathways to miggsoil degradation in arid and semi-

arid drylands is to maintain or replenish SOC coitregions above the critical level of 1.1

to 1.5%.

Although the the C:N ratio did not vary among tard use types, it was found to be higher
in enclosures as compared to the remaining landypsss, with more apparent varation in
the top layer of the soil (0-15 cm). In linewithgHinding, Nega and Heluf (2013) have
also indicated that C: N ratio did not vary in terof land use types rather the ratio of C: N

varied between soil depth

However, our results on C:N ratio values acrossfoie different land use types at both
soil depths were found to in the low range when pad to the optimum range of the C:N
ratio, which is expected to be about 10:1 to 12: LGn mineral soils (Landon, 1991).
Carbon-nitrogen (C:N) ratio is an index of nutrianineralization and immobilization

whereby low C:N ratio indicates higher rate of malzation (Brady and. Weil, 2002).

3.4.4. Changes in SOC and TN stocks due to landhesgges

A basic assumption of this study is that the dymanoif SOC and TN stocks is triggered by
the impact of land use/land cover changes. Accgldirthe present findings indicate that

the conversion of woodland to cultivated land re=iiin losses of SOC stock [17.8 Mg ha
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1 (31.84%)] and TN stock [1.93 Mg 15.66%)] in the 0-30 cm depth. Similarly, we
recorded a loss of SOC stock [17 (24%)] and TN lstf&0 Mg ha' (13%)] as a

consequence of the conversion of communal grazidgéad enclosures to cultivated land.

Our findings are in agreement with previous repéetg. Post and Kwon, 2000; Guo and
Gifford, 2002; Murty et al., 2002), indicating thédtte conversion of native vegetation to
cropland causes a reduction in SOC by 25-42% inidpdayer. SOC can be rapidly lost
due to enhanced carbon decomposition and erosairbtbught about by soil disturbance
(Lal, 2005).

Furthermore, the conversion of communal rangelatdsultivated land on average
contributed to the reduction of SOC stock (20.5%g @&N stock (10.5%). A similar study
in southern Ethiopia by Demessie et al. (2013)cdattis that the conversion of natural
forest to cultivated land has adversely affectesl status and dynamics of SOC and TN

contents and stocks.

On the other hand, the conversion of communal gghand to protected woodland and
enclosures improved SOC stock (16-22%) when condpame SOC stock under the
communal grazingland. The probably reason for thprovement in SOC stock might be

due to the restoration of degraded rangelands ghreagetation management.

In consistent with the current findings Guo andf@d (2002) have also stated that SOC
stocks is increased (+19%) following the conversibrropland to pastureland. Girmay et
al. (2008) also confirmed that carbon sequestragoimcreased in the soil system as a
result of the restoration of degraded lands. Thiggests that the dynamics of land use

change can influence the status and dynamicsadiba and nitrogen.

Overall, the current findings indicate that lane w®nversions triggered a loss of SOC
stock$ [319.51 Gg (0.10 Mg hyyrY)] and gain of SOC stocks [59.63 Gg (0.02 Mg ha
Yyrh] with net loss of 299.88 Gg (73.4 x 1Mg ha'yr-!) over the last 37 years.

2 50C and TN accumulation (Mg har?) rate was estimated based on time period of 37%y@876-2013)
and divding by the total area of the four land tygees under gone transition dervided from LULC gsisl
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This estimation indicates a significant loss inmterof SOC stocks from woodland (31.4%)
and enclosures (29.8%) out of the total SOC stoeksrded in the study sites. Deng et al.
(2016) have also indicated an average loss 2% Mg ha' yr *inSOC stock as a result of

land use conversion.

Others (Houghton et al., 2012; Munoz-Rojas et24115) also indicate thdaand use/land
cover changes have a significant effect on the mhyost SOC stock accumulation.
Similarly, Bolin and Sukumar, (2000) have stated that changéand use can cause
alteration in the amount of carbon stocks. Howe®rp and Gifford (2002) argued that
conversion of one land use type to other form ofllase might result in either as carbon

source (loss) or carbon sink (gain).

In the context of the current study, figures irstbaper would be useful insights on the
dynamics of carbon caused by land use/land covengds in the study areas. However,
because of limitations of data, SOC and TN stoclkewhypothesized as constant
regardless of the changes expected over the lage&%. Thus, the changes in SOC and
TN stocks due to land use/land cover changes ipitegent study might be better referred

to as potential changes

The loss in TN stock was attributed to the expamf cultivated land through the
conversion of communal grazingland, which is estedaat 13.69 Gg (54.8%), followed
by woodland (7.11 Gg or 25.1 %), whereas the gmioréase) was observed from the
conversion of cropland and enclosures to other leseltypesFor example, others (e.g.,
Houghton et al., 2012; Deng et al., 2016) showeadHh®lack of long-term monitoring of
the magnitude and direction of SOC stock dynamiaghtrmake it difficult to come up
with solid conclusion as the dynamics of SOC stoalld be influenced by land use types,

management and other disturbances.
3.4.5. CONCLUSIONS

The results of the present study showed the dyrsawfidand use changes in southern
Ethiopia over the last 37 years. The findings hglited that an increase in the coverage of

cropland, bushland and bareland was an emerging ias the expense of communal
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grazingland. Conversely, woodland and communaliggiend showed a constant decline
in terms of area coverage over the last 37 yeagsetilly, differences in land use types

greatly influenced SOC and TN stocks.

The results showed a decrease in SOC content aokissin woodland, enclosures, open-
grazed rangelands (communal rangeland) and cwdtivand. Conversion of woodland and
communal grazingland to cultivated lands resultethigher loss of SOC and TN stocks.
Overall, conversions of communal grazingland anttivaied land to woodland and

enclosures partially balance SOC and TN stocke®ssthe soil system of the study area.

We showed that restoration of degraded rangelandspeotection of natural woodlands
can improve soil quality and enhance carbon serpt&st in savanna grassland system.
However, long-term carbon and nitrogen data areired to better understood gains and

losses in SOC and TN stocks as a result of landhzeges.

Generally, the current findings are useful to infguolicies makers and land owners in the
implementation of limproved management practicesamanna rangelands of southern
Ethiopia. We suggest further study understand #@mdan dynamics for climate change
mitigating.
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Abstract

Species-specific allometric relationships whichatel the biomass of individual tree
components to easily obtainable measurements aental for comparative assessments
of standing biomass and biomass allocation str&®gWe developed species specific
equations to predict aboveground biomass (AGB) esf woody species in Borana
rangelands of southern Ethiopia. Destructive hativgs was employed to obtain dry
weights of aboveground biomass by components, wigk related to the diameter at
stump height (DSH), diameter at breast height (DBHee height (TH), and
crowndimentsions [(crown area (CA) and crown voly@¥)].The predictive performance
of these five different predictors were assessgdhtboducing aloneand or in combination
wof two or more of them using adjusted coefficiehtdetermination (Adj.?-}, Akaike
information criterion (AIC) and mean square errdd$E). Models used linear natural log
transformation of the common powre form of alloneediquation. Top ranked models were
those using combination of DSH (stem diameter atrB0above the ground) with crown
volume (CV) showed the best fit as demonstratedt tiwve highest coefficient of
determination and higgly significant (adj.Rz > 0;8® < 0.001), except in three woody
species (A.brevispica, Rhus natalensisi and Ccafia). Furthermore, the best fit models
also varied within biomass components of the sgmeeiss and between woody species.
Likewise, the mixed-species allometric equationsfgroup of woody species was best fit
by a combination of three predicators (DSH-TH-C&ith adj.R2ranged between 0.84 and
0.90 across the AGB compoentents. Hence, our spepeific allometric equations could
be adopted for the indirect biomass estimationeimisarid savanna ecosystem of southern
Ethiopia. The mixed species allometric models aldlo give a good opportunity when
species-specific equations are not available andtrifoute to estimation of the biomass

and carbon stock in woody vegetations of East Afri@ngelands

Keywords: Acacia species, Biomass Borana; Carbon stockreRempn models
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4.1. INTRODUCTION

The invasion of woody plant species in arid and issnd rangelands is a common
problem worldwide (van Auken 2009; Archer and PckdR014).

Savanna rangelands have become increasingly eheddry woody plant species in
recent decades, which have been particularly maidest in African savannas (Oldeland
et al., 2010; Kgosikoma et al., 2012). These irosiof bush encroachment into savanna
rangelands have been triggered by environmentabattttopogenic factors (Angassa and
Oba, 2007; Coetzee et,&008; Knapp et al., 2008).

Furhtermore, increases in the global carbon dioXid€,) concentration may further
benefit the establishment of; @voody species at the expense af dtasses in arid and
semi-arid ecosystems (Wigleyet al., 2010; Throoal.e2012).

In many parts of East African rangelands, large Ibers of invasive woody plants have

been identified (Coppock, 1994; Young et al., 19@&a et al., 2000; Brooks et al.,

2004).The thickening of woody vegetation that cotapewvith the herbaceous forage has
negatively affected the grazing capacity of manygedands (Scholes and Archer, 1997
Solomon et al., 2007).

Until the 1970s, the Borana rangeland managemestesy in southern Ethiopia was
considered as one of the finest grazing lands anfitasy African rangelands (Coppock,
1994; Oba, 1998).By the mid-1980s, about 40 percénthe Borana rangelands had
already been affected by bush encroachment (Copdd®4), which is approximately
equal to a density of 2400 plants per hectarepissidered as a borderline between the

encroached and non-encroachedcondition (RoqueszGil).

Hence, previous study (Dalleet.,aP006) reported thatthe cover and density of woody
plants have crossed the threshold level to 52 persgh mean total woody plant density
of 3014 stems per hectare. Similarly, Angassa abd (2008) have also reported a total
density of 3995 woody plant stems per ha in theziheancroached rangelands of Borana

in southern Ethiopia.
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The spread of woody vegetation cover in the Borangelands has attributed to numerous
factors, among others, suppression of fire (Obal.et2000), increased grazing pressure
(Coppock, 1994), exclusion of browsers (Angassa @td, 2010), establishment of
permanent ponds in the wet season grazing rangekamd expansion of settlements (Oba,
1998) and episodic climatic events (Angassa and @BA7) have played a major role in

the proliferation of invasive woody species.

This in turn threatens thelivestock production igatarly grazers and livelihood of

pastoral communities (Oba and Kotile, 2001; Angamsad Oba, 2008). In contrast, the
invasion of woody vegetation in savanna rangelasdgenerally thought to contribute to
the increase in carbon (C) sequestration potentiathe systems (Hughes et.,al

2006;Gonzalez-Roglich et al., 2014).

In savannas, above-ground carbon (C) stocks ineseas the proportion of trees increase
relative to grasses and can be associated withiyeosittributes in multiple ecosystems
functions such as reduced nutrient loses from eoilsion processes and enhances

nutrient recycling (Howard et al., 2012).

Hence, woody plant encroachment in savannas hagdtential to alter carbon and
nitrogen sequestration stocks over the long-ternhickv have regional or global
environmental implications (Archer et al.,2004) S karbon accumulation appears to be a
function of enhanced below and above-ground netdywa@getation primary productivity
(NPP) and organic matter stabilization in protectei aggregates (Knapp et al, 2008).

In some countires, for Australian (Gifford and Hamgd 2001) and tropical American
savannas (Asner al., 2003; Lettet al., 2004) thegae in carbon sequestration through

woody plant encroachment were estimated.

However, with increased density of woody plant eachment in many parts of Sub-
Saharan Africa, either species specific or germgdliallometric equations for predicting
the above-ground biomass are rarely available tioald be used to estimate carbon

sequestration are rarely reported (Henry et all1p0
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Furthermore, little information is available regagithe above-ground biomass and carbon
stock potential of woody species growing in aridl aaemi-arid ecosystem of southern
Ethiopia.Thus, to quantify the net gain in C stdcle to woody plant proliferation in such

ecosystems reliable estimates of the standing l@enzae required.The above-ground

woody biomass can be quantified by destructive dstr{direct method).

This method involves harvesting of all the treeshie known area and measuring the
weight of the different components of the harvedteg like the tree trunk, leaves and
branches (Gibbs et al., 2007) that can be costllyiapractical, especially when dealing

with numerous species and large sample areas @fdd@eulemans, 2004).

The second method of tree biomassestimativanon-destructive methodor an allometric
equation (indirect method) that is ultimately basacharvested sample trees (Montéset al.,
2000; Chaveet gl 2005) relate to measurable variables (e.g., diawregt breast height,
total tree height, and woody density).

Hence, the use of allometric prediction of biomasmpartments is often the preferred
approach since it is less time consuming and lepersive than direct measurements
(Vashum and Jayakumar, 2012). However, the modal® tbeen found to vary from

species to species, and for a given species ierdiit ecological regions of the world
(Litton and Kauffman, 2008; Yen and Lee, 2011; Abmet al., 2012; Vahedi et al., 2014).

Therefore, allometric equations developed for Hafsica are exclusively focused on
forestry systems (Kuyah et al., 2012) and are spespecific (Okelloet al., 2001).
Furthermore, developers of these models often @mawtgainst extrapolation beyond their

study sites.

This might be due to the spatial heterogeneity ahdscapes and variability of
environmental factors (i.e., soil type, soil nutit& climate, disturbance regime, succession
status and topographic position) and genetic variaamong woody species (Cole and
Ewel, 2006; Litton and Kauffman, 2008). It has bpestulated that generic equations may

lead to systematic errors of up to 400 percertiasite level.
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Therefore, locally developed and well-implementeatiels may be a better alternative and
are expected to provide less uncertainty than geeguations (Chaveet al., 2014). In arid
and semi-arid ecosystem of southern Ethiopia, eidpecies specific or generalized
allometric equations to estimate the above-grounchass and carbon sequestered in the

woody vegetation are rarely available except ayshydHasen-Yusuf et al (2013).

However, that study has only addressed limitedbemof woody species at specific site,
where its direct application would result in highancertainties in heterogeneous

landscapes with varied vegetation types acrosBdinena plateau.

Therefore, the aims of this study were to: (1)adep species-specific allometric models to
predict the above-ground biomass for ten key waogpiscies common to the savannas of
southern Ethiopia; (2) develop a generalized alloimequations for a group of woody

species that can contribute to estimate the bionaass amount carbon that can be

sequestered in woody vegetation of the savannalamds of East Africa.

We hypothesized that: (i) the biomass predictiordet® would vary depending on the
growth form and architecture of the woody spedj@st-or some of the woody species, use
of the combinations of two or more dendrometricialales will improve the model fit,

while it could also make the model complex and sesiiof bias in some woody specie

4.2. MATERIALS AND METHODS

4.2.1. Study area

The study was conducted in Borana lowlands of souattEthiopia between July and
August 2013 (locally called cool dry season) whéanis reach at their peak growth and
with full leaves to capture the crown architectbeanching patterns). This particular
study was carried out in Dida-Hara (04°47.318'N @888°20.017'E), which is located at

about 30 km east of Yabello town.

The oral history showed that about four decades Bgta-Hara area was known for its
open savanna grassland with very few or no treersovhe name Dida-Hara derived from

the open grassland plain with no tree. Dida-Hara wsed for wet season grazing while
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livestock used to move to the well zone during ding season (Angassa and Oba, 2008).
The rests of general description of the study arelading climatic factors (e.g., rainfall),
soil and vegetation can be referred in details fithvm section of general materials and

methods undechapter 1.

4.2.2. Selection of woody species

The woody plants species were sampled from witbintlosures and open-grazed
rangelands in Dida-Hara area. Within this studyaameasurement sites were established
within 10 x 10 km radius. Initially, a reconnaissarsurvey was conducted and contacts

with the local leaders and expert working in thesar

Both vegetation and socioeconomic data were delleto capture important information
in order to address the specific objectives ofgtuely. Within the extent of this area, we

identified and ranked about 15 dominant woody $gecies.

However, since local administrators and communisigéengly control cutting of woody
trees, we limited the number ofsampled trees oaolfl@ dominant species includA:
brevispica, A. nilotica, A. drepanolobium. A. ettai A. tortilis, A. bussei, A. seyal, Rhus

natalensis, Lannea rivae, Commiphora africana

The selected sampled woody species were found tmds relevant for our research as
they accounted for about 60 % of the vegetatioreaye in the study area and across the
Borana rangelands. They also included both nonsimeapeciesA. tortilis, Lannea rivae,

A. niloticg) and invasive specieé\( brevispica, A. drepanolobium, A. bussei, A. sefa
etbaica and Commiphora africapa.drepanolobiurwas considered as serious encroacher

adversely affecting the productivity of the Boranagelands (Dalle et al., 2006).

These woody species grow intermixed, although $ipestands of some of these species
alsooccurred in patchepdrs. obsKenea), and with a wide range of services mainty fo
construction purposes, used browse plant as alteenfeed sources and supplementary
feeding for coping up feed shortages in both drg et season, edible fruit, fuel and

charcoal making and as environmental indictors IéDetl al., 2006; Terefe et a., 2011)
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4.2.3. Field data collection and dry weight estiorat

The allometric equations were developed based osp&6ies (15 for each species x 10=
150 sampletrees) were selected through systematidom sampling to ensure the
inclusion of wider possible spanning a size ranggresentative of the dominant size

classes of height and diameter classes growingttity area.

