INTEGRATING LOCAL ECOLOGICAL KNOWLEDGE, FUNCTIONAL
ECOLOGY AND CONSERVATION STRATEGIES OF WILD LOQUAT

(Uapaca kirkiana MULL ARG.) IN MALAWI

PhD TRANSFORMATIVE COMMU NITY DEVELOPMENT THE SIS

KOKOU KOKOUVI BRUNO

MZUZU UNIVERSITY

DECEMBER, 2025



INTEG RATING LOCAL KNOWLEDGE, FUNCTIONAL ECOLOGY AND
CONSERVATION STRATEGIES OF WILD LOQUAT ( Uapaca kirkiana

MULL. ARG.) IN MALAWI

KOKOU KOKOUVI BRUNO
phdtcd2923

M.Sc. in Integrated Managementof Tropical Forests and Lands atRegional PostGraduate
Training School on Integrated Management of Tropical Forests and Lands (ERAIFT) in
Democratic Republic of Congo (DRC)

B.Sc. in Forestry and Environmental Management (National Institute of Agricultural
Training in Togo)

THESIS SUBMITTED TO THE FACULTY OF ENVIRONM ENTAL SCIENCES,
DEPARTMENT OF AGRI -SCIENCES, IN FULFILME NT OF THE REQUIREMENTS
FOR THE AWARD OF THE DEGREE OF DOCTOR OF PHILOSOPHY IN
TRANSFORMATIVE COMMU NITY DEVELOPMENT

MZUZU UNIVERSITY

DECEMBER, 2025



DECLARATION

I, herebydeclare that thighesistitled, fiintegrating local knowledge, functional ecology and
conservation strategies of wild loqubkapaca kirkianamdill. arg.) in malawd has been written by
me andis a record of my research workll citations, references and borrowed ideas have been
duly acknowledged. It is being submitted in fulfilment of the requirestemtthe award of the
degree ofthe Doctor of Philosophy (Transformative Community Development) degfrélee
Mzuzu University. None of the present work has been submitted previausgny degree or

examination in any other University.

Students name Date 02/01/2026

KOKOU Kokouvi Bruno



PUBLICATION DECLARATION

Parts of the materials presented irsttliesis have been submitted for publication or have been
published and appear as:
1. Kokou, B.K., Msiska, U., Atakpama, W., Salumu, K.P., Balde, I., Nababi, hbdeM. &
Munyenyembe, P.2024. State of knowledge and perspectives on wild loduapaca
kirkiana Mull. Arg (Euphorbiaceae) in Malawi (Southern Africa). BeVEcosystéemes et

Paysagels: https://doi.org/10.59384/recopays.tg4101

2. Kokou, B.K., Tembo, M., Biaou, S., Msiska, U., Atakpama, W., Nababi, J., Teteli, S.C.,
Mukotanyi, S.M., Kimwanga, P.SAlunga, G.L., Munyenyembe, P. & Batawila, K., 2025.
Local ecological knowledge and conservation strategiétaphca kirkiana Mull Arg. in
Malawi (Southern Africa): Towaslsustainable ecosystem management. South African
Journal of Botany, 186, pp. 3570.:

https://www.sciencedirect.com/science/article/abs/pii/S0254629925005320

3. Kokou, B.K., Atakpama, W., Msiska, U., Ahouandjinou, S.D.l.T.K., Biaou, S., Nababi, J.,
Alunga, G.L., Agnandji, P., Salumu, P.K., Tételi, C.S., Diop, A.B., Sambieni, K.R.,
Mnthambala, F., Tembo, M. & Munyenyembe, P., 2025. Sustainable management insights
from the population ecology and carbon storagéJapaca kirkiana Mull Arg. across
geograpit regions in Malawi (Southern Africa). Trees, Forests and People, 100959.

https://www.sciencedirect.com/science/article/pii/S2666719325001852

4. Kokouvi Kokou, B., Msiskall., Atakpama, W., Biaou, S., Teteli, S.C., Sambieni, K.R.,
Mnthambala, F., Tembo, M., Munyenyembe, P. & Noulékoun, F., 2025. Climate change
reduces and shifts suitable habitatdUaipaca kirkiana MUll Arg. to higher altitudes in
Malawi (Southern Africa). Trees, Forests and People, 100959

https://www.sciencedirect.com/science/article/pii/S2666719325001104


https://www.sciencedirect.com/science/article/abs/pii/S0254629925005320
https://www.sciencedirect.com/science/article/pii/S2666719325001852

Conference Presentations

1. Kokou, B.K., Biaou, S., Msiska, U., Mnthambala, F., Atakpama, W., Nababi, J., Lufungula
Alunga, G., Djoie, P.M., Balde, |, Komate, B., Sambieni, K.R., Tembo, M.,
Munyenyembe, P. & Noulékoun, F., 2025. Environmental factors shaping the
morphological and functional traits variation tfapaca kirkiana Mull Arg. across
Mal awi 6s ecogeographical r e gthe dmaditionél Fa@od t h e r
Conference, University of Zambia, Lusaka, Zanm{p@to 15/02/2025

2. Kokouvi Kokou, B., Msiska, U., Atakpama, W., Biaou, S., Teteli, S.C., Sambieni, K.R.,
Mnthambala, F., Tembo, M., Munyenyembe, P. & Noulékoun, F., 2025. Climate change
reduces and shifts suitable habitatdUafpaca kirkiana MUll.Arg. to higher altitudes in

Malawi. Presented &flzuzu University (Malawi).

Students name Date: 02/01/2026

KOKOU Kokouvi Bruno



CERTIFICATE OF APPROVAL

This Thesisfiintegrating Localknowledge, Functional Ecology and Conservation Stratedies o
Wild Loquat Uapacakirkiana Mull. Arg.)in Malawio by BrunoKokouvi Kokouis submitted with

our approval asniversity supervisors for the PhD in Transformativa@nunity Development:

Major Supervisor: Date: 02/01/2026

Paul Munyenyembe PhD, MSc, BSc
Associate Professor in Biological Sciences

Co-Supervisor. Date 02/01/2026

Ulemu Mercy Msiska, PhD, MSc, BSc

Co-Supervisor. Date 02/01/20%

Mavuto Tembo, PhD, MSc, BS¢Dip & Cert NRWM
Associate Professor of Development Geography



DEDICATION

To my belowed mother, AessiAkoua, for your constant love, prayers and guidance that have

shaped my life and sustained me throughout this journey.

To my father, KkouKossi Thomas, for instilling in me thalues of hard work, integritgnd

perseverance.

To my deawife, Dao-BaouboEssohanam, whose patience and unwavering support carried me
through the challenges of this doctoral journey. Your sacrifice, enduring my long absence while

you remained in Togo, has been my greatest strength.