The destructive sampling of the species was caaigdvithin similar topographic and soil
conditions both from within the enclosures and eelja open-grazed sites as some are
abundant inside the enclosures (eAg.tortilis, A. etbaica, Lannea rivae and A.sgyahd
others are predominantly found in the open-grazed poorly drained soil of valley

bottoms (e.g.A. drepanolobium and A. buskei

Measurements and distructive harvesting took pterang the short dry months of July to
August 2013, when the woody species are at thdirléaves to capture the crown
architecture (branching patterns). Furthermorehgaant was checked for any signs of
previous damage by herbivore, humans and or aagutarity (i.e., hollow stem, broken

branches) prior destructive harvesting.

We recorded local names and corresponding sciemidimes were obtained with the aid of
knowledgeable elder and expert working in the areasd available literature.
Measurements collected prior to harvesting inclaitdeter at stump height (DSH at 30

cm), diameter at breast height (DBH at 1.30 m), ta@el height and crown dimensions.

The diameter at stump height was included duedaddht that many woody species in the
area have multi stemming patterns especially beydhdm from the ground surface. We
also included crown widths as the crown shape ao@th structure varied among the

woody species.

We used diameter tape (d-tape) to measure DSH &td (h cm), with the tape held
horizontally and tightly at tree stem. Tree hei@ffitl , m) from the base of the main stem
to the top of leading leafy shoot was measuredgusim long metal stick marked at 50 cm

intervals and any leftover length at the base efttbe was measured using measuring tape.
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The crown edges of woody plant were first locatesdially. Then, the two crown diameters
(taken in two perpendicular directions, i.e., nedibuth and east—west) with the longest
axis at its widest point (d1) and the one perpandicto the longest axis (d2) at the same
height were measured using measuring tape witléle of two persons standing at each

margin of the canopy.

Then, the crown area (CA) and canopy volume (CYf) werecalculated using the formula

of an ellipse (Dietz and Kuyah, 2011):

CA= Mx(dl/2)x(d2/2) (4.1)
and
CV = 2/3xMx(d1/2)x(d 2/2)x TH (4.2)

Where, TH is total tree height that extends frira base of the plant to the tallest
photosynthetically active material and d1 and d2the diameter readings taken at 50% of
plant height with d2 perpendicular to d1 (Thornalgt2002).

After dendrometric measurements, trees were cuindawground level using an ax and
separated into bole (main stem ) and branchesm & diameter), branches (diameter < 2
cm), dead wood (attached dead wood), and leavesfEne and larger branches were cut
into smaller pieces to facilitate weighing in theld and twigs and leaves were collected

into separate bundles.

Branches, live and dead thin branches includindylsaoots, both of which hereafter
referred as “branches” and stem to achieve threen response variables: “branches”

(including all leafy shoots), “stem” and “total{including both branches and stems).

Stem was considered as the main upright portidgheplant below the first branch and the
branches were considered all woody portions ofcdropy above the stem (N'avar et al.,
2004). The fresh weights of the smaller stem arahdir sections, as well as that of the
leaves, were determined in the field on a 300-kgacay of a hanging field-scale
(precision 200 g, Germany).

128



The collected sub-samples of (250-300 g basedtahftesh weight of each woody tree)
for each stem, branch and twigs (in paper bagheolaboratory of the Yabello Research

Center of Oromia Agricultural Research Institute.

In the laboratory, the samples were oven driedatoout 48 h at 10% until constant

weight was achieved and weighted to the neare€t @ to establish any change in
weight, after which the dry weight was recordedmponent dry weights were calculated
using respective subsample dry: fresh weight raios the component fresh weight field

measure.
4.2.5. Model selection for allometric equations

Our dataset contained basic dendrometric meastitesnk diameter, DBH (1.30 m), and
DSH (30 cm) and both of which have been routinedgrbused as predictor variables for
biomass, often in combination with TH and crown ditions (CA and CV) for use in
model selection based on preliminary regressiotyaea with component biomass, which
suggested that DSH was the most reliable diametaisare for dry biomass estimation for

small size and multistems of acacias species.

To investigate the relationship between above-gidaiinmass and the predictor variables
(i.,e., DSH, DBH, TH, CA and CV) we restricted ounadysis to the most common
allometric forms, the power equation (Chave et2005; Kuyah et al., 2012; Mascaro et
al., 2011)

y =axX (4.3)

Where y is the component mass, x is predictor béjaand a and b are regression

parameters tobe estimated from regression anaysishe log transformed linear form

In(y) = In(@yb In(x) (4.4)
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Assumptions related to homogeneity of variancemadiprobability plots of residuals, and
plots of standard residuals versus predicted vetuésst compliance with the assumptions
of least-squares regression using the originalrémstormed power function) and In-

transformed data (linear forn).

The power equation, or power function, is commardgd in allometric equations as it best
models the heteroscedasticity (unequal error veepnvhich is common in allometric
data.The In-transformed form of this power functiovas used to stabilise varianceas
determined by Breusch—Pagan and Shapiro Wilks (p0S8). All parameters examined

showed a better fit tin the In-transformed lineard®l as compared to the power function.

The In-transformed form of this power function,yinE In(@) + bin(x), was decided to
apply by logarithmically transformed on both sidefs biomass equations (Eq.4.4) to
stabilise variance and follows the logarithmic foainthe simple linear equation for the

fitting model and for dealing with heteroscedasfi¢Overman et al., 1994)].

Similarly, Hasen-Yusuf et al. (2013) also stateaetter fit of the natural log linear model
as compared to the non-linear (i.e., power fungtionpredicting above-ground biomass

from different predicator variables.
4.2.6. Model selection criteria for goodness of fit

We selected commonly used model formations as datelimodels for evaluation, with
predictor variables ranging from each of DSH, DB, CA and CV) to a combination

of two or more of these predicators stepwise ihtorhodels.

This technique was used to determine whether @ poration of two or more predicator
variables improved the model performance to eseénhe total AGB and components
(stem, branches and total above-ground biomassherbasis of independent predicator

variables

About seventeen (17) model formations as candidetes screened across the three
biomass compoentns and 3 to 4 modles per each bfog@mpentn were compared to

choose the best fited ones.
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We included all dendrometric measurements in otdecompensate for highly variable
architecture and branching pattern of each spegieigh often makes biomass prediction
problematic (Cole and Ewel, 2006) .We, also dewedbmulti-species allometric equations
by using the pooled data of selected species wett btted in their respective species

specific model fittings.

The goodness of fit was determined by examiningatijasted coefficient of determination
(Adj.R% higher value is better), Akaike’s informationterion (AIC) and mean square

error (MSE) (lower values are better). AIC was nueed by the equation below:
AIC = 2k- 2In(L) (4.5)

(Chave et al., 2005) where, k is the number of ipatars in the model, and L is the
maximized value of the likelihood function for thmodel. We compared the AIC
differences between the candidate models and theechmodel with the smallest and the
models performed best AIBAIC = 0, indicating a minimal loss of informatione. the
model with the best statistical fit, whereas thededgrediction might not be valid when
AAIC >10 (Kennth and David, 2002).

We also reported the prediction error (PRESS reds)@as an alternative statistic reflecting
the accuracy of the estimator difference between dabserved and predicted (small
difference is better).The assumptions of multiogltrity was tested using a variance
inflation factor (VIF) and value greater than 10IF%¥10) is an indication of potential

multicollinearity among in-dependent variables @ifta and Chahouki, 2011).

Accordingly, we systematically omitted the predicteariable that showed a strong
correlation coefficient (#0.90) with another predictor, while being less sgly associated
with the biomass in our model development. Furthes, excluded predicator variables

with the value of VIF>10 from the model.

Thus, DSH was strongly correlated with DBH, and @as strongly correlated with CV

for all species and carry was taken when the pagolis used together in the same model.
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Finally, the correction factor for the systematiasbintroduced by this natural log (In)
transformed data was computed to be applied wiesk tbansformation to power biomass
function is required and calculated as (Baskervilg72; Mascaro et al., 2011)

CF = exp™s®? (4.6)

Where, CF is a correction factor for back transfation of the value f biomass estimated
based on long transformed (natural) to normal, NESthe mean square error obtained by
the least-squares regression for each species mmidass components. All statistical
analyses were carried out using PROC REG in SA® §SAS, 2012).

4.3. RESULTS
4.3.1Data used in development of allometric equatio

The average above-ground dry biomass data on stemghes and total biomass and field
level dendrometric measurements for 10 dominantdyqgaant species (15 samples of
each species (n=150)are represented in AppendiXhkeImoisture content of species was
ranging between 22.28 % féicacia brevispicdo 66.48 % foiCommiphora africanaFor

each tree, we used the sampled dry weight dataltwlate the total dry weight of each

fraction of biomass.

Thus, a total of 150 woody plants (15 of each woeggcies) from a range of size and
diameter classes were harvested for the developofetiometric equations for estimating

the above-ground biomass components for each sp&bie mean diameter at the stump
height of each species harvested surpassed 4 crharargest value was 108420 cm

for A. tortilis followed byA. nilotica ©.63:0.76 cm) (see Appendix 4.1).
4.3.2. Specific allometric equations

The goodness of fit models developfxt ten key woody plant speciesorresponding

parameters, correction factors and statisticalrijescs are presented Appendix 4.2.The
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goodness of fit analysis for the models acrospedies indicated that the species-specific

regressionmodels relating biomass with selectedigiea variables measured in the field

Thus, for these data the parameterestimates fomthecept and slope together with the
overall fit of the models are significantly differte from zero (P<0.001) except for
threespecies (i.eG.Africana, A.brespsica and Rhusnatalepsitowever, the number and
type of predictors, i.e., the woody species denétoim measurements required by the

equations to achieve the best fit differed acrpesies (Appendix 4.2).

Among the singlepredicator variable, the model viiitBH was the bestpredictor of AGB
for A. drepanolobium, A. seyal and A.nilotidhranches biomass) (adf:0.90 and
thevalues of MSE<0.15,lower delta AICc values<M#jle model with DBH alone was
best fitted inpredicting the total AGB and branclésmass for Aortilis and A. bussei
(adj.R>0.82).

On the other hand, TH wasbest fitted in predictimg stem biomass (adfR 0.93, delta
AICc = 5.62) for A.tortilis.Crown area (CA) alsogarelatively best fit in predicting the
branch biomass (AdjR= 0.77, deltaAlCc value = 5.85) farbusse{Appendix 4.2)

On the other hand, crown volume (CV) alone showedt lit for A. bussei and A.
drepanolobiurin total and stem biomass components with goodokisstatistics (Adj.R
that ranged between 0.79 and 0.90, MSE<0.30 anid A&Cc values ranged between 4.65
and 8.63). Our findings also showed that crown a®aingle predicator considered least

as best fitted in a few species and biomass conmpei@ppendix 4.2).

A combination of DSH and CV selected as best pariog models in predicting AGB for
A. seyal, A. bussei, A. drepanolobium and A. ethbaitd Lannea rivaelmprovements in
the performance of the models in terms of incréasadj. R, and decrease the values of
AIC and MSE as compared to models with individugdacator.

Likewise, the combination of DBH and TH showed simeperformance fitted in all
biomass components for A. tortilis aid nilotcawith increase adj. ® and decrease the

values of AIC and MSE as compared to when usecedlomodel (Appendix 4.2).
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In general, best-performing models based on sipgdicator variable and combination of
two or more predicators have comparable low deli@cAvalues (less than 10), similar
coefficient of determination values (adj)Rand comparable MSE estimates. For models
that performed equally, the most parsimonious mddehplest form of the predictor

variable combination) was selected as the bestpaifig model.

Further, the prediction error sums of squares (FRB®s used as validation criterion in
determination of the final best model fitted to thiemass equations (Appendix 4.2). Our
findings showed that species were explained by tso@guiring a combination of two
predictor variables to obtain a good fit for sousstimates of the AGB (adj’R0.80),
whereas others speciese(j. Acacia brevispica, Rhus natalensis and Commégho

africana) showed poor fit and even no fit possible (AppardR).

Moreover, model fits were generally better for k&&B and branch biomass as compared
to stem biomass (Appendix 4.2).However, ours restliat fit the totaland component
biomass versus prediction modelsshowed variatioitis tive type of woody species and
component biomass as some models were best piediaed on single predictor, and
others required two more combination of these peddr variables to achieve the best

goodness of fit that supported our hypothesis.

Thus, in-depth descriptions of each species-dpeailfometric biomass models for each

species are as follows:

Acacia busseiA combination of DBH and CV selected as the finedtdfitted to total AGB
and stem biomass equations, because the modaweas\values MSE (32—-63 % decrease)
and higher adj. R(4—11 % increase) and lower PRESS value as comipatée single use
of DBH and CV, while a combination of DBH and CAoslen as the final best fitted to the
branch biomassequation (Table 4.1),with higher stejli B (7-9 % increase) and lower
value of MSE (30-36 % decrease) as compared wreshiosingle form (Appendix 4.2).
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In addition, total dry AGB regressed against ea@&nddometric measurement, best
explained except height (TH) showed the poor refetad]. B of 0.47 as compared toDSH
(adj.R = 0.91) DBH (adj.R= 0.87), CA (adi® = 0.86) and CV (adj.R= 0.90) (Fig. 4.1).
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Figure 4.1. Regression lines (overlay) showingltdtg biomass versus height (TH:1),
diameter at breast height (DBH: 2) diameter at gtimeight (DSH: 3), crown area (4) and

crown volume (5) foAcacia bussei.

Acacia drepanolobiumThe combined use of DSH and CV was chosen as steobét to
total AGB and stem biomass (Table 4.1), with betjeodness statistics such as lower
value in MSE (38-73 % decrease), delta AICc (6.46-B@crease) and higher adf. @—8

% increase) as compared to the single use.

For the branch biomass component, a combinatidSi and CA improved the model fit
with slightly decreased delta AICc (2.14-19.75) aWbE values (0.02-0.22) and
increased dj.R (1-13%) as compared when used in single form (Agpe 4.2).

Furthermore, as it was observed from regressioar{@y) graph in Figure 4.2, there was
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strong relationship between all predicators vetsgstotal AGB as explained best with
adj.R> 0.80.
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Figure 4.2. Regression lines (overlay) showing Itatey biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtimeight (DSH: 3), crown area (4) and

crown volume (5) foAcacia drepanolobium

Acacia etbaica: For this species, the chosen final best biomassategu is with
combination of DBH and CV that had decreased th@addCc (e.g. by 13.32) and MSE
by 50 % and increased adj? Ranging from 0.75 to 0.84 for total AGB, while bt
biomass was best estimated by a combination of BB&i TH with adj.R of 0.68 chosen

as final model equation (Table 4.1)

However, the total variation in total AGB explainegindividualpredicators was generally
weak as it was revealed graphically, the minimum Téi (adj.R = 0.39) and the
maximum for CV (adj.R= 0.67) (Fig.4.3). Hence, incorporation of the cnosimensions

into the model significantly improved the predietigower and accuracy of the model.
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Figure 4.3. Regression lines (overlay) showing ltaly biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtimpight (DSH: 3) crown area (4) and

crown volume (5) foAcacia etbaica

Acacia nilotica:As shown in Appendix 4.1, the model that uses alioation of DBH and
CV (for total AGB) and DSH and CV (for branch bioss® had brought little improvement
in terms of model performance criteria over the DS# alone, whereas for stem biomass,
the inclusion of TH to model with DSH and CV impealthe adj.?ihat ranged between
0.18 and 0.28 and decreased the value of MSE & Wten compared with that of the
model fit using DSH and TH alone (Table 4.1).

The regression of total AGB against individual pcatbrs showed that both diameters
have strong correlation with the total above-grodoimass (DBH, adj.f'f{: 0.94) and
(DSH, adj.R = 0.92) (Fig. 4.4).
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Figure 4.4. Regression lines (overlay) showing ltaly biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtineight (DSH: 3), crown area (4) and
crown volume (5) foAcacia nilotica

Acacia seyalFor this species, each biomass component reqdifiedlent combination of
predicators as for total AGB (DSH and CV), for steromass (DSH and TH) for branch
biomass (DSH and CA) with all models forms showighificant improvement with adj.
R?>0.95 (Appendix 4.2, Table 4.1) and goodness opditameters over the models with

single of these predicators.

Moreover, strong relationships between the predisafDSH, DBH, TH, CA and CV) and
total AGB were observed from regression graphs aihR ranging between 0.81 and
0.97 (Fig. 2.5).
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Figure 4.5. Regression lines (overlay) showing Italey biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtineight (DSH: 3), crown area (4) and
crown volume (5) for Acacia seyal

Acacia tortilis A combination of DBH and TH best explained all B@omponents with
adj.R>>0.90 chosen as the final model fit biomass eqoafi@ble 4.1), with 6 % increase
in adj.R2 and values of MSE< 0.08 (about 58 % desgE and delta AICc (11.62) and
smaller values of PRESS as compared to modelssivithe of predicators (Appendix 4.2).
Moreover, individual predicators explained the &#ion in the total AGB as shown in
Fig.2.6: DSH (Adj.R= 0.92), DBH (adj.R= 0.90) CA (adj.R= 0.78), CV (adj.R= 0.84)
and TH (adj.R= 0.84).
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Figure 4.6. Regression lines (overlay) showing ltaly biomass versus height (1),
diameter at breast height (DBH: 2) diameter at gtineight (DSH: 3), crown area (4) and
crown volume (5) foAcacia tortilis

Lannea rivaeFor this species, the predictions of abovegroundbss best fitted only by
the combination of DSH and CV. In general, a wedkewas recorded for stem biomass
model (adj.R2 = 0.70) as compared to total AGB hrehch biomass models (acﬁ.R

0.80) (Table 4.1).