To my beloved daughtelKokou Johanna lletou, whose early years | spent away from while in

Malawi, yet whose smile has been my deepest source of inspiration and motivation.



ACKNOWLEDGEMENTS

The completion of this doctoral thesis is the outcome of numerous interactionsangdilierse
community of individuals and institutions. It could not have been accomplished without the
direct and indirect support, encouragement, and contributions of many people, to whom |
express my sincere gratitude.

| am deeply grateful to my supervispiAssociate Professor Paul Munyenyembe, Dr. Ulemu
Mercy Msiska and Associate Professor Mavuto Tembo, for their scientific guidance,
constructive feedback and constant support throughout this study. Their mentorship was
instrumental in shaping both the elition of the research and my academic development.

My sincere thanks also go to my mentors, Professor Florent Noulekoun (South Korea), Dr.
Wouyo Atakpama (University of Lomé in Togahd Dr. Sevenin Biaou (University of Parakou

in Benin), whose scholarlyadvice and guidance in scientific writing and data analysis
significantly strengthened my research capacity.

| acknowledge Mzuzu University for providing a supportive academic environment and
institutional backing. | am equally grateful to my colleaguesfattow PhD students for their
collabaation, stimulating discussiomsd moral support.

Special thanks are extended to the local communities in Malawi who generously shared their
time, knowledge and experiences during fieldwork. Their participation ssengal to the
successful completion of this research.

| also sincerely acknowledge the financial and logistical support provided by the African Centre
of Excellence in Neglected and Underutilized Biodiversity (ACENUB), the Regional
Postgraduate Schoolrfintegrated Land and Forest Management (ERAIFT) and the Togolese
Institute of Agronomic Research (ITRA). | further thank the Botanical and Plant Ecology
Laboratory of the University of Lom@ ogo)for its scientific support.

Finally, 1 extend my apprecian to all professors, family embers, colleagues, technicians

and friends who contributed to the completion of this thesis.

Vi



ABBREVIATIONS/ ACRONYMS

AGB: Aboveground Biomass

AUC: Area Under Curve

DBH: Diameter at Breast Height

FAO: Food and Agriculture Orgezation of the United Nations

F: False Positive Rate

GHG: Greenhouse Gas

GIS: Geographic Information System

GLMM: Generalized Linear Mixed Model

GPS Global Positioning System

H: Sensitivity

HWSD: Harmonized World Soil Database

IDUpp: Use Diversity Indexper Plant Part

IPCC: Intergovernmental Panel on Climate Change

IUCN: International Union for Conservation of Nature

IVIUpp: Use Importance Value Index per Plant Part

IVU: Interspecific Use Value

K: Kappa

LEK: Local Ecological Knowledge

NTFP. Non-Timber Foest Product

NUpp: Number of Citations of Reported Uses per Plant Part

Vil



PCA: Principal Component Analysis

PET:Potential Evapotranspiration

RC: Citation Frequency

RDA: Redundancy Analysis

ROC: Receiver Operating Characteristic

S: Specificity

SDM: Species Disibution Model

SEDI Symmetric Extremal Dependence Index

SSP. Shared Socioeconomic Pathway

T: Threshold

TSS True Skill Statistic

UVpp: Use Value of Plant Part

VIUpp: Use Importance Value per Plant Part

VUS: Specific Use Value

viii



TABLE OF CONTENTS

D] O I A = ¥ AN I [ RO ..
CERTIFICATE OF APPRO VAL .ot eeer sttt enes st e e e e e aaaaeeas I\
DEDICATION .ttt rre bbbttt e ettt e e e sees e e ettt et e e aaaeaaeeeeeeessmmeeeaeeeeaeasssssnnannne \Yi
ACKNOWLEDGEMENTS .ottt rres sttt s snnss e e e e e e e aaaaaeeeeeemmeees Vi
ABBREVIATIONS/ACRONY MS... o iiiiiiiiiiiiiiiiiiiie s ceeeteiteetteeaaaaaa e e e e s s s s s smmmnaaaaeaaaaaaasanananns VI
TABLE OF CONTENTS ..ottt iemme e eees e e e e e e e emnnsssnnees IX
LIST OF TABLES ..ottt ettt e e e e e e e e e e e e e e e s e e s e s nmmne e e e e e e e e s e a s XV
LIST OF FIGURES ... .ot iirees ettt ettt e et e e e e e e e e e e e e e s smmmeeeeaaeeeas XVII
AB ST R A T oot e e er sttt e et e ean—— e —— et e ettt aaeaaa e e e e e e am——aaaaaaaaaaaeeaeaaaaaana XX
CHAPTER 1: INTRODUCTION ..iitiiiiiiiiiiieeceeee e emmee e mnne e e 1
1.1. Background Of the STUY.........uuiiiiiiiiiiiii e eeee e enees 1
1.2, Problem StatemMent. ... e 3
1.3, Study ODJECHIVE ... .o e e ammme e e e e e 6
1.3.1. MAIN ODJECHIVE ... eeeea b 6
1.3.2.  SPECITIC ODJECLVES......cooeeieieiiiiiic e eree s e e e e e e e e e e e e e e eeaeeere e 6
1.3.3. HYPOINESIS.... oo e e e e e e e e e e enae e e e e e e e e e e aaaaas 4
1.4. Justification Of the STUTY........coooi i 8
1.5. Ethical COomSIderatiOnS..........ccouuuuiuuuieiiimreeeeeieiiisss s s e e e e s emmmssnnnan s s e e e e e eeeeeeeesannnseeeens 9
1.6.  Structure of the TRESIS........cooiiiii e eeee s 10
CHAPTER 2: LITERATURE REVIEW .....oiiiiiiiiiiiiiiiieeee ettt 13
P20 O I 1€ 0T [V Tox 1 o] o PP PUPPURRRSR 13
2.1. General Research TrendsSlhrkirkiana......... ..o ieeeeecieeeeeeeee e eeeeeeveeee e e e e e 13
2.1.1. Geographical and Disciplinary BIiaSEsS..........ccooeeiiiiiiiciii e eevemme s 14
2.1.2. Ethnobotanical knowledge and Seetmnomic contributions..............cccocoeiiivieeen. 15
2.1.3. Domestication, propagation and genetic diversity...........ccccovvvvvieeeeeieeeeeeeeeeeeeiiens 17
2.1.4. Ecological Roles and Regeneration DYNAMICS.........uuiiriiiieeeeeeiiiiiiineeeeeeeeeeeeeees 17



2.2. Ethnobotanical knowledge and seefmnomicC value...............ooooviiiiiiiieenn s 18

2.3. Woody species composition and phylogenetic StruCture...............uvvvvceeeeeeeeriennnnnnns 19
2.4. Functional trait variation and environmental gradients..................uvveeeeiniiiiiiineneeen.. 21
2.5. Population structure and carbon StOLAGE..........ccevviiiiiiieeei e e eeeeeeeeeeeeeimmme e eeeeeeees 22
2.6. Climate change and future diStribDUtON..............coiiiiiii e 24
2.7.CoNCePLUAI FTAMEWOIK ......uveeeiiiiiiiiii it mmee e e e 27
2.8. Chapter SUMIMALY......ouuiiiiiiiiie e et e e eeeetti e e e s s e e e e e e e eeeeetaeeeaaaeeaeeeeaaeeeeeessssssssmnneeeeeeessnnnnes 29
CHAPTER 3: MATERIALS AND METHODS .......coooiiiiiiiiiiiiieesieeieeeee e 31
G L0 T [ 0T ¥ Tox 1 o] o SRR 31
I Y (1 [0 |V == T PO TP PPPPPPPPPP 31
3.2, RESEAICN UESIGN.....cci it e e e e e e e e e e e e e aneer e e e e e aaaaaas 34
3.3. Sampling framework and methads................oiiiiicee e 35
3.3.1. COMMUNIBIEVE] SUIVEYS ... eeee ettt eeeea bbb e e e e e e e e eeean 35
R T o =TSy 1 0\ VZ=T o (o =S 36
3.3.3. Functional trait SAMPIING..........eeeiiiiiiiiiii e, 36
3.3.4. Species distribution MOAEIIING........uuviiiiiiiiiiiii e 36
I3 B D T = W O 0] =T o1 1[0 o PSPPSR 37
3.4.1. Research obJective ONE.........ccciiiiiiiii e 38
3.4.2. Research objective tWQ...........cc.uuiiiiiiiiiieee e 43
3.4.3. Research objective thre@..........cooouviiiiiiiiciee e A4
3.4.4. Research objectiVe fOUL..........ouuiii e a e 46
3.4.5. Research obJective fIVE.........ccciiiiiiiiiii e a7
3.5, DAtA ANAIYSIS. ...ttt e e nnne e 50
3.5.1. Research objeCtiVE ONE.........oouuiiiii e 5l
3.5.2. Researn 0DjJeCtiVe tWQ..........oouuuiiiiie e b4
3.5.2.1. Demographic structure analysis of forest stands............cccvvvvieeeeeveieeeeiiinnnns 54
3.5.2.2. Phylogenetic structure metric and quamatifon of taxonomicC..............ceeeeeee. 56
3.5.3. Research ObJectiVe thr@............uuuuiiiiiie e 60



3.5.4.

Research 0DJECHIVE TOLIL.........ue e 61

3.5.4.1. Floristic diversity and species associations. &irkianahabitats........................ 62

3.5.4.2. Assessment of the structural diversity and population structUrekokiana across

1Y o Y I =0 [0 RSP 64
3.5.4.3. Estimation of the carbon storagalbirkiana.................cccccuvviiiimemnniiiiiiiinnnee. 65
3.5.5. Research ObJecCtiVe fIVMe......cccooi i 66
3.5.5.1. Model development and evaluatiQn............ccccooeeieceeeiiiiiiieee e eeeeee e 66
3.5.5.2. Mapping habitat suitability and determining priority areas...............cceevveeen 68
GBI =1 o= I @ 0] g ][0 L= = 11 o] o £ 70
3.7. Chapter SUMMALY........ccoiiiiiiiiiieiimeee et eeesssisssnnsesseeseeeeeeeeesenessssssseeeeeesssdd O
CHAPTER 4: RESULTS ... .ottt ieee it e e s snstasaeeeeeeeeeeaaaaeeeeesssmmmnenennes o 2
v/ O g1 (oo 18 ox 1 To] o PRI 24

4.1 Local ecological knowledge, ethnobotanical uses, and comrhasgd conservation

strategies oU. Kirkianain MalaWi.............ccooiiiiiiiiiiiiee e 12
4.1.1. Perception of the dynamics Of kirkiana.................ccooooviiiimee e 72
4.1.2. Local practices folJ. kirkianaconservation................ccccvvvvvieemeeeeeeeeeevvvnennnnnnn . 4
41.3. Sociceconomic factors affecting Il.oc.al5
4.1.4. Local community perception about ecosystem services tfiokirkianain Malawi. 76
4.1.5. Importance of local uses and ecological vulnerability okirkiana...................... 77

4.2 Species composition aptlylogenetic patterns along elevation gradienis.................... 84

cC Oomn

4.2.1 Community species composition and demographic structure in different elevati®4 area

4.2.2 Phylogenetic diversity and the analysis of similarity in different elevation.area...88

4.2.3 Differences among the phylogenetic community compositions in the different efevati

areas 91

4.2.4 Community phylogenetic structure responses to elevation and environmental.f@8tors

4.3  Functional trait variabn of Uapaca kirkianaacross ec@eographical regions............. 98
4.3.1 Morphological variability of). kirkianaamong geographical region....................... 98
4.3.2 Pairwise correlation between morphological traitS............cccoeeeiiiieeee i, Q9

4.3.3 Discriminant morphological and functional traits@f kirkianaaccording to the region
101

4.3.4 Relationships between environmental variables and discriminant morphological and

functional traits OfJ. KIrKIANATIIEES .. ... .o e 104



4.3.5 Discriminant morphologicaand functional traits ob. kirkiana and their relationships

with the least correlated bioclimatic variables...........ccccoo oo 105
4.3.6 Morphotypes identified across geographical region in Malawi.......................... 109
4.3.7 Phenotypic plasticity of). kirkianatrees in Malawi..............cccceeevvvvivieeeee e, 111
4.4 Population ecology and carbon storaggapbaca kirkianaacross regions.................... 113
4.4.1. Floristic composition and diversity Pattern.............cc.uvveeeieeeiiimnmiiiiiieeeeeeeeee e 113

4.4.2 Structural, demographic, and dendrometric characteristitddakiana populations along
Y= 1o Y I =T (o £ OO 117
4.4.3 Natural regeneration and tree branchés égdrkianaacross the region................... 123
4.4.4 Biomass, carbon potential and ecological value of carbon storade Wgkiana across

=To o] ESRE LT, == 1 S 125

4.5 Shifts in suitable habitats Of kirkianaunder climate change in Malawi...................... 126

4.5.1. Model performance and relative importance of environmental variables....... 126

4.5.2. Suitable habitats fdd. kirkianain Malawi .............ccoooviiiiriiiiiceeiiii e 130
4.5.3. Priority conservation and cultivation arealafkirkianain Malawi ...................... 133
CHAPTER 5: DISCUSSION. .. ..ot e et e e emme e e et e e e ean e e e eanenes 135
SO [ 1o T [UTox 1] o S PPPPPPPPRI 135