Rhus natalensisA combination of CV and TH showed relatively befitefor estimating
total AGB and branch biomass with (adj.R 0.62) as compared to the single use of CV
(adj.R; = 0.59) and TH (adj.R2 = 0.43-0.50). However, slBomass was less predictable
to any of the predictor variables as presentedomet goodness of fit (adj’R0.37 and
higher MSE>0.30) (Appendix 4.2).

Acacia brevispicaFor this species, relatively better model fittingslj.R = 0.62), was
obtained in total AGB (DBH and CV) and for brandbrhass (DBH and CA), where as for
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stem biomass poor fit of model equations (ad.35) and larger values of MSE = 0.88
(Appendix 4.2)

Commiphora Africana:For this species, either single variable or comtmmaof any
predicators did not fit to all the biomass categmriHowever, a slightly better fit was
obtained (adj.R2 = 0.47) when interaction term added (i.e., DBH and CA and DBHTH
(Appendix 4.2).

Mixed species allometric equations

The coefficients and fit statistics from fittingetbbiomass prediction model to the pooled
data of seven species show that the P-valuesdantbrcept and the slope are significantly
different from zero (P <0.0001) (Appendix 4.3).

Similar to species specific models, the two-vdaatmodels (DSH and CA) had showed
good fit for estimating the AGB (adj’® 0.82, P < 0.0001) for group of species. Diameter
at stump height (DSH) alone also showed a goodnfistem biomass in this model
development (adj.R= 0.77) (Appendix 4.3).

However, the optimal chosen best fits of the mades$ obtained with the combination of
three predicator variables (DSH, TH and CA) (Tah®). The coefficient of determination
(adj.R) increased from 0.83 to 0.90 (for total AGB), a&naim 0.82 to 0.89 (for branch
biomass) and the values of delta AICc and MSE dese@ (Appendix 4.3).

This good fit that is provided by the biomass pradn model to the data is confirmed by
the regression fit of the total AGB against thedpr®rs (DSH, TH and CA)(adj3= 0.90,
at 95 % CI) (Fig.4.7a). Similarly, when DSH was stitited by DBH the total variation of
AGB explained by the model was high (adj=R0.86; Fig.4.7b).

In generalized allometric equations developmemwa volume (CV) was systematically
excluded from model due to the fact that it is hjgtorrelated with other predicators as

confirmed by VIF value>10.
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Table 4.1. Allometric equations for biomass estiorafor selected woody species: The
best fit model equation

Component

Name of species biomass Allometric equation Adj.R MSE P-value CF
Total In (Wt) =-1.569 +1.119 xIn (DBH)+ 0.581 xKCV) 0.94 0.06 <.0001 1.03
Acacia bussei Stem In( Ws )=-3.259+1.629x%In (DBH)+ 0.434xIn (CV) 0.85 0.19 <.0001 1.12
Branch In (Wb) =-1.650+1.460xIn (DBH)+ 0.348 x[DX) 0.86 0.16 <.0001 1.08
Total In (Wt) =-2.933+2.1822xIn(DSH)+ +0.336XLn\( 0.97 0.05 <.0001 1.02
Acacia
drepanolobium Stem In (Ws) = -3.484+1.809xIn (DSH)+0.425xIn (CV) 0.94 0.09 <.0001 1.05
Branch In (Wb) =-3.797+2.557 xIn (DSH)+0.333xInX)C 0.95 0.08 <.0001 1.04
Total In (Wt) = -0.985+0.909xIn (DSH)+0.546xIn (FV 0.75 0.11 <.0001 1.06
Acacia etbaica Stem In (Ws) =-2.124+ 1.181xIn (DBH)+0.786xIn (TH) 0.68 0.22 <0.0032 1.12
Branch In (Wb) =-2.022+0.914 xIn (DSH)+0.680 XGA) 0.84 0.15 <.0001 1.08
Total In (Wt) = -2.963+2.191xIn (DBH)+ 0.740xIn\(G 0.93 0.06 <.0001 1.03
Acacia nilotica Stem l(:SfLV::li)ln:ié\‘/‘; 7+1.951xIn (DSH)+ 2.384xIn (TH) -5 gg 009 <0001 1.05
Branch In (Wb)=-3.230+2.096 xIn (DSH)+ 0.354xGM) 0.93 0.08 <.0001 1.04
Total In (Wt) = -3.043+1.4011xIn (DBH)+ 2.266x[TiH) 0.95 0.06 <.0001 1.03
Acacia tortilis Stem In (Ws) = -4.837+ 0.710 xIn (DBH) +3.897XTH( 0.96 0.05 <.0001 1.03
Branch In (Wb) =-3.148+ 1.741xIn (DBH)+ 1.503 XTrH) 0.93 0.08 <.0001 1.04
Total In (Wt) =-2.444+1.913 xIn (DSH)+0.224xIn (FV 0.98 0.03 <.0001 1.04
Acacia seyal Stem In (Ws) =-2.900+ 1.719 xIn (DSH)+0.466 x T} 0.96 0.05 <.0001 1.04
Branch In (Wb) =-3.406+ 2.059 xIn (DSH)+0.378xG¥) 0.98 0.04 <.0001 1.05
Total In (Wt) = -3.148 +1.925 x In (DSH)+0.469r%(CV) 0.81 0.05 <.0001 1.03
Lannea rivae Stem In (Ws) =-4.225+ 2.333x In (DSH)+0.390 x @V 0.7 0.09 <0.0008 1.04
Branch In (Wb) =-2.781+ 1.698 xIn (DSH)-0.601n XCV) 0.81 0.06 P<0.001 1.07
Total (;r}SloE(\{\rI]t)?(—:if1+l.53><|n(DSH)+O.675 x  In(TH)+ 0.9 0.11 <0.001 1.06
Mixed species stem In (Ws) =-3.280+1.60 x In (DSH)+ 0.660 x In (TH)+ 0.170x 0.84 0.17 <0.001 1.09
In (CA)
Branch In (Wb) =-2.87+1.530 x In(DSH)+ 0.67 x In (TH)+ 0.370 x 0.89 0.14 <0.001 1.07

In (CA)

Note: Wt-total aboveground biomass, Ws-stem bionzass Wb-branch biomass, the best fit model waschdsem
Appendix 4.1 and 4.2. AdjRadjusted coefficient of determination, MSE-metandard error, CF — correction factor.
DSH- diameter at stump height (cm), DBH- diametdsraast height (cm), TH -total height (M)A crown area (%) and
CV-crown volume (M)
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4.4. DISCUSSIONS
4.3.1. Species-specific allometric equations

The selection of regression models in estimating #ibove-ground biomass and its
components for sample woody species was basedeogaihdness of fit statistics such as
the adjacent coefficient of determination (adf. \Rlues), the mean standard error, and

Akaike information criterion.

Accordingly, the diameter at stumheight (30 cm)andéter at breast height (DBH)
andcrown volume (CV) alone or in combination pr@ddthe best fit to the data from
individual species.However, a comparison of the etodieveloped inthis study showed
that the form of these variables used varied adiessvoody species which could be due

to difference s in species in their canopy architecand branching patterns.

Hence, a combination of DSH and CV, and DBH andl@¥%t fittedin predicting the AGB
for A. seyal, A. nilotca andLannea rivaln line with other few authors (e.g., Tietema,
1993; Hasen-Yusuf et al., 2013) also used a cordbgtem ankle andcanopy related as

best p predictor variables in above-ground woodyraiss.

Other earlier models published from tropical foaest shrub lands, however, have used
only circumferenceor cross-sectional area of tl@mstlone as best model prediction
(Okello et al., 2001; Henry et al., 2011).

In the present study, wealsofound that model wiBHEH shows best fitted for predicting
the AGB and its component for some species withrettablike canopy structure and with
a relatively higher dry biomass (e.d\. tortilis and A.nilotcg . In line with, previously
published equations forlarge trees (e.g., Browal.etLl989; Chave et al., 2005; 2014) also
reported strong dimensional relationshipsbetweeombtric variables (DBH-H) and
theAGB.

In contrast, Kuyah et al. (2016) have found thahvidBH alone as the predictor variable
and was alsobetter than models that include heigtcrown areaas additional predictor

variables.However, in some other models developaa 2 combination of DBH and TH
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improved performance in estimatingthe AGB of shrubal small trees within their

specificsize range variability (i.e., DBH<5 cm) fion andKauffman, 2008).

In our present study, we found anadf.\Rlue ranging between 0.79 and 0.94 for models
developed from DBHalone. Similarly, Chamshama e{2004) also reported arf Ralue

of 97 % in miombowoodland in Tanzania using the eiaefjuation of InB = 0.01559
+2.796 x In DBH.

In general, for woody plants with single stemsBHds animportant predictor of total tree
biomass but inwoodlands where branching of the dtefow breast height is common,
diameters of stump values (basal area at ankldnhatgh—10 cm above ground level) are
often used (Tietema , 1993).

Furthermore, the use of models where tree biomssdetermined from DBH has a
practical advantage because most of theinventonelsde DBH measurements which

areeasy to carry out accurately measure in the (@tgura andKanninen, 2005).

The total rank for contribution of each predicatotables shows that crown area and total
treeheight are not as accurate as the stem diasn(@&BH and DSH) and crownvolume to
predict total above-ground biomass in selected wamecies which could be irregularity

and variable crown shapes across the woody spaegmdividual trees harvested.

Different studies from somewhere else in differ@gfion also used a different combination
of predicator variables based on specific locatod vegetation structure. For example,
Chave et al. (2005) used a combination of trunkneier, tree height and woody specific
gravity, other (Sawadogo et al., 2010) used diamatankle height, diameter at breast
height and treeheight and Kuyah et al. ( 2012) aised diameter at breastheight, tree

height, woody density and crown area in develgpipecies specific allometric equation

In our present findings, the biomass prediction et®dor two speciesA. brevispica and
Rhusnatalens)swere found to be poor model fit and lack of tdialtoall AGB for C.
africana (adj.R = 0.26-0.47).In contrast, Hasen-Yusuf et al. (3Gd@m other sites in the

same region found a highly significant and bestfdit the total abovegroundbiomass
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(adj.R = 0.93) and stem biomass (adj.R 0.59) using canopy volume and stem
basalcircumference for the same species. Thesatherawalso reported no fit possible for

the branchesbhiomass of the same species.

Thislack of fit forC. Africanain this study might be due to its growth form wdenixed
stands of wooded savanna as in the case of Dida-sit®; its growth form may make the
canopy shape complicated. Furthermore, sampled aseyounger and succulent at time
of harvestedas it can also be seen from its higlesture content of 66.48 % as compared

to the remaining woody plants.

In line with our present findings, Sawadogo ef(2010) also reported poorerpredictability
forsome species of Acaciaspecies@&htlionningiiinin West African savannas with bushy
andcomplicated shapes, which might have also madé&cult to accurately predict their

biomass.

Therefore, developing in species specific allonegguations models at site and spices
levels may accountable for differences in spedfiowtharchitecturean stages of growth
conditionof the species (Abola et al., 2005; Kuyshal., 2012). Furthermore, different

allometric equations within the same climaticzoraéso been reported by Abola et al.

(2005).

In general, the models we presented here showedttihatotal and branches biomass
components were predicted relatively better as @vatpto the stem biomass which is in
agreement with the findings of Hasen-Yusuf et aD1@3).In contrast, Sawadogo et al.
(2010) reported that biomass of branches and tweégs less predictable compared to stem

biomass and total biomass for woody tree species.

Hence, the growth form and location of a speciesds to be taken into account (e.g.,
whether neighboring trees compete for light andsthmay reduce branch growth) in

species-specific componentspredictions as repbrtddenry et al. (2011).
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4.3.2. Mixed species allometric equation

In this study, different mixed species allometrguations models follow some different
from that of the individual species equation modssticularly in terms ofthe number of
variables included. Accordingly, the best fittedbsbn models in mixed species across the
three biomass components (stems, branches anyl weed based on the combination of
three predicators (DSH-TH-CA).

Similarly, Chave et al. (2005) developed mixed-gge@quation model using three but
different combination of predicator variables (DBHFH- woody density) using the

temperate forest tree biomassdata.

Others (e.g., Henry et al., 2011; Kuyah et al., 20dasen-Yusuf et al., 2013) also
developed generalized allometric models for a grafipwoodyspecies to overcome
difficulty of species specificmodel requirements lsomass and carbon stockestimations

particularly in savanna ecosystems withdiverseisgec

However, Navar et al. (2004) argued that when agdiore species together might reduce
predictivepower and increase bias error. Northug.€2005) also emphasized that the use
of site-specificrelationships is more precise gitbat species sizebiomass relationship
could differ as plants alterallocation patterns response to soils, climate andother

disturbances.

4.5. CONCLUSIONS

The use of several dendrometric (predicator) véggn our equation model increased the
model accuracies as we also observed strong posalationship between total AGB and

the predicator variables.

In addition, our research on species specific anddnallometric equations provide an
empirical evidence that can be used to predict epamund biomass in branches and stems
separately which could be essential for studiesarbon sequestration with different

allocation of carbon allocation in stems and brasch
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The biomass prediction models derived here wilb gisovide an ideal opportunity for
further work on the verification of woody biomasalaulations, thus provide a proxy

estimate of carbon sequestered in woody vegetafi@ast Africa rangelands.

This will improve the estimates of carbon stockshia region from IPCC Tier 1 (the most
generic) to Tier 2 and Tier 3 (species-specificPQC, 2006) and support the
implementation of policies and mechanisms desigieedhitigate climate change (e.g.,
REDD or in CDM) (Agrawal et al., 2011; Sundarapamdet al., 2013).

However, the allometric biomass equations of setbeatoody species provided in this
study might be helpful toward the generation of enaccurate estimations of the AGB.
However; care should be taken when applying thevatric models in wider range of arid
and semi-arid ecosystems.

4.6. REFERENCES

Abola, J.R., J.R. Arvalo and A. Fernandez. 200%o1A¢&tric relationships of different tree specied an
stand above-ground biomass in the Gomera laurest¢Canary Islands). Flora 200: 64—274.

Agrawal, A., D.Nepstad and A, Chhatre. 2011. Reugyioemissions from deforestation and forest
degradation. Annu Rev Env Resour.36,373—-396.

Alvarez, E., A. Duque, J. Saldarriaga, K. Cabr&d).L. Salas, L.D. Valle, A. Lema, F. Moreno, S.
Orrego and L. Rodriguez. 2012 Tree above-groundnbgs allometries for carbon stocks
estimation in the natural forests of Colombia. BbEcology Management 267:297-308.

Angassa, A., and G. Oba. 2007. Relating long-teximfall variability to cattle population dynamias i
communal rangelands and a government ranch in egutkthiopia. Agricultural Systems94:715—
725.

Angassa, A. and G. Oba. 2008. Effects of manageamghtime on mechanisms of bush encroachment
in southern Ethiopia. African Journal of Ecology(2)6 186—196.

Angassa, A. and G. Oba. 2010. Effects of grazmeggure, age of enclosures and seasonality on bush
cover dynamics and vegetation composition in soutfghiopia. Journal of Arid Environments
74:111-120.

Archer, S.R. and K.I. Predick. 2014. An ecosyssemvices perspective on brush management: research

priorities for competing land-use objectives. Jaliof Ecology 102: 1394-1407.

148



Archer, S., T.W. Boutton and C.McMurtry. 2004. Gamband nitrogen accumulation in a savanna
landscape: field and modeling perspectives. Glamlironmental change in the ocean and on
land.Terra Pub, Tokyo 359-373p.

Asner, G.P., S. Archer, R.F. Hughes, R.J. Anskay @.A. Wessman. 2003. Net changes in regional
woody vegetation cover and carbon storage in Tdrgands, 1937-1999. Global Change Biology
9:316-335.

Baskerville, G. 1972. Use of logarithmic regressiothe estimation of plant biomass.Canadian Jdurna
of Forest Resources 2(1): 49-53.

Bihamta, M.R. and M.A.Zare-Chahouki. 2011. Prinefplof Statistics for the Natural Resources
Science, 3rd edn. University of Tehran Press, Tehra

Brooks, M, D., C.M. Antonio, D.M . Richardson, J@Brace, J.E. Keeley, J.M. Di Tomaso, R. J. Hobbs
and P.M.D. Pyke. 2004 Effects of invasive alienngaon fire regimes. Biological sciences
54:677—688.

Brown, S., A. Gillespie and A.E. Lugo. 1989. Biomaestimation methods for tropical forests with
applications to forest inventory data. Forest SmeBb: 881-902.

Chamshama, S.A.O., A.G. Mugasha and E. Zahabu.. Z0@d biomass and volume estimation for
miombo woodlands at Kitulangalo, Morogoro, TanzaSiauth African Forest Journal 200: 59-70.

Chave, J., C. Andalo, S. Brown and et al. 2008eTallometry and improved estimation carbon stocks
and balance in tropical forests. Oecologia 145{&}99.