5.1 A Combined SockHEcological Perspective da. kirkianaHealth and Productivity......... 135

5.1.1 Local perception on the dynamicdJokirkianaPopulation: Insights for awareness raising

..................................................................................................................................... 135
5.2 Local conservation practicesf kirkiana an opportunity for apacity building............. 137
5.2.1 Uses of plant parts &f. kirkianaand ecological vulnerability.................ccccccc e 139

5.3 Woody species composition artyjogenetic structure along elevation gradients....... 142
5.3.1 Floristic composition and demographic structure in different elevation.areas....142
5.3.2 Phylogenetic community composition in different elevation areas..................... 146
5.3.3 Phylogenetic community structure in different elevation areas.......................... 148
5.3.4 The relationship between phylogenetic community structure and the environmental
factorsl50
5.3.5 Phylogenetic structure of plant communities............cceeeeeviviieeeii e, 152

5.3.0 CONSEIVALION AUVICE. .. e e e et ee et e e e e e e e e enens 153

Xii



5.4 Intraspecific functional trait variation &f. kirkianaacross ecg@eographical regions....154
5.4.1 Morphological and functional traits variation across geographical regions........ 154
5.4.2 Pairwise correlation between morphological traits..............cccevvvvieeeeeceevevveeeeiiinn, 155

5.4.2 Discriminant morphological and functional traits and regional differentiation patterns of

L R = g - TSRS 156
5.4.3 Morphotypes ideriied across the geographic region in Malawi..............ccccccvvveeee 158
5.4.4 Interactions between environmental factorstandrkianatraits...............cccooeeiine 160
5.4.5 Plasticity in the morphological and functional traitdbfkirkiana.......................... 160
5.4.6 Implications of the findings fod. kirkianaconservation and domestication......... 161
5.5 Population ecology and carbon storage potentibl.dirkianain Malawi................... 162
5.5.1 Floristic composition and diversity Of kirkianahabitat....................cccceeen . 162

5.5.2 Structural diversity ofJ. kirkiana stand: insight for ecosystem sustainable management
165

5.5.3 Variation in diameter class structurdJokirkianapopulations across regions....... 167

5.5.4 Diameter structure &f. kirkianapopulations variation across the altitudinal gradiend

5.5.5 Natural regeneration and branching dynamits &irkianaacross different regionsl70

5.5.6 Biomass capture and carbon sequesterét kiykianaacross regions in Malawi....172

5.6 Implications of climate change on habitat suitability and altitudinal shitts kifkiana...173

5.6.1 Overview of the choicef methodological approach............cccccccviiiiieann. 173
5.6.2 Temperaturaelated climatic variables determine the current potential distributidh of
KITKIQN@N IMBIAWIL ...ttt e e e e e e e e e e e e e s mnee e e e e e nnes 174
5.6.4 Prioritisation and conservation zonelbfkirkianain Malawi.............cccccceeviiiiiieene. 176
5.6.5 Implications of the findings for the conservationlbfkirkiana..............cc.ccoeeeeeen. 179
5.7 Chapter SUMIMALY. ... .cciiiiiiiie e eetemce e e e e et e e e e e e emme e e s e e e e e e ata e e e e s ennneeeeessaneeas 180
6.0 INTrOTUCTION. ...ttt e e e e e e e e e eeena e n e e e e e e e e e e e e eeeas 181
G0t R @0 o o3 U1 o] o USRS 181
(72 & (=T oo .41 41T 0o F= 1 o] 1= 183
6.2.1. Practic®riented / Community.evel recommendations..............cccceeeivevieeeeeeeennn, 183
6.2.2.Research recommendatiOnS...........uuuuuuiiiiiieeeiiiii e 184
6.2.3. Policy reCOmMMENdatiOnS.......ccceeeeeeeeiiieiiieees e e e e e e e mmmr e s 185
ORI O F=T o1 (= G U ] 0] o = T 0 YRR 185

Xiii



REFERENCES . ... .t 187
APPEND X et e e 229

Appendix 1: Interviewer Administered Data CollectioriJafpaca kirkianan MALAWI (research
(0] o] [0 11V = 0 1 TSP PPRUORRR 229

Appendix 2: Stand structure to guide conservation actiobspéca kirkianan Malawi: objective

Appendix 3: Data collection sheet ororphological and functional traits for research objective 3
241

Appendix 4: Occurrence data collection for research objective.five............ccccvvvieeennnee. 245

Appendix 5: Species inventoried across study area (89 genera and 39 botanical famili24%

Appendix 6: Specific frequencies Of kirkianahabitats across studies areas.................... 249
Appendix 7: Species with [UCN status across studies areas...........cccceevvveeeeeeeeeeeeeeeeen, 252
Appendix 8: MZUNIREC Ethics and Relgiory Approval...............eeeeevieiiiiiieesieeieiiiieeeeenn. 255

Xiv



LIST OF TABLES

Table 1 Distribution of Households (Number of Households, N) in surveyed villages across the

Geographical Regions Of MW ..............uiiiiiiiii e eeeeeeeer e 40
Table 2 lllustrating the socioeconomic factors influencing the collection of use of knowledge on
U. kirkianaacross Malawi Regiogsé ¢ é e e é ¢ e ééecéeéééeééeeéé. ..Aa
Table 3 Environmental variables used..............iiiiieeciii e 46
Table 4 Forests sampled across the regions, with the number of samplisg.pla.............. a7
Table 5 Environmental variables used in MaxEnt modeling.............ccuvvvivieeeiciiiiiinnnnne. 50
Table 6 Parameters used for vulnerability assessment..............cccccomneieieiccciiiiiiiiieees 54

Table 8 Structural diversity and demographic parameters used to describe the commub#ies
Table 9 Structural diversity, demographicié dendrometric parameters used to desddbe
kirkiana populations and their habitat in Malawi..................eeiiiiieemiiiiiiiie e 63
Table 10 Association of the perception of the dynamics Wbf kirkiana populations with
sociocemographic factors and Region in Malawi................oooovvviieeeeeeiiiceeeeeee 73
Table 11 Results of the generalized linear mixeffect model (GLMM) with Poisson distribution
assessing the effects of regions and sociodemogrdpbiors on the attitude of local

communities towards the conservatiorlbfkirkianain Malawi..................ccccccvvvvieeennn.. 76
Table 12 Importance value of the plant partstafkirkianain Malawi.............ccccoeeeiiiiiiieee. 80
Table 13 Distribution of participants by ethnic groups...........cccceeeiiiiiiiiccccccee e, 80
Table 14 Similarity of U. kirkiana use by ethnic groups in Malawi according to Sorensen

indexe éeééeééécéeceeéeéeéeéeéeéeée . 81
Table 15 Mean specific uses &f. kirkianaaccording to ages..........ccccuvvviiiieirieeecivviiineneee. 32
Table 16 Mean specific uses &f. kirkianaaccording to Gender.............ccccoovvvivviieeneeeeeee. 82

Table 18 Frequency of vegetative importance (FIV) of the dominant botanical family.....85

Table 19: Structural indices of the six natural forests studied across their elevation in M&8lawi

Table 20 Environmental factors fitted on to PCOA @XeS........ccoevviiviiiiiieeee e 90

Table 21 Vector coordinates for significant environmental variables...........c...ccooooveeee... 91

Table 22 Variation of the morphological traits &f. kirkianaamong geographical regions..98

Table 23 Results of the selection of explanatory variables using a multivariate procedure based
oN WilKS' Lambda and-EFeStS..........ceuuiiiiiiiiiis it e e e e ememnns e e e e e e e e e e e e eeees 101

Table 24: Results of linear models evaluating the effect of the region on different morpho
functional variables o). Kirkiana...............eueuiiiii e 102

Table 25 Correlations between functional traits and canonical &oes discriminant analysis

XV



Table 26 Significance and scores of environmental variables influencing the discriminant
morphological and functional traits Of. kirkianatrees.............ccccevvvviiiiiieee e iieeeeeeiinns 105

Table 27 Loadings of the discriminating morphological and functional traits on the axes of the
redundancy analysis (RDAL and RDAZ)........cuuiiiiiiiie e e e aeens e 105

Table 28 Correlation matrix between the first three principal components and the most
discriminating morphological traits and significant environmental variable.............. 108

Table 29 Variability of U. kirkianatrees, fruits, leaves and seeds traits according to clugtet

Table 30 Importance Value INAEX...........ooeuiiiiiiiiimre e e e e e e e e e e 115

Table 31 Variation in dversity indices amongy. kirkiana habitats across the regions in Malawi

Table 32 Demographic, structural and dendrometric parametert. okirkiana populations
according to Malawian FEOIE..........uuuuuiiieieee e e e e e ceeeiieee s e e e e e e e e eeeeeeeeeesrenneeeeaeeeeeeeereennnnnes 118

Table 33 Estimation per hectare of living biomass, sequestered carbon, and the ecological value
of carbon storage by. kirkianaacross regions in MalaWi.............cccceevvvvvviieeen e eeeeenn, 126

Table 34 Performance statistics bF. kirkianadistribution model.............ccovveiiiiiiieeeneen. 127

XVi



LIST OF FIGURES

Figure 1. Corceptual FrameWOIK............oooiiiiiiiiiiiieeee e e e e e e e e 29
Figure 2a Location map of the geographical region of Malawi, showing the studied fore38s

Figure 2b: Map $iowing Malawi in Africa and the 10 surveyed Districts across regions in Malawi

Figure 4: Relative frequency of citations (Rc, %) of the local conservation stratediesiokiana
across the regions Of MaIAWIL. ........uuiiiiiiiii e 75
Figure 5. Relative frequency of citations (Rc, %) of ecosystem services perceived by the local
COMMUNIEY TN IMBIAWI. ... eeeee e emme e e e e e e e et emmmeennnnnes 77
Figure 6. Relative frequency of citations (Rc, %) plant parts used dfi. kirkiana across the
REGIONS Of MAIAWL. ....ceeiiieieeeeee et eeee e 78
Figure 7: Chord diagram showing the distribution of ethnobotany usé &frkiana .............. 79
Figure 8. Vulnerability index of the different plant parts and overallUJokirkianaaccording to
the use by local COMMUNITIES.........ooiii e e e e e e e e e aa 84
Figure 9 Distribution of diameter class structure across elevation gradient in Malawi, with
L= o1 SRR 88
Figure 10. The change of community PD and SES.PD with the elevation gradient......... 89
Figure 11 Principal coordinate Analysis of plots based on the community structure of woody

Figure 12 Variation of phylogenetic idersity and structure indices across different elevation

ClAaSSES 1N MBI ..o 93

Figure 14: Correlations between phylogenetic diversity indices and environmental variables across

the ecological gradi€nt.............uiiiiiiiiii e et e e a e 96
Figure 15 Phylogenat trees of woody species across elevation gradient of Malawi....... 97
Figure 16: Pairwise correlation of morphological traitS..............cccvviiiieeeiiiiiiiiiieeeeee, 100

Figure 17. Discrimination of the 72 individuals &f. kirkianaaccording to region of provenances
Figure 18 Principal Component Analysis (PCA) plot of morphological and functional traits,

discriminant environment variable describing the variation of those traits according to different
regions (DIM L and 2).....coouuiiiiiiiiii e reeee e e e erana s 107

XVii



Figure 19 Principal Component Analysis (PCA) plot of morphologicalits, discriminant
environment variable describing the variation of those traits according to different regions

(][ I =T o 0 T ) PP 108
Figure 20: Dendrogram showing clustersdf kirkianaindividuals based on morphological traits.
.................................................................................................................................. 110

Figure 21 Variation of the phenotypic plasticity of the discriminant morphological and functional
traits ofU. kirkianaamong the geographical reggom Malawi..................coevvvvivvieeee.... 112

Figure 22 Distribution of species families across the phytogeographic regions in Malatil4

Figure 23 Mingling of U. kirkianawith neighbouring trees across the regions in Malawil17

Figure 24: Correlation matrix between structural, demographic, and dendrometric parameters of
U. kirkianapopulations inMalawi. ..............uuuuiiiiiii e eeeeia e 119

Figure 25 Correlation matrix between structural, demographic, and dendrometric parameters of
U. kirkianapopulations in Malawi across altitude............cccccoeiiiiiieccs 120

Figure 26: Size (dbh) class distribution &k kirkianapopulations in each region in Malawi21

Figure 27: Size (dbh) class distribution bk kirkianapopulations across altitude in MalawiL22

Figure 28 Quotients betweetd. kirkiana density in successive dbh sigkasses (in 10 cm
=T 2= 1) T TP 123

Figure 29 Number of trees regenerated distributiorJofkirkiana populations in each region in

1T/ = P PUPRRT 124
Figure 30 Number of tree branches distribution Of kirkiana populations m each region in
1Y = 1 U PPRPPUUPUPRPR 125