Chave J., M. Re’jou-Me’chain, A, Bu'rquez, andale2014. Improved pantropical allometric models
to estimate the above ground biomass of tropicalsts. Global Change Biology 20: 3177-3190.

Coetzee, B.W.T., L.Tincani, Z. Wodu and SM.Mwad)08. Overgrazing and bush encroachment by
Tarchonanthus camphoratusin a semi-arid savanmzaafJournal of Ecology 46: 449-451.

Cole, T.G., and J.J. Ewel. 2006. Allometric equagidor four valuable tropical tree species. Forest
Ecology and Management 229: 351-360.

Coppock, D.L 1994. The Borana plateau of southethiopia: Synthesis of pastoral research
development and changes, 1980-91 ILCA (Internatidmzestock Centre for Africa).Systems
study 5.ILCA, Addis Ababa, Ethiopia 373p

Dalle, D., B.L.Maass and J. Isseilstien. 2005. PRindiversity and Ethnobotany of Borana Pastotsilis
in Southern Oromia, Ethiopia. Economic Botany, 39(3-65.

Dalle, G, B.L. Maass and J.Isselstein.2006. Eratnoeent of woodyplants its impact on pastoral
livestock production in theBorana lowlands, southé&romia. Ethiopia. African Journal of
Ecology 44:113-299.

149



Dietz, J.,, and S. Kuyah. 2011. Allometric equatiom destructive sampling. Guidelines for
establishing regressionallometric equation for tAaesnestimation through destructive sampling.
Protocol for CBP 1.3, ICRAF, 25p

Intergovernmental Panel on Climate Change (IPCQ)62Agriculture, forestry and other land use. In:
Eggleston H.S, Buendia L.Miwa K.Ngara T, Tanabe &ls) IPCCGuidelines for National
Greenhouse Gas Inventories, Preparedby the NatioBaéenhouse Gas Inventories
Programme.IGES, Japan.

Gibbs, H.K., S.Brown, J.O. Niles and J.A. Foley020Monitoring and estimating tropical forest carbo
stocks: making REDD reality. Environmental Resedretiers 2:1-1 3

Gifford, R.M., and S.M. Howden. 2001. Vegetatioitkiening in an ecological perspective: significance
to national greenhouse gas inventories and mitiggpiolicies. EnvironmentalScience Policy 4:
59-72.

Gonzalez-Roglich, M., J.J. Swenson, G.E. Jobbamgy B.R. Jackson. 2014. Shifting carbon pools
along a plant cover gradient in woody encroache@rsaas of central Argentina. Forest Ecology
and Management 331: 71-78.

Hasen-Yusuf M., A.C. Treydte, E. Abule and J. Shasr. 2013. Predicting above-ground biomass of
woody encroacher species in semi-arid Rangelantttéofita. Journal of Arid Environments 96:
64-72.

Henry, M., N. Picard, C. Trotta, R.J. Manlay, R.l|&fdini, M.Bernoux and L. A. "Saint. 2011.
Estimating tree biomass of sub-Saharan Africanstsrea review of available allometricequations.
SilvaFennica5 : 477-569.

Howard, K.S.C., D.J. Edridge and S. Soliveres.22(Rositive effects of shrubs on plant species
diversity do not change along a gradient in grapregsure arid shrubland. Basic Applied Ecology
13:159-168.

Hughes, R.F., S.R. Archer, G.P. Asner, C.A. Wess@aMcMurtry, J. Nelson and R.J. Ansley. 2006.
Changes in aboveground primary production and cagral nitrogen pools accompanyingwoody
plant encroachment in a temperate savanna. Gldietge Biology 12:1733-1747.

Kennth, P.B. and R.A. David. 2002. Model selectmm multimodel inference a practical information-
theoretic approach,"2edn. Springer, New York.

Kgosikoma, O.E., B.A. Harvie and W. Mojeremane. 20Bush encroachment in relation to rangeland
management systemsand environmental conditionsalahiéri ecosystem of Botswana. African
Journal of Agricultural Research 7(15): 2312-2319.

Knapp, A.K., J.M. Briggs, S.L. Collins, S.R. Archd!.S. Bret-Harte, B.E. Ewers, D.P. Peters, D.R.
Young, G.R. Shaver, E. Pendall and M.B. Clear@0& Shrub encroachment in North American

150



grasslands: shifts in growth form dominance rapidlier control of ecosystem carbon inputs.
Global Change Biology 14: 615-623.

Kuyah, S., C. DietzMuthuri, R. Jamnadass and P. Mjiva2012. Allometric equations for estimating
above-ground biomass in agricultural landscapesicAljure, Ecosystems and Environment 158:
216-224.

Kuyah, S., G.W. Sileshi and T.S. Rosenstock. 2@8llémetric models based on Bayesian frameworks
give better estimates of aboveground biomass inntf@mbo woodlands. Forests 7: 13. Doi:
10.3390/f7020013.

Litton, C.M., and J.B. Kauffman. 2008. Allometriconfels for predicting above-ground biome two
widespread woody plants in Hawaii. Biotropica 4033320.

Mascaro, J., C.M. Litton, R.F. Hughes, A. Uowoloda8.A. Schnitzer. 2011. Minimizing bias in
biomass allometry: model selection and log-tramefdion of data. Biotropica 43(6): 649-653.
Megersa, B., A. Markemann, A. Angassa, J.O. OddtR, Piepho and A. Valle Za'rate. 2014. Impacts
of climate change and variability on cattle prodarctin southern Ethiopia: perceptions and

empirical evidences. AgriculturalSystems 130:23-34.

Northup, B.K., S.F. Zitzer, S. Archer, C.R. McMuyrtand T.W. Boutton. 2005. Aboveground biomass
and carbon and nitrogen content of woody speci@ssubtropical thorn scrub parkland. Journal of
Arid Environments 62: 23-43.

N’avar, J., N. Gonzalez, D. Maldonado, J. Gracidhd)ale and B. Parresol. 2004. Biomass equations
for shrub species of Tamaulipan thorn scrub of Nedstern Mexico. Journal of Arid Environment
59: 657-674.

Oba, G., and D.G. Kotile. 2001. Assessments of deagle level degradation in southern Ethiopia:
pastoralists versus ecologists. Land Degradati@egelopment 12: 461-475.

Oba, G., E. Post, P.O.Syvertsen and N.C. Steng@@f. Bush cover and range condition assessments
in relation to landscape and grazing in southehiopta. Landscape Ecology 15:535-546.

Oba, G.1998. Assessment of indigenous range mareagemowledge of the Borana pastoralists of
southern Ethiopia. Part |. GTZ/Borana Lowland Padtbevelopment Program 98p.

Okello, B.D., T.G. O’connor .and T.P. Young. 200&rowth, biomass estimates, and charcoal
production of Acacia drepanolobium in Laikipia, K@nForest Ecology and Management 142:
143-153.

Oldeland, J., W. Dorigo, D. Wesuls and N. Ju. 2Q¥@pping bush encroaching species by seasonal
differences in hyperspectral imagery. Remote Semdi: 10.3390/rs2061416.

Overman, J.P.M., H.J.L. Witte and J.G. Saldarrid@®4. Evaluation of regression models for above
ground biomass determination in Amazon rainfordstirnal of Tropical Ecology 10:207-218.

151



Roques, K.G., T.G.O'Connor and A.R. Watkinson. 200§namics of shrub encroachment in an
African savanna: relative influences of fire, hedry, rainfall and density dependence. Journal of
Applied Ecology 38:268-280.

SAS (Statistical Analysis System). 2012. User'sdBuBAS/STAT® 9.3: Statistical Procedures, Second
edition. SAS Institute Inc., Cary, NC, USA.

Sawadogo, L., P. Savadogo, D. Tiveau, S.D. Dayarbb&Zida, Y. Nouvellet, P.C. Oden and S.
Guinko. 2010. Allometric prediction of above -graubiomass of eleven woody tree species in the
Sudanian savanna-woodland of West Africa. JourhBboest Resources 21:475-481.

Segura, M., and M. Kanninen. 2005. Allometric medel tree volume and total aboveground biomass
in a tropical humid forest in Costa Rica. Biotrapl&7(1): 2-8.

Solomon, T.B., H.A. Snyman and G.N. Smit. 2007. esssnent of woody vegetation structure in
relation to land use and distance from water iniseid Borana rangelands. Journal of
Environmental Management 85:443-452.

Sundarapandian, S.M., S.Amritha, L. Gowsalya, Pyattai, M. Thamizharasi, D. Javid -Ahmad, K.
Srinivas and G.D. Sanjay. 2013. Estimation of bissnand carbon stock of woody plants in
different land-uses. Forest Resources. 3: 115104i172/2168-9776.1000115.

Terefe, B., M. Limenih, A. Gure .and A. AngassalP20lmpact of Acacia drepanolobium (an invasive
woody species) on gum-resin resources and loagiivod in Borana, southern Ethiopia. Tropical
and Subtropical Agroecosystems 14: 1063-1074.

Thorne, S.M., D.Q. Skinner, M.A. Smith, J.D. Rodgek. William and A.S. Cerekci. 2002. Evaluation
of a technique for measuring canopy volume of shrdburnal of Range Management 55:235-241.

Throop, H.L., L.G. Reichmann, O.E. Sala and S.Rharc2012. Response of dominant grass and shrub
species to water manipulation: an eco-physiologiasis for shrub invasion in a Chihuahuan
Desert Grassland. Oecologia 169: 373—-383.

Tietema, T. 1993. Biomass determination of fuel dvdees and Bushes of Botswana. S Afr Forest
Ecologyand Management 60:257-269.

Vahedi, A.A., A. Mataji, S.M. Hodjati and A. Djom®014. Allometric equations for predicting
aboveground biomass of beech horn beam stand iRlythcanian forests of Iran. Journal Forest
Science 60(6): 236—-247.

Van Auken, O.W. 2009. Causes and consequences afiyvyolant encroachment into western North
American grasslands.Journal of Environmental Mamege 90: 2931-2942.

Vashum, K.T.and S., Jayakumar. 2012. Methods ima& aboveground biomass and carbon stock in

natural forests — a review. Journal of Ecosyst &gpP(4):1-7.

152



Wigley, B.J., W.J. Bond and M.T. Hoffman. 2010. dket expansion in a South African savanna under
divergent land use: local versus global drivers@b@l Change Biology 16: 964—-976.

Xiao, C.W., and R. Ceulemans. 2004. Allometric tiefsships for below- and aboveground
biomass of young Scots pine. Forest Ecology andagament 203: 177-186.

Yen, T.M., and J.S. Lee. 2011. Comparing abovegtatarbon sequestration between moso
bamboo (Phyllostachys heterocycla) and China funf@ngham lanceolata) forests based
on the allometric model. Forest Ecology and Manag@r261:995-1002.

153



CHAPTER FIVE

154



5. EFFECTS OF LONG-TERM BAN OF FIRE ON CARBON DYNAMS AND SOIL
PROPERTIES IN BORANA RANGELANDS, SOUTHERN ETHIOPIA

Submitted to journal Catena as: Kenea Féyis@heleme Beyefie and Ayana
Angassi Effects of long-term ban of fire on carbon dynasnénd soil properties in Borana
rangelands, southern Ethiopia.

Status:under revision based on comments received from ethiéor's and reviewers
commentg ®School of Plant and Horticultural Sciences, Calefl Agriculture, Hawassa
University, P.O.Box 05 Hawassa, Ethiopia

b Department of Animal Science and Production, Botswelniversity of Agriculture and
Natural Resources, Private bag 027, GaboronewBois

155



ABSTRACT

Fire management was a common practice in Borangetands of southern Ethiopia, this
practice, however, was discontinued in the 1976lkWing a ban on fire imposed by the
government.For this, three prescribed burned gjteplicates) each paired with unburned
areas (40 years of fire exclusion) were selectednte@stigate for differences in soll
organic carbon (SOC) and total nitrogen (TN) comgeand stocks and above-ground
biomass carbon accumulation,while accounting fdeas of landscape position (upland
and bottomland) and soil depths. We collectedsaihples at three soil depths (0-5, 5-15
and 15-30 cm) and vegetation attributes from 60tsphithin burned and adjacent
unburned sites at each landscape. Although ourlteshowed that burned and unburned
pairs did not show significant (P > 0.05) differ&smn terms of both soil organic carbon
(SOC) content and stock acros the two landscapsrsiatevly higher values of these
parameters were recored under prescribed burnedeamits across the three soil depths.
Accordingly, total mean of 48.19+2.29 Mg the upland and 40.25+2.57 Mg fan
bottomland landscape of burned sites, whereas éncibrresponding unburned sites of
upland 43.17+2.40 and 36.54+1.94 Mg hin the unburned sites of bottomland in the O-
30 cm depth were recorded. Similarly, total nitrog@N) content and stock in unburnt
areas were higher than that of the unburned aradtbough the difference was significant
(P < 0.05) only in upland site.Moreover, the herbaas biomass carbon in burned areas
was signficalty higher than unburned sites, wheseakthough not singficanr (P> 0.05), a
relatively higher woody biomass carbon stock wasorded in the unburned sites. The
results, therefore, can conclude that a fire regioaracterizes the spatial patterns of
carbon and nitrogen dynamics. However, further gtwill be needed to understand other
interactive factors such as climate and grazingsprge along with fire intensity on

carbon and total nitrogen dynamics at the sites.

Key Words: Borana, Fire, Soil carbon, Soil nitrogen, Biomaahon
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5.1. INTRODUCTION

Uderstanding the impact of fire on carbon dynamiksundamental in view of the
emerging climate change mitigation agenda (Zhaal.e2012; Valentini et al., 2014).Fire
is also an integral part of the land use practipamarly used on rangelands to manipulate
natural vegetation and enhance the suitabilityegfetation and productivity for livestock
(Fynn et al. 2003; Sankaran et al., 2005; Berrégex., 2009).

Furhtermore, fire has the potential to alter sailbon storage by influencing rates of net
primary productivity, carbon (C) allocation patterrand rates of organic matter

decomposition (Ojima et al., 1994).

In particular, controlled (prescribed) fire is assential tool to intentionally manipulate
rangeland ecosystems (Higgins et al., 2007; Pifetial., 2010). Conversely, uncontrolled
fire can lead to ecosystem destruction associaidd the disruption of the fundamental

nutrients cycle (Coetseeet al., 2010).

Similalry, earlier studies (e.g., Bond and Keel2§05; Beringer et al., 2009) showed that
reduced fire frequencies allow the proliferation wbody encroachment into savanna
ecosystems. At the same time, fire can be used@d éor landscape management (Costa
etal., 2011).

Increased woody cover and density may appear &b \option for carbon sequestration
and increased nitrogen (N) cycling. Soil carbon @) nitrogen (N) storage may,
however, reverse at very high woody densities ggath a net loss of C when savannas are

replaced by thicket and grass cover is lost (Wiikeet al., 2011).

Other studies (Oluwole et al., 2008; Rau et all®@ook et al., 2015) also documented
both positive and negative responses of carboihdoetfects of fire management, where
some of the studies (e.g., Bird et al., 2000) fodimel reduction in soil carbon stock

attributed to the effects of fire.

Conversely, Coetsee et al. (2010) reported thaetieeno significant influence following

50 years of frequent burning on SOC in southerncAfr savannas. Hence, the effect of
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fire on terrestrial carbon stocks are a functiortt@f balance between carbon loss from
direct fire emissions and decomposition and carpgin from vegetation regrowth (Fynn
et al., 2003).

It has been argued that recent increases in woodgrdn African savanna are caused in
part, by less frequent and less intense fires &@eeét al., 2010). However, the long-term
impacts of fire suppression on the soil propertiegre on C and N dynamics in dry

savannas are poorly documented (Sawadogo et 8b).20

According to Sankaran et al. (2008), fire returteiwal is one of the most important
variables in regulating woody plant cover alongeatensive ecological gradient in African
savannas. Therefore, there is a need to investigatenpact of long term fire suppression
and how controlled (prescribed) fire managemeniuérfces soil C and N dynamics in

savanna ecosystems of East Africa.

Traditionally, fire was used by the Borana paststsilto stimulate fresh grass growth,
reduce invasive bush species, and to help contkl gopulations (Angassa and Oba,
2008). On the other hand, fire was officially piated in the rangelands of southern
Ethiopia in the early 1970s (Coppock, 1994), witle goal of safeguarding the natural
forests against wildfires (Gebru et al., 2007).

The consequences of fire ban in the Borana randelah southern Ethiopia led to the
expansion of bush encroachment with a decline rerpaal grasses (Coppock, 1994).Few
studies (e.g., Coppock, 1994; Oba et al., 2000jevead the consequences of the

transformation of the vegetation in southern Etl@op

A similar study by Angassa and Oba (2008) showed pinescribed fire in combination
with bush thinning practices increased the accunamaof herbaceous biomass and
richness to maintain the balance between the waodyherbaceous layers. Others (Gebru
et al.,, 2007; LaMalfa et al., 2008) also indicatee importance of prescribed fire in

conjunction with other appropriate range managerpeattices.
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Furthermore, Bikila et al. (2016) also reporteat gorescribed fire is essential in enhancing
carbon storage in soil organic matter and plantniaiss. Hence, the re-introduction offire
in the Borana rangelands was very recent in thel@syears by encouragement of the
Borana pastoral communities and facilitated by comity leaders, government and non-
government organizations as well as other instihgtiwho understand the importance of

using fire to manage rangelands (Gebru et al., 2007

Although these studies and observations were cdeduinn the Borana rangelands of
southern Ethiopia, information is still scarce widndscape heterogeneity in terms of
clarifying the long term impact of fire ban on thetential of carbon sequestration, changes

in soil properties and vegetation biomass.