Figure 31 Area Under Curve showing the performancdJokirkianadistribution model based
on the training and St AAtaA...........cvviiiiiiiiii e 126

Figure 32 Receiver Operating Characteristic (ROC) curve showing the performadckid€iana
distribution model based on the training and test.data..............ccccoovceeeeiii e, 127

Figure 33 Response curves showing the effects of environnemental variable on the predicted
habitant suitability fORJ. KirKiana...............oeviiiiiiiiiiie e 128

Figure 34 Contribution (%) of the environmental variables to the pakulistribution ofU.
KIFKIANA TN IMBIAWI. ...ttt e e e e e e e e e e e et et eeeeeeee 129

Figure35 Area (% of t he Mal awlkrsanaswtable and inauratlle a r e
habitats under the current and future climates.............oooiiiiiicc e 130

Figure 36 Predicted distribution df). kirkianaunder the current climate and the future climate
scenarios (SSP-B.0 and SSP-8.5).....cccouiiiiiiiiiiii e 131

Figure 37: Rate of change in potential habitatdJokirkianain Malawi under SSR3.0 and SSR5

e I o< 1= 1 [0 - VTR 132



Figure 38 Projection of habitat change dynamics tbrkirkianaunder SSPJF.0 and SSRB.5
L5101 =] F= 1101 PSPPSR 133

Figure 39 Priority areas for the conservationfkirkianain Malawi.................cc.cceeeeveeeee. 134

XiX



ABSTRACT

Uapaca kirkiam Mll. Arg.isan i ndi genous fruit tr ethatprdvidebhatdl a wi 6
nutritional, economic, and ecological servic&espite its crucial importance to the ecosysteitss,
populations are declining due to overharvesting, unsustainalohng, habitat loss, charcoal production,
wildfires, and climate changédts decline is a huge threat both livelihoods and ecosystem functioning.
Despite its importance, limited integrated understanding exists of its ecological, functional, ard socio
economic dynamics across Malawi, which constrains sustainable management and cong#arating.

This study aimed tanalyse local ecological knowledge, ethnobotanical uses, and comrhasgd
conservation strategies Of kirkianain Malawi, charactere woody species composition and phylogenetic
structure along elevation gradients associated Withkirkiana, quantify intraspecific functional trait
variation ofU. kirkianaacross ec@eographical regions and its relationshighvenvironmental gradiest
evaluate population structure, regeneration dynamics, and carbon storage poténtikirkibna across
geographic regions anohodel the current and future distribution Of kirkiana under climate change
scenarios. Understanding these aspects is teseninform sustainable conservation strategies, enhance
livelihoods, and maintain ecosystem serviddg methoddn this studyincluded a stratified survey of 1,222
households to capture local ecological knowledge, conservation practices, specaw yserceived
vulnerability. Forest inventories were conducted in six forests across the country, with two forests per
region, assessing 149 plots and 72 trees for 21 morphological and functional traits. Taxonomic and
phylogenetic diversity, diameter difmtions, and community structure were analyzed, while trait
variability was assessed using mixeftects models, diseninant and redundancy analysex=l hierarchical
clustering. Species distribution modeling employed MaxEnt and habitat prioritizatidrZasation.The
resultsindicatedwidespread recognition of population decliaarying by region, professi@nd education.
Deforestation and charcoal production were the main threats, whereas agroforestry, cutting prohibition,
regeneration protection angruning restrictions were key conservation measures. Fruits, trunks, and
branches were ast utilized for food, firewoodand medicine. A vulnerability index of 2.25 reflected
moderate risk. Four morphotypes indicated adaptive differentiation across emestah gradients, while

small diameter classes dominated populations, suggesting active regeneration but overharvesting of large
trees. Phylogenetic diversity and community assembly varied with elevation, mainly influenced by

temperatureStructurally,U. kirkiana populations were dominated by small diameter classe2({1dn),
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with few mature individuals (>45 cm), indicating regeneration disturbance. Diameter at breast height (DBH)
was positively correlated with the structural quotient (Qs) and-irgedistance, but negatively correlated

with diameter differentiation, suggesting low heterogeneity in mature stanéskianatolerated mixed

species stands (mingling index:-28%), supporting its suitability for agroforestry systems. The Northern
regonhad the highest carbon storage (57.80 tCO /1|
tCO /ha) and Centr al (43.80 tCO /ha) regions (p
annual rainfall (>1,600 mm), which supports better tresvth and biomass accumulation. The estimated
economic value adf. kirkianawasMWK 1,011,997.57 (577.95 USD/h@he current distribution indicates

that only 9% of habitats are suitable fbrkirkiana Future projections suggest a decline in its rgfrgen

9% to 6%) with a shift toward higher altitudes in the northern and central regions. Temperature emerges as
a key factor determining its distribution, emphasizing the importance of strategies such as assisted migration,
domesticationand climateadaped plantationsOverall, U. kirkiana is a multifunctional species facing
moderate anthropogenic and climate thrdategrating LEK and functional ecology with climate models

provides a more robust and socially relevant conservation framework than gleynséthod

Keywords: U. kirkiana Miombo woodlands; vulnerability index; ecosystem servisestainable

managemerntMalawi
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CHAPTER 1: INTRODUCTION

1.1. Background of the study

The conservation and sustainable management of plant biodiversity, jpaiginoh-timber forest
products (NTFPs)emain central concerns in contemporary conservation biology and sustainable
development agendas. NTFPs, which include fruits, seeds, leaves, resins, medicinal plant parts and
other forestderived resources, playcatical role in supporting rural livelihoods and ensuring food
security. These resources provide essential nutritional, medicinal and economic benefits,
particularly in regions where agricultural systems are seasonal or constrained by environmental

factors (Radha et al. 202Husen et al. 2021

Globally, NTFPs are a cornerstone of subsistence and income generatioastliniated that
approximatelyone billion people derive nearly 25% of their household income from NTdfiéls
about300 million people living in tropical forests rely on these resources as either a primary or
supplementary livelihood sourd®elgado et al2023 Mulenga et al2011). These resoues
become particularly crucial during periods of agricultural scarcity, such as the dry season, when
they provide critical nutritional supplements, fodder for livestock and alternative income streams
(Dossou et al. 2028 samoah et al. 2024In addition to their socieconomic importance, NTFPs
contribute significantly toecosystemfunctioning by maintaining species diversitgupporting

pollinator networksand enhancing soil fertilittMulenga et al. 2001

Despite their importance, NTFPs face increasing threats from unsutdiaabesting practices,

habitat degradation, and anthropogenic pressures, which may lead to population declines, reduced
regeneration, and in extreme cases, local or global species extinction (Shackleton 2015).-The long
term sustainability of these resoas therefore relies on the development of integrated conservation
strategies that combine ecological knowledge, community participation, and policy frameworks
(Belcher & Schreckenberg 2007). In this context, local ecological knowledge (LEK) is invaluable,

as it encompasses generations of observations regarding species ecology, phenology, and



sustainable harvest practices (Berkes et al. 2000). Understanding species utilization patterns, the
provisioning of ecosystem services and the commiragsed managemeapproaches is critical
to designing conservation interventions that simultaneously enhance biodiversity and support rural

livelihoods (Shackleton & Pandey 2017).