Therefore, the objectives of this study were tg iflvestigate the impact of fire ban
(burned vs. unburned) on SOC and TN contents avukstin different soil depths ; (2)
assess the impacts of fire ban on carbon storag#seiabove-ground vegetation (woody

and herbaceous)biomass.

We hypothesized that: (i) prescribed fire wouldréase soil nutrients, more specifically
soil organic cabon total nitrogen due to the inseeaf understory layer and the reduction
of the direct release of nutrients in the fire) (inburned areas accumulate more carbon

stocks in woody biomass as compared to the bumegkefand units.

5.2. MATERIALS AND METHODS

5.2.1. Study area and traditional fire management

The study was conducted at two sites, namely, Bikald Sanke (Dambi cluster) in Dida-
Hara area in Yabello district, southern Ethiopidhe detailed description of the study area
was given under the general materilas and methedsoa (Chapter I). Dida-Hara is
located between an altitude range of 1260 and 1W@€r above sea level (m.a.s.l.)
(Angassa and Oba, 2010).

Prior to the official ban on fire, the communiti@$ the study sites were practiced

traditional fire varying between one and five yéatervals to suppress bush growth by
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kiling encroaching woody species (Angassa and OB808). Discussions with
pastoralistsrevealed that the ban on fire had gimeg@eriod from 1976 by the government,

which is almost 40 years when this field work wagied out.

Lack of use of fire history in Borana was alsotiadly reconstructed from environmental
change, mostly in climate, which in turn influeneegetation and fuel load.Moreover, the

proliferation of villages in the area could congtta hazard should fires get out of control.

As a result, encroaching woody species are recednis reducing grazing land through
colonising rangeland, as well as out-competing &egbus grasses for nutrients, thus

reducing grass cover (and feed for livestock).

Bearing these factors in mind, government and rmrenmental organizations (NGOSs)
and hence mentioned by pastoralists are re-intindumurning as a rangeland management
technique through ‘prescribed fire’ - the contrdlland managed application of fire to
defined units of grassland towards counteractirg piholiferation of these plants and

encouraging grass growth
5.2.2.. Selection of the study sites and experimentagdes

A preliminary field survey was carried out betwektay and June 2013 to identify
rangeland sites with known history of exsting fsgeriments.The practices of fire regime
were assessed from review of pertinent publicafiempublished records andfield visit

focused on the influence of fire suppression instuely area.

Following this initial step, two sites (Dikale arg®hnke) each consisting of burned vs.
unburned sites were selected through systemattorarsampling techniques, with Dikale
in the uplands 1500 m a.s.l.) and Sanke in the bottomland$400 m a.s.l.) in

topography. Selection of the sampling sites wasanaith the help of knowledgeable

community members and experts working in the saregs.

The two firesites weredistributed within 20 km naglin Dida-Hara area. In addition, it was

confirmed from community elders and expert workimghe area where prescribed burning
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was conducted during the last 7 years (in 2006)ret of field sampling in 2013 versus 40

years of unburned sites.

The single planned burning (prescribed fire) wasried out in year2006 during
monthbetweenFebruarys to March before the onsediny season (LaMalfa et al., 2008).
Burns were conducted with average ambient temperatu27°Cwind speed from 20-32
km/h and relatie humidty from 25-40 %, and the grgeowth to a minimum of 30 cm
height (or fuel load of about 2500 kg/ha ). Headdiwere set after 3 pm when humidity

and temperature were declining (Sexton et al., 006

The experimental design consisted of pairs of kdirferescribed fire) and the adjacent
unburned areas (40 years of fire suppression) albegwo landscapes, each with three
burned sites (replicates) (Fig.5.1a), so that cais@ascould be made of burning versus no
burning. Paired sites were selected which haveange climate soil types, vegetation type
and topographic features.

In each paired site, a 500 m long line transect @gablished in the burned and adjacent
unburned sites, ensuring that soil and terrain itimm$ were similar as possible between
each pairs. We established 10 sampling plots (3@th# each) along a 500 m long line
transect in each paired burned vs. unburned sitestablishing the sampling plots,
systematic random sampling was used where in e@mehnfanagement unit, the first

sampling unit was established randomly and subsequets.

The study plots were well spaced (separated byast|50 m) and randomized in each
treatment to account for spatial variability oflsmnd vegetation (Fig.5.1b). We avoided
sampling within 30-50 m distances between the ddinerned and adjacent to avoid adge
effect.

Field data collection was conducted between thethsoof June and July 2013 (postburn)
to determine fire effects on soil C and N and vatjeh biomass dynamics.A total of 60

paired-plots (one unburned, one burned) at eaatstape site.
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Figure 5.1(a) Map of the study sites and (b) diagsketch of 500 m baseline set up with
one transct

Note: in each of the 50 m stretches plots and subJpyouts were allocated for collecting
soil and vegetation samples. The diagrammatic BKetcplot and sub-plots are not drawn

to standard scale.

5.2.3. Soil sampling, laboratory analysis and datton SOC and TN stocks

In each plot, we collected random soil samplesadet soil depths (0-5, 5-15 and 15-30
cm) from 12 sub-plots The sub-plots were well sgaaeminimum of 15 m distance from
each other to account for heterogeneity in soil\agktation characteristics within the site,
although not drawn to the standard scale (Fig.)5.1b

Commualtive mass of soil samples were from fourtsgsub-plots) placed the in which
the first sampling point was near the center of plat, and the other sub-plots (auger
points) were located in systematic random pattéig.%.1b). A total of 60 paired-plots
(one unburned, one burned) within at each landspapton sampled.
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Soil samples preparation, processing and analysiscalculation of SOC and TN stocks
were conducted at the Soil and Plant Testing Laboraof Hawassa University, Ethiopia

(seefordetails under the general materialshiapter 1).
5.2.4. Vegetation survey and biomass estimation

In each plot, a 10 x 10 m quad sub-plot was fordyoeegetation survey. Data included a

list of all woody plants (mature trees, sapling aaddling) species, life form of each, and

Non-destructive of dendrometric measurements ngniyl tree height diameter at stump
height (cm) at 30 cm ground and dimeter at breagght (cm) at 1.3 m above-ground
surface, two crown dimentions [(the long axis (dibd short axsis perpendicular to the
long axis (d2)] used to calculate crown area (OAg erown volume (CV) (see the detailed
proceure and calculation ahapter V).

Herbaceous vegetation wassampled using five suB-pb5 m x 0.5 m each). Samples
from the five sub-plots were pooled together asvagight (gm nf) and oven dried for dry

biomass estimation (detailed under chapter

Total above-ground biomass (AGB) for woody speastimated using the developed
species specific allometric equitation (Feyisalet2016) for thee same study area (see
details in Appendices 5.1, 5.2. and 5.3).The tdtasl weight (kg/tree) was converted to
Mega gram per unit area (ha) multiplied by the egpan factor (unit area (ha) divided by
plot area).

Finally, the carbon content of dry biomass wasnestied using the default value 0.47 (i.e.,
47% of the dry biomass is assumed carbon) (IPC@)6Rand results were expressed in

mega gram per unit area
5.2.5. Statistical analysis

Before data analysis, our data set were checkddomality and homogeneity of tests,
outliers were removed if any. The effect of fire soil properties, SOC and TN stocks

were analyzed using linear mixed model procedurec(mixed).
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Comparisons were carried out with the use of SAgedieffects models with categorical
fixed variable for soil parameters included:[firegime (dummy variable: burned vs.
unburned areas) in each depth of the soil (threeld and plot as a random effect for each

landscape.

For vegetation attributes, the model included e$fext fire regime (burned vs. unburned)
for each landscape and combining all sites. Thepbagplot was included in the model as
a random effect to control for repeated measuresislecomparisons were made using
Tukey’s test (at alpha0.05).All statistical anab/sgere carried in SAS ver. 9.2 (SAS,
2012).

5.3. RESULTS
5.3. 1. Effects of fire on bulk density, SOC andcdhtents andstocks

In the present study, soil bulk density did notwhany significant (P > 0.05) difference
between burned and the adjacent unburned areade(bab). However;the unburned
rangeland unit had showed relatively higher in thdésameteras compared to thatof the
burned plots across the three soil depths.Moreadber,difference between burned and
unburned areas in terms of bulk density apparentye at the upland position in the lower
(15-30 cm) soil depth (Table 5.1).

Our results in this study also showed that both S€xdtent and stock were not
significantly (P > 0.05) different between burnawaunburned areas (Table 5.1). In the
upland site, however, the burned site resulted sigaificant (P < 0.05) in proportional

increase of 27.1% SOC content as compared to jaeead unburned sites in the 15-30 cm
depth(Table 5.1).

In the same soil depth (15-30 cm), the burned sitélse bottomland, however, resulted in
marginal reduction of 4.5%SOC contentwhen comparéd that of the adjacent unburned

sites, although the difference was notsignificdmatile.5.1).

Similarly, burned sites at the upland sites hadvgliban increaseof 1.24, 0.64 and 3.15 Mg

ha'inSOC stocks, respectively in the 0-5, 5-15 an@@%m soil depths, while the values
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were 1.02, 1.94 and 0.94 Mg hia burned areas of the bottomland sites in the santier

of soil depths as compared to their adjacent urdzliemeas (Table 5.1).

The above values can be converted to percent cdase by 15.6, 4.37 and 15.32%in SOC
stocks in burned site at the uplandand by 11.48 Hhd 5.9% at the bottomland
postionwhen compared with that of their adjaceriuined sites across the three soil soll

depths, although the increaments did not bringfgiant difference.

However, apparentlymore increase in the burnead #iten unburned sites in termsof SOC
stock was recorded inthe 0-5 cm and 15-30 soildejptithe upland sites, while for burned

site at the bottomland postion was in the 5-15 cihlayer (Table 5.1).

In this study, response of total nitrogen (TN) emitand stocks to prescribed bruning was
significant (P < 0.05), but thissignificant highEX content in burned than unburned sites

was obtained only at the upland site.

Accordingly, burned areas of the upland sites haggrtional increases of TN content by
41.7 and 27%, respectively at the 0-5 cm and 1%+80soil depthsas compared to the

adjacent unburned areas (Table 5.1).

In the burned sites of the bottomland, howevery orgligible increase in TN content as
compared to the adjacent unburned sites acrogtribe soil depths (Table 5.1). Likewise,
the effect of prescribed fire on TN stock variedoas the landscape positions and soil

depths.

Consequently, the burned sites of the uplands igaifisantly (P <0.05) higher TN stocks
that ranged from 0.49 to 1.27 Mg hhan the adjacent unburned sites, whereas burned
areas of the bottomland site showed only slighteiase in TN stocks when compared with
that of the unburned sites across the three d¢pdide 5.1).

The present results also showed that no signifi@rt 0.05) difference between burned
and the adjacent unburned areas in terms of Ctibl aaross both landscape postions and
three soil depths (Table 5.1).
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Table 5.1. Mean values of bulk density (BD), satanic carbon (SOC) andtotal nitrogen
(TN) contents and stocks and carbon to nitrogenN)Cratio in burned and the adjacent
unburned sites across the three soil depths aamdscapes in Dida-Hara area of Boran

Dikale site Sanke site
(Upland;>1500 m.a.s.l.) (Bottomland<1400 m.a.s.l.)
Soil properties Depth (cm) Burned &g?;égﬁg Burned (lig?:égﬁg
0-5 1.10+0.1 1.34+0.06 1.11+0.04 1.15+0.06
BD (g cm®) 5-15 1.32+0.05 1.42+0.04 1.23+0.04 1.31+0.06
15-30 1.52+0.05 1.60+0.04 1.26+0.06 1.43+0.08
0-5 1.28+0.03 1.12+0.05 0.93£0.05 0.92+0.04
SOC (%) 5-15 1.15+0.04 1.0+0.06 0.82+0.04 0.81+0.04
15-30 1.04+0.0% 0.82+0.08 0.64+0.04 0.67+0.04
0-5 9.20+1.17 7.96+0.43 9.93+0.94 8.91+0.81
SOC stock (Mg hd) 5-15 15.29+1.16 14.65+0.85 13.52+0.96 11.58+0.71
15-30 23.71+1.41 20.56+1.41 17.00£1.53 16.06+1.11
0-5 0.17+0.01 0.12+0.0% 0.13+0.01 0.14+0.01
TN (%) 5-15 0.14+0.01 0.11+0.0% 0.11+0.01 0.12+0.01
15-30 0.12+0.01 0.10+0.01 0.10+0.01 0.11+0.05
0-5 1.73+0.29 1.24+0.18 1.40+0.13 1.37+0.12
TN stock (Mg h&) 5-15 1.93+0.20 1.38+0.10 1.8120.11 1.80£0.12
15-30 3.31+0.28 2.04+0.1% 2.41+0.19 2.39+0.19
0-5 8.53+0.56 9.21+0.48 7.16+0.36 6.87+0.36
C:N ratio 5-15 9.26+0.63 9.74+0.67 7.61+0.42 6.84+0.38
15-30 9.40+0.59 9.15+0.78 6.76+0.46 6.58+0.40

N= 3 — replication of experimental sites. MeansS@) followed by different letters are statistigalifferent between
burned and the adjacent unburned sites, after Taikest (adjusted) at P <08.

5.3.2. Effect of fire on above-ground biomass carsimcks (woody and herbaceous)

In the study, a total of 24 woody tree species wdemntified across the two landscape
units, out of which 12 woody tree species thatdminant contribution and with DBH
than > 2.5 cmmeasurement of their dendrometricabdes and used in the allometric

equations to estimate the above-ground biomagsrasented in Appendices 5.1and 5.2.

Overall, total woody density was greater in thebwmmed rangeland units (4,820 stems ha
) and in the prescribed burned areas (3370 stemp hwever, both burned and the
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adjacent unburned sites were having almost sinmlderms of types woody species and

their lists are summarized Appendix 5.3.

According to our finding, burning had significan{fg< 0.001) higher herbaceous biomass
carbon with 4.75+0.77 and 1.79+0.11 Mg tmthe burned areas of the upland and
bottomland positions, respectively, and in the eeipe unburned areas the values were
1.3040.20 and 0.65+0.05 Mg harespectively.

Hence, the difference between the burned and adjacdurned fire treatments was more
apparent at higher altitude as it was observed ffogure 5.2.An averageacross both
landscape sites, herbaceous biomass carbon stak2#0.43 Mg hd'in theburned sites

and in the unburned site it was about @®83 Mg hd

The amount of carbon sequestered in woody biomiassad show significantR > 0.05),
althoughburned site had 29.97+6.65 Mg h#10.43%lower) in the upland and
29.51+3.73Mg hda (22.44% lower) at the bottomland as compared @ thespective
adjacent unburned sites (33.46+4.24 and 38.05+1g94id", respectively. However,
apparently more difference between paired burnedusburned sites was observed at the
bottomland position (Fig.5.2).

Likewise, burned site had 29#278 Mg hdwoody biomass carbon stock, and in the
adjacent unburned sites was 35.75+3.28 Mdi.ba the unburned rangeland unit had
resulted in 6.1 Mg h&(20%increase) as compared to the burned sites abheraged for

both landscape sites (see also Fig.5.2).
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Figure5.1.Mean values of above-ground biomass cadbtocks (woody and herbaceous
vegetation) in burned and the adjacent unburned sit each landscape and averaged for
all sites. Q b

Bars followed by same letter did not differ, affeukey's test (adjusted). Error bars
indicate standard error of the mean (SE).

5.3.3. Effect of fire on carbon pools (soil and etagion)

Overall, a total mean SOC stocks of 48.19+2.29 4Bd7+2.40 Mg hi, respectively for
the burned upland and bottomland sites, whereasghees 40.25+2.57 and 36.54+1.94
Mg ha* for the corresponding adjacent unburned site withBD cm depth were recorded
(Table 5.2).

Likewise, we rcored a total mean TN stocks of &®45 and 5.620.27 Mg ha

! respectively in the burned upland and bottomlaitds, and for the corresponding
adjacent unburned sites the values were#Q6% and 5.560.29 Mg hd TN stock in the
top 0-30 cm depth. However, a significantly higffér< 0.05) TN stock in the burned sites
than the adjacent unburned treatment was obtainkdrothe upland site (Table 5.2).
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The figures can be converted to TN stock accunanatate of 0.33 and 0.01 Mg har?,
respectively in the burned areas (average of 7syearpost-fire) in the upland and
bottomland sites, as compared to their correspgraitjacent unburned sites.

Our results also showed carbon pools (soil andte¢éiga biomass) were not significantly
different between paired burned and unburned aaédrdividual landscape and when

averaed for both sites (Table 5.2).

However, prescribed burnedsite hadresulted inmihimerease (5 Mg h§6.4%) atthe
upland site, whereas a marginal decrease (-3.68d1g4.9%)in the bottomlands in terms

of carbon poolsas compared to the adjacent unbwitesi(Table 5.2).

Averaged across the two landscape sites,burneslisitreased in SOC and TN stocks at
an average of 4.37 Mg 1d0.97% increase) and 1.19 Mg™(a3.29% increase),
respectively as compared to the adjacent unbuméakitop 0-30 cm depth , although the

differences were not significant (Table 5.2).

In contrast, unburned sites had an increase of Mgl ha' (17.25% increase)
biomasscarbon stocks (pooled woody and herbacessigpmpared to the burned sites

whenaveraged for both sites, although the diffezemas not significant (Table 5.2).

Table 5.2. Mean values of above-ground biomassocarBOC and TN stock (0-30 cm)
and carbon pooled in burned and the adjacent uedusites at two landscapes and
averaged for all sites

Dikale site (uplandz1500  Sanke site (bottomlang1400 Averaged for all sites

m.a.s.l. m.a.s.l.
. Unbured Unbured Unbured
Respons variables Burned . Burned . Burned .
(adjacent) (adjacent) (adjacent)

Tota AGBC(Mg hd)

(Woody and herbaceous)

34.72+6.67 34.76+4.24  31.30+3.72 38.70+5.06 33.018:3 36.73+3.28

SOC stock (Mg hg, 0-30 cm ) 48.19+2.29 43.17+2.40  40.25%2.57 361594 44.22+1.78 39.85+1.59

Carbon pools (Mg h§

(in soil and vegetation biomass )

82.9248.26  77.93+4.38 71.55+4.52 75.24+5.34 77.2834 76.58+3.43

TN stock (Mg hd, 0-30 cm) 6.97+0.45 4.65x0.16  5.62+0.27 5.56+0.29 6.30£028  5.11+0.28

Note: Mean values (+ SE) followed by differenttées showed significant between

burned and the adjacent unburned sites, using Taikest (adjusted) at P < 0.05).
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5.4. DISCUSSIONS

5.4.1. Effect of fire on bulk desnity, SOC and ©Ntents and stocks

A slight decrease of soil bulk density as a restilprescribed fire observed in this study
could be du to adequate grass growth to build resérves, establish good basal cover

against compaction erosion and relatedly highenearhof SOC under burned areas.

In agreement with, Brye (2006) reported decreabmlg density values after 12 years of
annual prescribed fires in a humid-subtropical emunent in central Arkansas, because of
increased belowground organic matter inputs asbimohass. Other study (e.g., Pierson et

al., 2008) reported no significant changes in Bolk density after prescribed fires.

However, many factors seem to determine soil belkstty (including, fire intensity and
severity, fuel accumulation, texture, moisture) #meise need to be carefully monitored if

we hope to gain a greater knowledge of this saipprty.

Our results indicate thatSOC content and stock wetesignificantly different between

burned and unburned pairs, despite differencessacswil depths and landscapes.
However, significantly higher SOC content in burriedn in the unburned aresa at the 15-
30 cm depth of the upland site was unlikely thet &ffected SOC concentration in lower
soil layer without causing significant impact on the upper surface (0-5 cm)soil layer.

Hence, the difference was a result someother sodgsses (e.g. root exudates).

In general, a relative increase in SOC contentsaock under theburned plots as compared
to the adjacent unburned sites could be attribtaetthe recovery of herbaceous biomass
and more litter input following post-fire that mawyply the buildup of organic matter

(carbon storage) in the soil system

Inline with, Scharenbroch et al. (2012) indicatkdttin low intensity fires, it is normal to

find increased carbon pool values because of tberporation of unburned or partially
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unburned slash fragments into the soil of becauséicomplete combustion of the organic

matter.

Several other studies (Neill et al., 2007; Lavdieale 2010; Roaldson et al., 2014) have
also reported no change or changes that were mtistitally significant difference

between burned and unburned sites in terms sahicgarbon.

In contrast, Bird et al. (2000) reported decreassoil C with all fire frequencies compared
to no burn in African savanna. However, in manyeotktudies (e.g. Kolka et al., 2014;
Maynard et al., 2014) have indicated that no eféedittle effect of fire on SOC and TN
pools. Others (e.g.Nave et,&011) in their review of literatures have also fdun most

of the cases that prescribed fire did not haveifsogimt effect on soil carbon. Inconstrast,
Certini (2005) indicated that there is a marked mssoil carbon as a consequence of high-

intensity fires.

In this study, we observed apparently more SOCkst¢t5.62 and 15.32% increases) in
the upland at 0-5 and 15-30 cm, whereas an incaidakkE5 and 16.8% (in bottomland) in
SOC stocks at theO0-5 and 5-15 cm soil depths, céispéy as compared to their

corresponding adjacent unburned (controls).

This observation showed that soil organic carbopréscribed fire is influenced across soil
depths and landscape positions may be due to fatbirs such grazing management and

post fire management condition which may have aomfiing interaction with fire.

Others (Knicker, 2007; Boerner et al., 2009) afsbdated that the balance between carbon
uptake and loss is a reflection of the effect agjatation composition and structure. Ansley
et al. (2006) also indicated that fire had the ptid to alter soil carbon storage by

influencing the rates of net primary productivitydacarbon allocation patterns.

In this study, our results showed that prescribesl (7 years of post-fire) increased the
SOC sequestration rate estimated 1.13 Miyhin the upland sites, 0.95 Mg har®in
bottomland sites as compared to their respectivedds of fire suppression in the system
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Similar to our results, Richards et al. (2011) régab that SOC stocks measured in the field
after 5 years of annual, 3 year and unburned fegatments ranged from 41-58 t'her
tropical savannas of northern Australia, althouggré were not significant different. The
same authors also suggested that changes in fmageeent will take up to 100 years to
have a detectable impact on SOC stocks.

Often, there is an initial loss of soil organic lwam after fire treatments, due to the
combustion of the organic matter fraction in thefaee layer and thereafter soil organic
carbon recuperation, with the decomposition of saait dead or burnt-off plants, which
overtime attains a balance with the unburnt plduyle et al., 2008).

Other (Tiedemann et al., 2000) also indicated finatmainly causes changes in soil and
vegetation characteristics depending on fire intgn@nd substantial consumption of
organic matter at high temperature. In this styglgnned (prescribed) fire was applied
under moderate intensity fire with surface soil pemature was medium around °€7

(LaMalfa et al., 2008). Consequently, the probapiif losing large amounts of soil carbon

to fire in this ecosystem is small.

Others (Alexis et al., 2012; Mugaddas et al., 20d8icated that fire can also lead to a loss
soil carbon and nitrogen when soil temperaturegeed@00 °C owing to fuel combustion,
but normally the temperatures reached in prescriired do not result in a significant

temperature increase 2 to 3 cm below the soil sarfa

Moreover, others (Knicker, 2007; Bennet et al.,£0ave also suggested that the effect of
fire on SOC storage depends on fire intensity, tagm type, and fuel load, soil texture
and slope.Although, responses of TN content andksto fire effects followed similar
trends with that of SOC, but the TN content analsionvere found significantly higher in

burned only in the uplands, whilst decreased irbtimaed treatment at the bottomlands.

Similarly, Mugaddas et al. (2015) and Scharenbrethal. (2012) reported that total
nitrogen content in soils burned recurrently isafee than that in soils at unburned sites.
However, the same authors also reported a marlssdoliototal nitrogen in more frequently
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burnt sites (every 2 years) and conclude thatftesgient burning (every 4 years) does not

affect the N pools.

Oljima et al. (1994) also suggested that the eféédturning may not entirely result in the
reduction and/or enhancement of soil total nitrogemetsee et al.(2010) also argued that at
a landscape level, fire-induced changes in treeulptipns will affect the dynamics of

carbon and nitrogen in the soil.

In this study, the effect of fire did not bring sificant differences in terms of C:N ratio,
although results some variation along the landseagesoil depths. The values that ranged
from 8.53 to 9.40 and 6.76 to 7.16 in the burnedth& upland and bottom lands,
respectively and from 6.58 to 9.74 in their adjaaerburned sites is generally low which

indicates relatively low N content and high orgarecbon (Kolka et al. , 2014).
5.4.2. Effect of fire on carbon in above-groundetagon biomass

This study shows that unburned areas contain divedia higher woody tree biomass
carbon than burned areas; though the difference neassignificant as expected in our
hypothesis, yet, the results showed that more aclaiion of carbon stocks in the woody
biomass by 5.81 Mg H416.3%) and 8.54Mg 422.4%), respectively in unburned of the

upland and bottomland areas as compared to thegsponding burned areas.

The observed woody plant biomass carbon reductitim burning may be attributed, for
example, burned areas are attractive to a varietyetbivores, thereby periods intensive
grazing and browsing on new coppicing growth alfi@m for some species following fire

as we also observed during field data collection.

In contrast to our present findings, Tilman et (@000) reported that fire suppression
caused nearly twice as much C to accumulate inedround biomass than in stands that
had a moderate-to-high fire frequency. According Bond (2008), savannas would
accumulate considerable biomass and carbon stotke axpense of herbaceous and grass

plants.
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Other studies (Higgins et al., 2007; Grace et28l06; Murphy et al., 2010) also detected a
consistently negative relationship between firgjiiency and biomass of savanna woody
plant biomass due to reduction in plant growth.t@mother hand, the results of this study
indicated that herbaceous biomass and carbon gasicantly higher by 3.7 and 2.8 Mg
ha' in the burned sites of the upland and bottomlardpectively than their adjacent

unburned areas.

Thus, the increase in herbaceous biomass in theetuareas makes an important
contribution to the total aboveground carbon stpthkg does not make up for the total
above-ground biomass difference between each pdiredireatment across the sites.
Similarly, Coetsee et al. (2010) also suggested #haa landscape level, fire-induced

changes in tree populations will affect the dynanatcarbon and nitrogen in the soil

In summary, unburnt areas have relatively higheodyoplant biomass at the expense of
herbaceous vegetation biomass while burnt areas bkmgnificantly higher herbaceous
plant biomass and are consistent with many pulddisheults in tropical savannas (Keeley
et al.,, 2003; Murphy et al.,, 2010; Cook et al., 20%uggested that herbaceous plants
mostly have their survival buds at or below thefawe of the soil and immediately

regenerate after fire.

However, the carbon stocks in the above-ground agsrin savanna ecosystems varied
widely between 1.8 Mg Haat sites where trees are scarce to over 30 Mygabalaces

with dense tree cover (Grace et al., 2006).

5.4.3. Effect of fire on carbon pools (soil and etadion)

The carbon pools (soil and vegetation biomass) updescribed fire in this study showed
an increase in the uplands and decrease in thenflatids of burned sites as compared to
the adjacent unburned controls. These values caqted to carbon sequestration rate of
0.71 Mg hdyr in the upland and by 0.53 Mg hgr™ reduction at the bottomland (taking
7 years-post fire).

The observed inconsistent results in the valuesepotarbon stocks are a reflection of the

each component of carbon pools (soil and vegetationresponse to fire across the
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landscape sites. However, Oljima et al. (1994)estahat ecosystem responses to fire
involve a complex set of interactions that begithvthe removal of above-ground plant

biomass, resulting in reduced inputs of C and N the soil system.

Our estimation of the carbon pools showed that S@Ck accounted for 57.3% in burned
plots across both landscape sites is inline with fimdings of Ryan et al. (2011),
whoreported that soil carbon shared 70% of thel tcéaabon stocks in a study from

Miombo woodland landscape of Mozambique.

However, the absence of significant difference leetwburned and unburned areas in the
in terms of carbon pool (soil and vegetation bioshas present study is also supported by
Angassa and Oba (2008), who suggested that thet efféire might depend on the amount
of available fuel load (herbaceous biomass) attithe of burning, whereas this in turn

affected by the conditions of rainfall and grazinggnsity

Furthermore, the direct fire impacts cannot alwbgssolated from the effect of post fire
management to determine the vegetation structuck thereby on the rate of carbon
changes in above-ground biomass. A study by Pifetral. (2010) also indicated that
grazing and fire could modify the structure andchion of ecosystems, affecting SOC

storage.
5.5. CONCLUSIONS

The results of this study showed that relatevlyen8OC and TN contents and stocks as
well as herbaceous biomass carbon were recordegt tinel burned plots as compared to
unburned area. Furhtermor, the mangnitude of @iffees between burned and unburned

areas in these parameters were more apparent upked areas.

The herbaceous biomass carbon in burned areasigrdicalty higher by 2.29 Mg ha
than that of the adjacent unburned sites, but tere a decline in the woody biomass
carbon by 6.01 Mg hhain burned sites as compared to the control (adjaoaburned

sites)when averaged for all sites.
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In general, prescribed fire increased soil carbmmage and maintain soil nutrient and
increase grass production whereas long-term bafirefresulted in increaseof carbon
stocks in the woody vegetation, although some damcies across the landscapes and

even within the same landscape at each soil depths.

The study, however, suggested further investigatiolook into the interactive effects of

fire, grazing and climate change on carbon secatéstrand nitrogen dynamics.
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CHAPTER SIX

This chapter gives the summary of key findingsef tiesis work and general conclusions

and recommendation suggested for future reseamsne
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6. SUMMARY AND CONCLUSIONS

General summary

In this study, we haveinvestigated the effects r@izing management (enclosure versus
adjacent open grazed areas) on selected soil pegemore spefcially SOC and TN
contents and socks and key vegetation attributesdase study (Did-hara area) of semi-
arid Borana pastoral ecosystems by considering ttiee roles of enclosure age

chronosequence ranged from15-37 years old and sbiedepths.

Overall, total mean SOC stocks of 39.6 + 3.5 Mg'inayounger (< 20 years old), 40.8 +
3.4 Mg ha' in the medium (20-30 years old) and 51.0 + 4.4Hdd in the older (> 30
years old) age categories of the enclosures, wdetbe values were ranged from 34.4 +
2.5 to 47.9 + 5.1 Mg hainadjacent open-grazed areas wthin 0-30 cm spihde

A significant improvement in terms of herbaceousss and vegetation recovery (grass,
herbs and forbs) were recoreded under enclosureageament than in the open grazed
areas. However, enclosure age did not influencewsivegetation attributes investigated

in this study.

The medium age (20-30 years old) enclosures acaietutelatevly moreSOC stocks than
adjacent open-grazed areas, whereas older agey&=88 old) enclosures had higher TN

stock than adjacent open-grazed areas.

The study concludes that enclosure managementasedethe SOC and TN stocks and
herbaceous biomass in dry savanna ecosystemsasieeirt our study area,although more
research will be required to determine the imp&&nelosure management on storage and
the viability of carbon markets to provide as liiebd diversification option to the local

people.

Based on the LULC analysis of Landsat data of #ery 1976, 1986, and 2013, we found

that the LULC change trends varied significantlyidg the abovementioned periods.
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The results showed that a considerable decreaseadland cover from12.6% in 1976 to
5.5% in 2013, grazingland (the communal rangelafidsh 53.9% in 1976 to 36.1% in

2013, whereas bushland cover increased 4.8% in 1976in 2013 (more than fourfold)

and the size of cultivated land increased 2.0%0in61to 21.3% 2013 (more than tenfold,
and this trend also continued during the periosvbenh 1986 and 2013.

In case of enclosure, the area coverage showed dmmiepancy that is decreased in its
area size during the first period by 22.8% in 189®.8% in 1986, but showed increased
from 8.8% in 1986 to 16.2% in 2013. During the sapw®riods, majorities of the

grazingland (the communal rangeland) were conveirignl bushland and cropland and

followed by conversion of woodland to cropland.

In this study, our results showed the mean val@®@ Stocks in woodland was 55.94+3.41
Mg ha® while for enclosure, grazingland and cultivateddawere 50.03%3.03 ha-1,

45.7%4.00 ha and 38.10+2.39 Mg Ha respectively within 0-30 cm soil depth. Further,
woodland had the highest (78243 Mg h&), while cultivated land was the lowest
(5.58:0.35 Mg h&) in terms of TN stock across the 0- 30 cm soiltepnge.

Over the last 37 years (1976-2013) the potentiatde of 319 Gg and 30.65 Gg soil
organic carbon and total nitrogen stocks, respelgtivmainly from conversion of

woodland and grazing land to cultivated lands tesuin higher loss of SOC and TN
stocks, where as the conversion of grazing andlamds to woodland and enclosure
partially offset the SOC and TN losses

To this effect, restoration of degraded rangelaadsl protection of natural forest
(woodland) and enclosure can also enhance carlmprestation Therefore; development
of sustainable land use practices in the dry seasrthe case in our study area, needs to be

improved.

Howeve that can address variability in carbon fiwer long time in fully understanding
the carbon dynamics for future climate change natibg carbon is imperative, as this is

one of the limitations of this study.
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In response to the growing interest in estimatibgve-groun biomass andcarbon stocks in
woody vegetation, allometricequations have beeneldged for selected key woody

species common in the semi-arid savanna ecosystesasithern Ethiopia

For this, easilymeasurable predictor variables @yodendrometric)including the diameter
at stump height (DSH at 30 cm), diameter at breegiht (DBH at 1.30 m), tree height
(TH) and crown diameters used to develop the ispespecific equations presented
here.Additionally, mixed (generalized) allometrguations were aslo developed for group

of woody tree species.

The developed species-specific and mixedspeciesmattic equations will help to
accurately estimate and monitor biomassfor selek&sdwoody species common in the

semi-arid savanna ecosystems of southern Ethiopia.