Furthermore,neglected and underuséid wild food plantspresent untapped opportunities fo
ecological restoratigragrebiodiversity enhancemeand livelihood diversification. These species
are typically resilient to environmental stress, veelipted to local ecological nichesd able to
thrive with minimal external inputs, while simultanesty improving soil fertility, controlling
erosion, and supporting microclimatic stabilipli and Bhattacharjee 2028hivenge et al. 2015
Shelef et al. 201)7 The documentation of LEK associated with these spdsiéiserefore critical,

as much of this knowledge is transmitted orally and is increasingly rallieeto loss due to
urbankation, cultural transformatiomnd generational shifts (Khasbagan and Soyolt 2008).
Ethnobotanical studies consistently show that communities rely heavily on wild food plants for
nutrition, medcinal uses, cultural practicemnd economic activities with utilization patterns
strongly influenced by social, d¢ural, and demographic factofKuhnlein 201% Samarou et al.

2021 Yaipharembi et al. 2033

Collectively, these insights underscore the importance of research that links ecological assessment,
socioeconomic evaluatioand ethnobotanical documentation. Such integrative studies not only
inform sustainable management and conservation policies but also promote the resilience of rural
communities that depend on wild plant resagr(Shackleton & Pullanikka018). In thisregard,

the current study seeks to address knowledge gaps in the ecology, utilisation aetcoomic
significance of NTFPs, with the ultimate aim of enhancing conservation outcomes and supporting

sustainable livelihood&hackleton & Pullanikkatil 2018



Conservation initiatives play a transformative role in community development by linking
ecosystem sustainability with improved rural livelihog@hackleton & Pullanikkatil 2018)
Through the sustainable use of natural resources, communities deeméiaddsenefits such as

food, income, and raw materials, which strengthen their economic resilience (Shackleton & Pandey
2014). Moreover, conservation enhances local adaptation strategies by promoting ecological
balance, restoring degraded landscapes,sapg@orting traditional knowledge systems that help
communities cope with climateriability (Reed et al. 20)5Thus, integrating conservation into

rural development provides a pathway toward both environmental sustainability and socio

economic empowermeén

1.2. Problem Statement

In southern Africa, indigenous fruit treguch asJapaca kirkianaMill. Arg. represents a keystone
species within Miombo woodland ecosysterasd provide critical nutritional, economic and
ecological services. Its fruits arehiin carbohydrates, essential vitamins (A, C, armbBiplex),
minerals such as potassium, calcium, and magnesium, and secondary metabolites including
antioxidants, which contribute significantly to human health and nutritiawafambira et al.

2020 Moombe et al. 2014Saka et al. 2007 These charactestics rendetJ. kirkianaa crucial
resource during the dry season, when conventional crops fail and food scarcity is most pronounced
(Shirima et al. 2011 In addition to direct consumption, the fruits are processed into jam, wine and
other valueadded prducts, supporting local economies, enhancing household resilience, and
providing diversified income sources. The reliancelbnkirkiana is particularly pronounced
among rural communities, where market accessibility is limited and alternative livelihbodsop

are scarcéChawafambira et al. 202&alaba et al., 2009).

From an ecological perspectiug, kirkianacontributes extensively to forest structure, biodiversity
and ecosystem functionality. Mature trees enhance canopy complexity, regulate mitroclima

conditions by providing shade, reducing evapotranspiraihcreate microhabitats that support



a diversity of fauna, including key pollinators and frugivores thatifatglseed dispersgbhirima

et al. 2011 Kokou et al.20233. Leaf litter decomposition contributes to soil nutrient cycling,
sustaining nitrogen and orgargarbon stocks while reducing erosion and promoting soil fertility
(Chidumayo, 2013; Luoga et al., 2000). Moreover, through carbon sequestration, Uapaca kirkiana
mitigates climate change impacts and supports ecosystem resilience, as Miombo tree species are
known for significant biomass accumulation and lbeign carbon storagé&hirima et al2011).

Its presence in heterogeneous landscapes fosters structural and functional connectivity, which
facilitates species coexistence and maintains ecological iptagritss Miombo woodlands (Frost

1996).

Despite these multifaceted contributions, multiple anthropogenic pressures increasingly threaten
U. kirkiana populations. Overharvesting of fruits and leaves reduces reproductive output and
impairs natural regenerati, while unsustainable pruning practices, particularly the removal of
apical meristems, compromise flowering and fruiting capacity. Additionally,-uaedchanges,
particularly conversion for agriculture and settlement expansion, fragment habitats erategen
edge effects that heighten environmental vulnerability. Charcoal production and uncontrolled fires
directly destroy juvenile and mature trees and alter soil properties that are critical for regeneration
(Ngulube 1999. Bet ween 2001 and 2023, Mal awi | ost
diminishing resources for local communities and contributing to the deafidapaca kirkiana

This represents one of the highest deforestation rates within the Southerm Afeicalopment
Community (SADC) Rgion(Workeneh and Kfumbata2020. This extensive deforestation has
fragmentedJ. kirkianapopulations, restricted genetic exchangnd reduced population viability.
Fragmented populations are consequently more susceptible to demographic stochasticity,
inbreeding depression and local extirpation, which may compromisetéomgspecies survival

(Workeneh and Kafumbata 2020

The impacts of climate change further exacerbate these threats. Altered temperature regimes,

precipitation patterns, and the frequency of extreme climatic events affect phenology, flowering
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synchrony, seed saind seedling establishmett. kirkiana which exhibits specific ecological
preferences, is particularly sensitive to shifts in climatic envelopes. Predictive modeling indicates
potential contractions in suitable habitats, especially at lower altitudas aegions experiencing
increasing aridity(Bellard et al.2014 Thomas 2010Kokou et al. 2024a Reduced rainfall and
elevated temperatures may impair seed germination and seedling survival, thereby affecting
regeneration dynamics and population structure. Furthermore, climate variability may interact
synenqistically with anthropogenic pressures, amplifying the risk of local extirpation and reducing

ecosystem resiliendg&rost 1996; Chidumayo & Gumbo 2010; Ryan eR@ll1)

Knowledge gaps regarding the morphological and functional traité).okirkiana reman
significant. Traits such as tree height, crai@meter, leaf area, fruit sizexd seed characteristics
are fundamental indicators of ecological adaptability, resource allocation stratgies
reproductve potential. Functional traifacluding specift leaf area (SLA), leaf nitrogen content,
wateruse effieency and photosynthetic ratese crucial for evaluating species responses to
environmental gradients, disturbance and climatic stfidssiehanou et al. 201%awin et al.
2027). The limited understanding of these traits constrains predictive assessmentslafigrop

dynamics, vulnerabilitiand the deglopment of evidenebased conservation strategies.