The decision to choose the best predictive models vased on the adf,RVSE and AIC
and the best predictive model for each species otresr biometric that included DSH,
DBH, CV variables and their combinations. The mispacies regression models with
three predicators (DSH-TH-CA) provided the bestedlt to estimate all AGB with
adj.R>0.80.

The study concludes that the developed allomeiigagon models of selected woody
species provided in this study might be helpful dodvthe generation of more accurate
estimations of the above-ground biomass and tmasgi the carbon accured in thw woody

vegetation biomass in the arid and semi-arid etesys

Furthermore, allometric equations provide oppottasifor further work on comparing
biomass production with native stands. Howevere cdould be taken when applying the
allometric models developed here to trees withcstimnal characteristics outside of the

range from which these models were developed.

The studyassessed the impact of long-term barrefafid recently introduced prescribed

on SOC and TN contents and stocks and above-grbiomdass carbon accumulation
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across two different landscapes (Dikale (uplandstapd Sanke (bottomlandscape)in the

Borana rangelands of southern Ethiopia

The results from our two sites showed soil orgamaidbon (SOC) increased in the burned
(7 years post-fire) soils in both landscapes alghonio significant difference as compared

to that of the unburnt for about 40 years.

Overall,total mean SOC stocks of 48.19 and 43.17Mg ha' in burned sites inthe upland
and bottom landscapes, respectively, and the satnes/of 40.25 and 36.54 Mg hin the

corresponding adjacent unburnedareas were rectod@@cm depth this study.

Compared to the unburned sites, the herbaceousab®wearhon in the burned sites was
higher by 2.29 Mg hi&as compared tothat of the unburned sites. In csitiaere was a
decline in carbon stocks of thewoody vegetatiomraiss in burned sites by 6.01 Mg'ha

compared to adjacent unburned areas.

The study can conclude that prescribed fire in@@awil carbon storage and maintain soil
nutrient and increase herbaceous biomass, wheyeggdrm of fire suppression from the
system increased carbon stocks in the woody vegetaiowever, further investigation is

required on the interactive effects of fire witlaging and climatic factors and inherent soil

properties oncarbon and nitrogen dynamics.
General Conclusions and recommendations

The data generated from the current study can rmfpolicy makers and local land
managers about the role of enclosure managemeftdrage preservation, potential for

carbon sequestration, livelihood diversificationiops for climate change adaptation.

There is an increase in ecological changes intidysarea over the last decades whereby

changes in land use systems significantly infludr8®C and TN contents and stocks.

The land use/land cover changes, particularly caiwe of woodland and the communal

rangelands to cultivated land, resulted in thénégg lost of SOC and TN stocks , whereas
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the conversion of communal grazingland and croplamdwoodland and enclosures

partially counter balanced SOC and TN losses.

The allometric equation models developed for setketoody species are helpful for the
generation of more accurate estimations of the edpmund biomass and the amount of
carbon that can be sequestered in woody vegetafidghe savanna rangelands of East

Africa.

Prescribed fire relatively increased SOCand TNkst@nd herbaceous biomass, which can
help to maintain soil nutrients in the systems, nghe long-term exclusion of fire
increased carbon stocks in the woody vegetatione Thpact of prescribed fire
management on carbon dynamics is a global challandenulti-continent savanna biome

initiative

Overall, this study will contribute to the existikgowledge gaps in terms of the potentials
of SOC and TN stocks related to different rangelemanagement practices as well as a
method to estimate the above-ground woody biomassid and semi-arid ecosystems of

southern Ethiopia;

However, we remain cautious with respect to theckmiveness of these findings given
the paucity of information, most importantly thesahce of soil data prior to the present

land use systems.

Thus, it is suggested that furtherstudies includihgr variables suchas climatic factors,
seasonality and inherent soil properties acrossewiéndscapes, which may have
confounding effects on the dynamics of carbon ssimagon other than the current land
use and management practices to inform policy nsaker the sustainable use of the

savanna rangelands of southern Ethiopia
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Appendix 3.1. Description of land use /land cowdasses and Landsat classification accuracies f(®}he 1976, 1986, and 2013
images, Yabello district, southern Ethiopia

Accuracy assessment (%)

1976 1986 2013
LULC classes Description UA PA K UA PA K UA PA K
Land unit covered with woody vegetation of differsizes (ranges from 5-
20 m height) and mixed with bushes, and shrubsjemsses.
WL 90.91 90.91 0.89 92.30 85.00 1.00 80.00 88.89 0.78

Land area composed of bushes and shrubs (<&ghthInvasive woody
BuL plant species are dominantly distributed and natileaaccessible for 83.33 80.00 0.80 85.00 87.50 1.00 92.86 92.86 0.91
livestock to graze under it.

Vast grazingland (communal) continuously grazedughout the year and
GL lacks rest for plant species to recover charamdrby scattered trees or 89.66 81.25 0.86 90.00 83.72 0.84 92.00 95.00 0.90
shrubs (<10 % of cover), and over-grazing is edegpread observable fact

Part of communal grazing lands protected from icoous (year round)
grazing to conserve pasture for calves and otherelstead herds for dry 83.56

GR season grazing with good regeneration of grassartshceous and scattered 91.04 0.83 88.57 88.57 0.84 96.43 90.00 0.95
trees and shrubs.
Land unit under cropping, and also land recentya@d particularly in

cL the flat and valley bottom for cultivation. It incles settlements. 80.00 75.00 1.00 76.00 95.00 071 90.48 79.17 088
This describes the land left without vegetationezsuch as gullies and

BAL degraded soils either due to human or natucabifa and has become 67.00 85.00 1.00 57.14 80.00 0.55 87.50 77.78 0.86
less worthy

Overall

Accuracy 85.00 85.83 91.67

Kappa coefficient 0.74 0.81 0.90

WL -woodland, BuL-bushland, GL-grazingland (commiurangelands I); GR- enclosure, CL-cultivated laBél--barelandUA -users$ accuracy measures error of including (commissionangiven image pixel into a land-cover class
which it doesn't naturally belong to, PA-Produseaiccuracy measures the error of exclusion (onmissiba given image pixel from its correct land-eoelass during classificatigiiK-kappa coefficient (dimensionless) (Congaltod &reen,
2009).
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Appendix 4.1. Summary of mean and ranges (min-rdardrometric variables and above-ground dry bioreassponents (stem, branches and total) of ten mkmhi woody
species common to savanna rangelands of southieiwpEt
Woody species Local name %:?nv;th DSH (cm) DBH (cm) TH(m) CA (R CV (m) Ws (kg) Wb (kg) Wt (kg)
Mean  11.1440.9  9.7740.91  3.24+0.20 5.61+0.95 P23M73  1.19+0.23 5.94+1.01  7.14+1.19
Acacia brevispicalarms Hammareessa T/S
Range 4.10-16.50 3.00-14.60 1.70-5.10 0.24-11.6429-89.25 0.00-3.51 2.76-14.35  3.21-17.70
Acacia bussei Harms ex . . Mean 7.85+1.01 6.25+0.66 4.65+0.30 14.19+3.43 04%17.53 551172 13.7145.35 19.21+6.89
Sjostedt Range 3.30-17.40 3.10-10.85 2.80-7.60 3.14-55.8470-282.93 0.56-24.00 2.06-83.86 2.91-107.85
Mean 7.81+0.72 6.47+0.67 3.70+0.23 10.68+2.21 28B7W 4,12+1.01 9.49+2.37 13.61+2.93
Acacia etbaicéSchweinf. Hallagabeessa T
Range 3.50-13.70  3.00-13.00 1.30-5.40 1.88-34.2163-123.16 0.43-14.20 1.07-27.96 1.65-38.98
Acacia nilotica(L.) Willd. ex Burquagee T Mean 9.63+0.76 8.22+0.76 5.027+0.25 13.15+1.98 2@15.91 8.18+1.58 21.29+4.73  29.46%5.69
Del. Range 4.35-13.70 3.00-12.60 3.50-6.60 2.12-32.2894-524.82 1.84-18.78 1.82-75.63 3.67-85.20
Mean 8.89+0.98 7.5+0.82 4.36+0.42 21.85+3.25 7318223 8.88+3.44 12.9143.26 21.79+5.60
Acacia seyaDel. Waacu (diimaa) T
Range 3.20-15.30 2.70-12.20 1.20-6.50 2.97-42.4138-258.34  0.00-54.10 0.62-47.85 1.11-70.44
Acacia tortlis  (Forssk) [ . Mean  10.54+#1.20 9.27+1.16  3.86x0.21  13.56+2.30 RBRBB9 10.66+2.27 21.194#5.59 31.85+8.10
Hayne Range 4.40-21.30 0.00-20.20  0.21-5.30 2.95-31.7989-512.31  1.59-33.98  1.99-68.99  3.67-102.97
Commiphora  africana (A. Hammeessa s Mean  4.33+0.30 3.55+0.21  6.03+0.68  6.95+1.57 3BBS®  4.14+0.81  6.77+1.55  10.92+2.32
Rich.) Engl. dhiiroo Range 3.10-7.10  2.40-500  2.40-11.60 0.71-21.43 1-8%99  0.16-9.88  0.33-19.57 0.48-28.30
Lannea  rivae  Chiov) s Mean  9.37+0.42  7.31+0.60 2.80+0.13  4.69+0.59  8.81%1  3.48+0.71 5.78%0.93  9.26+1.62
Sacleux Range 7.10-13.00 1.30-11.60 2.00-3.60  1.01-9.02 8-1®814 157-12.77 2.13-16.14 4.09-28.91
. Mean Nm Nm 2.32+0.10 10.13+1.38 16.16+2.90 2.8260.4 8.93+1.41 11.75+1.83
Ehus natalensisBerah. ex Daboobessa diidaa  T/S
rauss Range Nm Nm 0.20-3.10  1.38-24.85 1.09-51.35 0.83-8. 1.76-25.12  2.39-33.34
Acacia drepanolobiuntiarms Fuleensa T Mean 7.19+0.71 5.96+0.72 3.89+0.40 5.62+0.99 17475 5.10+1.93 9.84+3.70 14.94+5.61
ex Sjostedt Range 3.00-14.20 2.00-13.20 2.00-7.70  0.92-13.6223-89.91 0.25-30.63  0.48-57.96  0.73-88.59

Note: DSH -Diameter at stump height 30 cm , DBhHbrBeter at breast height, TH -Tree height, CA -er@sea, CV-crown volume, nm -not measuMddt- total dry biomass, Ws-&ms dry

biomass), Wb-branches dry biomaSswth forms: T- Tree, S - shrub, T/S -Tree/Shrdalues are meanBE) (n= 15 individual plants for each species il&x 10=150) destructively
harvested and used in the allometric equationsuégahre mean8E) (n= 15 individual plants for each species il&x 10=150) destructively harvested and used énatffometric equations.
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Appendix 4.2.Developing allometric equations foe firediction of t above-ground biomass (AGB) ofitgtem and branches biomass components along with
goodness of fit tests for each ten woody species

Regression parameter estimates Model performance selection criteria
Woody species Blomass Model equation expression In (a) (SE) b (SE) ¢ (SE) d(SE) Adj P AIC AAIC MSE CF PRESS VIF
component R? value
In (y) = a+ b x In (DBH) -1.756 (0.427) 2.366 (0833 0.88  <.0001 -28.38 10.11 0.13 107 2.48
Total In(y) = a+ b x In (CV)* -0.316 (0.309) 1.164 (06)2 0.90 <.0001 -31.82 6.67 0.11 1.06 1.79
In (y) = a+ b x In (DBH))+ ¢ x In(CV)* -1.569 (0.39 1.119 (0.360) 0.581 (0.150) 0.94 <0001 -3849 O 0.06 1.03  1.37 4.8
In (y) = a+ b x In (DBH)* -3.404 (0.548) 2.563 ((IB) 0.83  <.0001 -20.89 1.15 0.22 112 353
Acacia bussei Stem In(y) = a+ b x In (CV) -4.013 (1.417) 3.379 (0.927 079 <0001 -17.39 4.65 0.28 115 4.6
In (y) = a+ b x In (DBH))+ ¢ x In(CV)* -3.259 (0.5 1.629 (0.623) 0.434 (0.259) 0.85 <0001 -2204 O 0.19 1.1 3.6 48
In (y) = a+ b x In (DBH)* -1.993 (0.559) 2.282 (AB 079 <0001 -20.33 4.74 0.23 112 4.13
Branches  In(y) = a+ b x In (CA) -0.604 (0.394) 1.122 (0.)60 0.77 <0001  -19.22 5.85 0.25 113 4.36
In(y) = a+ b x In (DBH)+ ¢ x In(CA) * -1.650 (084) 1.460 (0.515) 0.348 (0.302) 0.86 <0001 -2507 O 0.16 1.08 3.64 4.16
In(y) = a+ b x In (DSH)* -4.12 (0.374) 3.2.07 (03) 0.95 <.0001 -36.516 6.354 0.077 104 133
Total In(y) = a+ b x In (CV) -0.136 (0.2226) 0.931 (0798 0.89  <.0001 -24.28 18.59 0.175 1.09 3.32
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -2.933 (0.2p 2.182 (0.372) 0.336 (0.112) 0.97 <0001 -42.87 15.33 0048 1.02 0.91 5.9
In (y) = a+ b x In (DSH)* -4.988 (0.504) 3.109 (60 091 <0001 -27.54 5.25 0.141 107 227
Acacia drepanolobium Stem In(y) =a+b xIn(CV) -1.168 (0.226) 0.919 (0.087 0.89 <.0001 -24.16 8.63 0.176 1.09 3.42
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -3.484 (0.8B 1.809 (0.521) 0.425 (0.156) 094 <0001 -3279 0O 0.094 105 175 5.93
In (y) = a+ b x In (DSH)* -4.704 (0.406) 3.280 (09 0.94 <0001 -34.04 2.14 0.09 1.05 1.64
Branches  In(y) = a+ b x In (CA) -0.238 (0.259) 1.270 (0.)55 0.82 <0001 -16.43 19.75 0.29 116 526
In (y) = a+ b x In DSH) + ¢ x In (CA)* -3.797(0.98 2.557 (0.413) 0.333 (0.171) 0.95 <0001 -36.18 O 0.075 1.04 143 4.68
In (y) = a+ b x In (DSH) -0.195 (0.856) 1.187 (0646 0.36  0.02 7.69 13.32 05 128 10.64
Acacia ethaica Total In(y) = a+ b x In (CV) -1.025 (0.509) 0.454 (0.167 031  0.017 8.4 12.61 0.53 1.3 10.07
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -0.985 (0.6B 0.909 (0.395) 0.546 (0.180) 075  0.01 -21.01 0 0.11 1.06 11.28
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Appendix 4.2. (Continuation)

In (y) = a+ b x In (DBH) -1.873 (0.624) 1.550 (0034 059 0001  -17.16 2.87 028 115 559 1.33
Stem In (y) = a+ b x In (TH) -0.729 (0.523s 1.405 (0428 041 0006  -11.89 8.14 04 122 1103
In (y) = a+ b xIn (DBH)+ cx In (TH)* 2124 (0.564)  1.181(0.347) 0.786 (0.366) 068 0001  -20.03 0 220 112 9.02 133
In (y) = a+ b x In (DBH) -1.071 (1.125) 1.523 (0555 032 002 -4.58 20.82 065 138 1232
Branches  In (y) = a+ b x In (CA) -0.425 (0.956) 0.747(0.621)  0.499 (0.324) 029 0.2 -3.95 21.45 068 14 422
In (y) = a+ b x In DSH) + ¢ x In (CA)* -2.022 (0.6p 0.914(0.384) 0.680 (0.162) 084 <0001 -25.4 0 015 108 10.54 1.48
Acacia nilotica In (y) = a+ b x In (DBH)* -0.834 (0.273) 1.926 (82) 0.94 <0001 -42.6 0 005 103 087
Total In (y) = a+ b x In (CV) -0.110(0.657) 0.887(0.179) 063 00003 -15.6 27 031 117 532
In (y) = a+ b x In (DBH))+ ¢ x In(CV)* -2.963 (0.53 2.191 (0.238) 0.740 (0.447) 093 <0001 -40.56 2.04 006 103 096 321
In (y) = a+ b x In (DSH) -2.334 (0.744) 1.878 (B33 069 <0001 -22.28 10.06 02 111 337
Stem In (y) = a+ b x In (TH) -3.393 (1.16) 3.259 (0.721) 058 0.0006 -17.87 14.47 027 114 43
In(y) =a+ b x In (DSH) + cx In (TH) d x In (CV)* -4.477 (0.740) 1.951 (0.378) 2.384 (0.627) 0.61172) 086 <0001 -32.34 0 009 105 2.2
In (y) = a+ b x In (DSH)* -1.723(0.317) 2.171 (63) 093 <0001 -38.05 0 007 104 122
sranches M) =a*DXINEY) -1.125 (0.651) 1.062 (0.78 071 <0001 -15.85 222 031 117 1114
In (y) = a+ b x In (DSH))+ ¢ x In(CV) -3.230 (0.466  2.096 (0.332) 0.354 (0.143) 093 <0001 -3547  .582 008 104 144 26
In (y) = a+ b x In (DBH) -1.748 (0.434) 2.227(0.301 090 <0001 -29.95 10.4 012 106 898
Total In (y) = a+ b x In (TH) -3.653 (0.778) 4.962 (0.578 084 <0001 -23.21 17.14 019 11 1001
In (y) = a+ b xIn (DBH)+ cx In (TH)* -3.043(0.444)  1.411(0.252) 2.266 (0.581) 095 <0001 -40.35 0 006 103 6.17 3.29
Acacia tortilis
In (y) = a+ b x In (DBH) -2.626 (0.622) 2.119 (0838 079 <0001 -19.15 22.42 025 113 2241
Stem In (y) = a+ b x In (TH)* -5.140 (0.509) 5.248 (087 093 <0001 -35.95 5.62 008 104 113
In (y) = a+ b xIn (DBH)+ cx In (TH)* -4.837(0.426)  0.710 (0.252) 3.897 (0.558) 096 <0001 -4157 0 005 103 9.23 3.29
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Appendix 4.2 (continuation)

In (y) = a+ b x In (DBH)* -2.285 (0.409) 2.280 (89) 091 <0001  -31.77 2.93 011  1.06 9.32
Branches  In(y) = a+ b x In (TH) -3.911 (0.953) 4.836 (0.J07 0.77 <0001  -17.14 17.56 028 115 15.33
In (y) = a+ b xIn (DBH)+ cx In (TH)* -3.148 (0.536) 1.741 (0.252) 1.503 (0.701) 0.93 <0001  -34.7 0 080 1.04 888 3.29
In (y) = a+ b x In (DSH)* -2.655 (0.234) 2.425(00)1 097 <0001  -4533 3.01 0.04 102 657
Acacia seyal Total In(y) = a+ b x In (CV) -1.138 (0.364) 0.923 (0.091 0.88 <0001  -23.44 25.8 019 11  13.04
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -2.444 (0.2p 1.913 (0.236) 0.224 (0.094) 0.98 <0001 -4924 0 003 102 501 6.38
In (y) = a+ b x In (DSH)* -3.145(0.256) 2.146(0.)20 0.96 <0001  -42.67 0.03 005 103 1452
Stem In (y) = a+ b x In (TH) -1.574 (0.293) 2.100 (0.301 0.88 <0001  -27.58 15.12 014 107 201
In (y) = a+ b x In (DSH) +c x In (TH)* -2.900 (0.8} 1.719 (0.343) 0.466 (0.348) 0.96 <0001  -4270  0.00 0.05 103 13.22 8.55
In (y) = a+ b x In (DSH) -3.407 (0.285) 2.577 (8B}, 0.96 <0001  -39.48 5.29 0.06 1.03 9.82
Branches  In (y) = a+ b x In (CA) -2.329 (0.561) 1.503 (0.J90 0.81 <0001  -14.96 29.81 033 118 21
In (y) = a+ b x In DSH) + ¢ x In (CA* -3.406 (0.38 2.059 (0.220) 0.378 (0.139) 0.98 <0001  -4477 0 004 102 1115 4.01
In (y) = a+ b x In (DSH) -2.999 (1.320) 2.285 (@59 050  0.002 -28.08 13.75 014 107 287
Total In(y) = a+ b x In (CV) -1.162 (0.262) 0.650 (0.373 0.43  0.005 -26.22 15.61 0.154 1.08 257
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -3.148 (0.81) 1.925 (0.371) 0.469 (0.099) 0.81 <0001 -41.83 O 005 1.03 1.29 1.08
In (y) = a+ b x In (DSH) -4.105 (1.343) 2.333 ((BFO 050  0.002 -27.55 6.54 014 107 3.39
Lannea rivae Stem In (y) = a+ b x In (CV) -0.067 (0.402) 0.502 (0.)90 0.30  0.021 -22.47 11.62 0.2 111 3.49
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -4.225 (1.85 2.032 (0.482) 0.390 (0.129) 0.70  0.000 -34.09 0 0.09 105 297
In (y) = a+ b x In (DSH) -3.475 (1.487) 2.285 (0156 0.43  0.005 -24.51 14.07 017 109 3.24
Branches I (y) = a+ b x In (CV) -0.561 (0.255) 0.738 (01)68 0.57  0.002 -28.54 10.04 013 107 218
In (y) = a+ b x In (DSH))+ ¢ x In(CV)* -2.781(1.089 1.698(0.420) -0.601(0.390) 0.8 <0.0001 -38.58 0 0.06  1.07 287 1.08l
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Appendix 4.2. (Continuation)

Rhus In (y) = a+ b x In (CV)* 1.129(0.282)  0.502 (0.109) 0.59 0.001 26.65 205 015 1.08 3.24
natalensis
Total In (y) = a+ b x In (TH) 2.083(0.213)  0.396 (0.235) 0.50 0.02 -15.00 420 0.32 118 11.26
In (y) = a+ b x In (TH)+ ¢ % In (CV)* 0.945 (0.298) -0.330 (0.222) 0.697(0.20) 0.62 0.001 27.17 0 140. 108 402 221
In (y) = a+ b x In (CA) 0.407 (0.454)  0.592 (0.202) 0.33 0.012 -10.93 80.4 034 112 4.29
Stem In (y) = a+ b x In (TH) 0.696 (0.223)  0.271 (0.246) 0.32 0.29 -13.64 6.77 0.36 1.19 9.84
In (y) = a+ b x In (TH)+ ¢ % In (CA) 0.509 (0.460) 0.224 (0.199) 0.571 (0.201) 0.36 0.026 20.41 0 230. 112 514 101
In (y) = a+ b x In (CV)* 0.786 (0.296)  0.528 (0.115) 0.5 0.001 25.13 1 160 1.09 3.41
In (y) = a+ b x In (TH) 1780 (0.222)  0.430 (0.245) 0.43 0.003 -13.79 342. 035 1.19 12.37
Branches
In (y) = a+ b x In (TH)+ ¢ x In (CV)* 0.607 (0.320) -0.318 (0.243) 0.689 (0.166) 0.61 0 -26.13 0 601  1.08 441 221
Total In (y) = a+ b x In (DBH))+ ¢ x IN(CV)* -0.240.683)  1.079(0.596) 0.180 (0.062) 0.61 <0.001  3.02 2.89 0.18 1.00 175 2.32
’grcef’:fi‘; s Stem In (y) = a+ b x In (DBH))+ ¢ x In(CY) 2.814(1514)  2.046(1.322) 0.200(0.137) 0.35 300  0.799 26759 0.88 1.56 404 232
Branch In (y) = a+ b x In (DBH)+ ¢ x In(CA) -0.3@9621)  0.944(0.542) 0.341(0.112) 0.62 <0.001 9@5. 0 0.15 1.08 1834 201
Total In (y) = &+ b x In DSH) + ¢ x In (CA)+ d x(BBH*TH)nf 0.036 3.657 (1.256) 1016 (0.392) 2089 g4 0.02 2.56 1.19 0.83 151 19.9
(1.463)nf : ' : - ©0612) % - : : - : :
C.Africana . 0.688 -1.769
tem In () =a+ b xInDSH) + ¢ xIn (CA+ d xDRHTH) f G5 3.358 (1.437) 0.706 (0.448) 700 026 0.1 461 3.24 1.0 172 28.74
Branch In (y) = a+ b x In DSH) + ¢ x In (CA)+ dW(DBH*TH)nf ~ 0.586 (1.503)  3.707 ((1.290) 1.181 @2 ié'ggg) 0.47 0.02 1.37 0 0.88 155 38.52

Note: y — represents the above-ground dry bioroasgponent

a -d - regression e parameters dstiwith standard error in parenthesis, DSH - Stdilameter at 30 cm, DBH -Diameter at breast hei§Ht-Tree height, CA -

crown area, CV-crown volume, Adj?Radjusted coefficient of determination, AIC Akaikdormation criterion, AlCc- AIC difference betweaic of each model and aic minimum, MSE - mst@andard error, CF -Correction
factor, P- value significance of the model, PRE$!®-prediction residual sum of squares, VIF-vaiainflation factor to measure collinearity amathg predicators not fit possiblé’.‘ the final chosen model fitted
as a system of equation)
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Appendix 4.3. Developing mixed species allometricded for the prediction of above-ground biomasstein, branches and total
from data pooled of seven species (A. bussei, Aalrelobium, A. etbaica. A. nilotica, A.tortilis, #eyal and Lannea rivae

Model parameters

Model performances

Species E‘I)%qrg?}ﬁant Model equation expression In (a) (SE) b (SE) o(SE d (SE) Q?J P-value MSE CF AlIC AAIC PRESS statistic ~ VIF
In (y) =a+ b x In DSH) + ¢ x In (CA) -1.879 (0.213 1.648 (0.128) 0.420(0.059) 0.85 <.0001 0.17 91.0 218.33 7.94 18.74 1.7
In (y) = a+ b x In (DSH) +c x In (TH) -2.432 (0.221 1.777 (00.126) 0.888 (0.145) 0.83  <.0001 0.19 .101 20.73 1.52
Total -217.16  9.11
AGB
In(y)=atbxIn(DSH) + xcIn(TH) d x In (QA -2.31(0.213) 1.530 (0.126) 0.67 (0.153) 0.31065) 0.90 <.0001 0.11 1.06 22627 0 17.30
_ 0.320
In(y)=a+bxIn(DBH) + x cIn(TH) d x In (QA -1.590 (0.088 1.197 (0.127) 1.197 (0.127) (0.076) 0.86 <.0001 0.16 1.08 218.82 7.45 24.32
In (y) = a+ b x In (DSH) -3.282 (0.245) 2.186.115) 0.77 <.0001 0.24 1.13 167.8 13.42 25.78
In (y) =at+ b x In (DSH) +c x In (TH) -3.502 (0.212 1.736 (0.121) 0.87 6 (0.139) 0.84 <0001 .170 1.09 18017  1.05 19.16
Mixed species Stem
_ 0.170
In(y)=a+bxIn(DSH) +xcln (TH) d x In (QA -3.280 (0.223 1.640 (0.132) 0.660 (0.160) ( ogg) 0.84  <.0001 017 109 o155 o 19.02 1.52
In(y)=a+bxIn(DBH) + x cIn(TH) d x In (QA -2.54 (0.216 1.27(0.131) 0.800 (0.178) 0.1779)0 0.79 <.0001 0.22 1.12 174.74 6.48 26.11
In (y) =at+ b x In DSH) + ¢ x In (CA) -2.394 (034 1.64 1(.146) 0.472 (0.067) 0.82  <.0001 0.23 121. 19343 9.45 24.42 1.7
Branches In(y)=a+bxIn(DSH) +x cln (TH) d x In (QA -2.87 (0.250) 1.530 (0.147) 0.67 (0.179) 0.8076) 0.89  <.0001 014 107 Li588 o 23.72
In(y)=a+bxIn(DBH) + x cIn(TH) d x In (QA -2.120 ( 0.237) 1.18 (0.144) 0.82(0.19) Q3887 0.85 <.0001 0.19 1.10 189.21 13.67 30.91

Note: y — represents the above-ground dry bioroasgponent a -d - regression e parameters estimttestandard error in parenthesis, DSH - Stunaprgiter at 30 cm, DBH -Diameter at breast height,-Tide height, CA -
crown area, CV-crown volume, AdjzRadjusted coefficient of determination, AIC Akaikdormation criterion, AlCc- AIC difference betweeaic of each model and aic minimum, MSE - mstamdard error, CF -Correction

factor, P- value significance of the model, PRESi®-prediction residual sum of squares, VIF-vamainflation factor to measure collinearity amathg predicators.(* the final chosen model fittedaasystem of equation)
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Appendix 5.1. Mean values (range) of dendrometaicables measured for woody tree/shrubs in buraed adjacent unburned sites used in allomefiations to estimate
the above-ground biomass in Dida-Hara area (Yalkditrict), southern Ethiopian rangelands

Vegetation parameters

Fire use regimes

Upland (Alt 1600-1787 m.a.s.l.:)

Bottomland (Alt: 1500-1600 m.a.s.l.)

Burned

Adjacent unburned

Burned

Adjacent unburned

Diameter at breast height (DBH at 1.30 m, cm)
Diameter at stump height ( DSH at 30 cm ,cm)
Total tree height (TH , m)

Crown area ( CA, R)

Crown volume ( CV, i)

Average number of woody plants ( DBH >2.5 cimpér
100 nfplot

17418-22.29)
12488-27.71)
4.58 (1.5-9.50)
12.53 (0.27-98.86)
45.18 (0.73-409.48)

4

11.95 (3.60-32.00)
14.25 (3.80-33.00)
4.08Qk11.14)
14.92 (0.26-84.82)
47.37 (0.21-288.40)

12.07 (4-25.60)
14.27 (4.77-36.80)

4.33 (1.40-9.10)
11.97 (0.39%)
40.78906272.79)

9%34.50-35.00)
6.4Q (6.37-38.00)
4.18 (1.40-9.10)
14.74 (0.99-142..50)
50.23 (1.06-513.01)

9
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Appendix 5.2. Mean values (range) of dendrometacables measured for woody tree/shrubs in buraed adjacent unburned
sites used in allometric equations to estimate above-ground biomass in Dida-Hara area (Yalmkditvict), southern Ethiopian
rangelands

Reference

Tree/shrub species Allometric equation Zr;;ieijator variables - used in theCF Feyisa et al. (2016)
Acacia nilotica In (Wt) =-2.963 + 2.191 x In (DBH) +0.740 x In (§V DBH, CV 1.03 species specific model
Acacia tortilis In (Wt) = -3.043 +1.4011 x In (DBH) + 2.266 x InK} DBH, TH 1.03 species specific model
Acacia drepanolobium In (Wt) =-2.933 + 2.1822 x In (DSH) + 0.336 x L@Y) DSH, CV 1.02 species specific model
Acacia etabaica In (Wt) =-0.985 +0.909 x In (DSH) + 0.546 x In (ZV DSH, CV 1.06 species specific model
Acacia bussei In (Wt) =-1.569 +1.119 x In (DBH) + 0.581 x In (§V DBH, CV 1.03 species specific model
Commiphora africana In (Wt) =-2.31 +1.53 x In (DSH) +0.675 x In (TH).310 x In (CA) DSH, TH, CA 1.06 Mixed speciesdrd
Lannea rivae In (Wt) = -3.148 +1.925 x In (DSH) +0.469 x In (CV) DSH, CV 1.03 species specific model
Acacia seyal In (Wt) =-2.444 + 1.913 x In (DSH) + 0.224 x In\(T DSH, CV 1.04 species specific model
Grewia evolute In (Wt) =-2.31 +1.53 x In (DSH) +0.675 x In (TH)810 x In (CA) DSH, THand CA 1.06 Mixed speciesdal
Grewia evolute In (Wt) =-2.31 +1.53 9x In (DSH) +0.675 x In (TH)-810 x In (CA) DSH,TH and CA 1.06 Mixed speciesdab
Ormocarpum trichocarpum In (Wt) =-2.31 +1.53 9 In (DSH) +0.675 x In (TH)-820 x In (CA) DSH,TH and CA 1.06 Mixed species mbd
Acacia mellifera In (Wt) =-2.31 +1.53 x In (DSH) +0.675 x In (TH)-810 x In (CA) DSH,TH and CA 1.06 Mixed speciesdab
Grewia tembensis In (Wt) =-2.31 +1.53 x In (DSH) +0.675 x In (TH)810 x In (CA) DSH,TH and CA 1.06 Mixed species mbd
Acacia brevispica Ln (wt) =-0.243+ 1.079 x In (DBHO.18 x In (CV) DBH ,CV 1.09 species specifiodel

Predicator variables used in the models with ahineasurement : DBH- diameter at breast height30 cm above-ground (cm), DSH- diameter at stheight at 30 cm above-ground ( cm), TH -totaé theight ( m) , CA-
crown area ( elliptical ) in cinCV- crown volume (elliptical) in cfn

In is the natural logarithm, Wt = Biomass in kgér€F is conversion factor used to convert tharah logarithm ( biomass values) dot originelomass values
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Appendix 5.3.0verall woody trees/shrubs in the edagds in paired prescribed fire and
unburned areas across the sites

Total density ( stems Ha

Botanical name Vernacular name Burned Unburned area
Acacia nilotica Burquqgee 260 160
Acacia seyal Waaccuu 70 110
Acacia tortilis Dhaddacha 190 140
Commiphora africana Hamessa 260 270
Acacia drepanolobium Fullensa 140 220
Acacia bussei Hallo 100 90
Acacia etabaica Hallagabeessa 160 90
Balanites aegyptiaca Baddana luhoo 160 200
Boscia mossambicensis Qalgalcha 60 350
Lannea rivae Handaraka 110 80
Acacia brevispica Hammareessa 50 40
Ormocarpum trichocarpum Butiye 70 220
Grewia tembensis Dheka 90 170
Rhus ruspoli Daboobessa 30 300
Solanum giganteum Hiddi looni 150 200
Cordia ovalis Madhera 150 200
Ipomoea marmorata Obbee 250 300
Grewia villosa Ogomdii 150 230
Grewia evolute . Hargessa 500 670
Terminalia prunioides Birreessa 120 220
Grewia evolute Haroressa 80 120
Commiphora habessinica Hoomachoo 30 30
Boswellia neglecta Dakkara 70 110
Dichrostachys cinerea Jirime 120 300
total density ( stems Hx 3370 4820
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