The regeneration biology &f. kirkianaconstitutes another critical knowledge gap. Seed dispersal
mechanisms, germinatorates, seedling establishmemtd survival under varying disturbance
regimes rema poorly documented. Interactions with dispersers suchrds &hd mammals, seed
predationand interspecific competition strongly influence natural recruitment, yet systematic
studies addressing these factors are lacki@G@mpbell 1996; Frost 1996)Furhermore,
demographic paramats including ageclass distribution, popation density and spatial
arrangement across ecological gradiemtsunderdocumentegdrestricting insight into population
viability under combined anthropogenic and climatic press(@sdumayo & Gumbao2010;

Shackleton et al. 2007)



Integrating ecological and soetmltural dimensions is essential for sustainable management.
Local communities possess extensivaxal ecological knowledgeLEK) regarding phenology,
fruit harvesting pratices, medicinal useand sustainable ut#ation strategie§Campbell 1996;
Chirwa et al. 2008) However, urbamsation, cultural transformation, and generational shifts
threaten the transmission of this knowledge, risking the loss of critical managefoemiakion.

The interactions betweemiman activities, market demaraisd ecological processes are complex,
potentially reinforcing or undermining species conservatihackleton & Gumbo2010)
Systematic research thatrobines ecological, demograptaad ethnobotanical data is therefore

| acking, particul ar | ycomgcal aosefkalbba étalv2dl8)s di ver s

Overall U. kirkianais simultaneously a nutritional, economamd ecological keystone species, yet

it faces mounting pressures framsustainable harvesting, habitat loss, and climate change. Gaps
in understanding its morphological and functional traits, regeneralyoramics, population
structure and socieecological interactions limit effective conservation and sustainable
managemein Comprehensive scientific research capiy the biological, ecologicand socie
economic dimensions &f. kirkianais urgently required to ensure the persistence of its populations
and the ecosystem services they provide. Such integrative researclormilthe empirical
foundation for evidencbased conservation, sustainable sdtibn and culturally sensitive policy
development itMalawi andsouthern AfricgCampbell et al. 1996; Shackleton & Shackle2604;

Akinnifesi et al.2006; Kalaba et al. 281 Ryan et al. 2016; Chirwa et al. 2019).

1.3. Study Objective
1.3.1. Main objective
The main objective of the study wasitwestigate thdntegrating Local Knowledge, Functional

Ecology and Conservation Strategies of Wild Loquktaca kirkianavidll. Arg.) in Malawi

1.3.2 Specific Objectives

Specifically,the study intended to achieve the following:



1.3.3

To analge local ecological knowledge, ethnobotanical uses and commhassd

conservation strategies 0Of kirkianain Malawi.

To charactege woody sgcies composition and phylogenetic structure along elevation

gradients associated with kirkiana

To quantify intraspecific functional trait variation 0f kirkiana across ecgeographical

regions and its relationship with environmental gradients.

To ewaluate population structure, regeneration dynamias,canbon storage potential of

U. kirkiana across geographic regions.

To model the current and future distributiorlbkirkianaacross climate change scenarios.

Hypothesis
Local ecological knovedge provides ecologically consistent insights into the distribution,

use and conservation of kirkianacomplementingcientific approaches.

Woody species composition and phylogenetic structure vary significantly with elevation,

influencing the ecologal associations dfl. kirkiana

Functional traits olU. kirkiana exhibit significant intraspecific variation across regions,

primarily driven by climatic and edaphic factors.

Population sucture, regeneration capaciéynd carbon storage potential 0f kirkiana

differ across regions, reflecting both ecological conditions and anthropogenic pressures.

Climate change will reduce and shift suitable habitatdJokirkiana towards higher

elevations, leading to habitat contraction and potential populationigsolat



1.4. Justification of the study

U. kirkiana is an indigenous fruit tree of Miombo woodlands with significant ecological,
nutritional, and sock@conomic roles in Malawi and across Southern Africa. Local communities
heavily rely on its fruits for fod supplements and income generation, yet the species faces
mounting pressures from deforestationjdires, habitat fragmentatiomnd climate change
(Ntupanyama et al., 20D8While previais studies have examined distinct aspectd. ddirkiana,
important knowledge gaps persist, particularly in integrating indigenous knowledge, functional
trait variation, population dynami@nd climatedriven distribution shiftsA bibliographic review

of research ofJ. kirkianafrom 1978 to 2023 highlights that most studies focused on biological
and pharmacological activities (21%), multiplication and geatmm (20%), silviculture (18%)

and species description (14%), whereas critical topics such as ta@nes, climate change
impacts, socieeconomic importance, managemeantl conservation, distributicand population
strudure remain underexplorggKokou et al.2024g. A chi-square test confirmed that research
themes are dependent on publication categories (p = 0.0297), revealing gaps in knowledge that
require attention. Geographically, research has concentrated in Southern Africa, particularly
Malawi, Zambia,and South Africa, with sporadic studiesTianzania, Zimbabwe, and the DRC.
Despite increasing interest, publications remain fragmented in coverage and scale, limiting their

applicability for integrated conservation planning.

Phenotypic variation in fruiseedand seedling traits has been documented in Maignificant
differences among provenances in fruit weight, seed weight/size, germination rates, and seedling
growth traits, which are essential for domestication and selective propa@&tase et al. 2010

Genetic diversity studies using AFLP markers indicate that most variation exists within
populations, with some regional structure, suggesting potential forbasetd selection in
congrvation and breedg programs However, these studies do not fully explore how
environmental gradients, guas altitude, soil propertiasd rainfall, drive functional trait variation

and ecological interactions. Population structure and regeneration dynamics are elstudned.



Ngulube (2000, observed high stem densities and considerable regeneration across 19 sites in
Malawi, while noting tha dry-season fires adversely affect survival and recruitment.
Understanding these ecological dynamics is critical for developing strategies that enhance species

resilience and sustainable management under changing disturbance regimes.

Climate niche modelip has provided insights into the potential impacts of climate change on
kirkiana. Jinga et al(2020 showed that climate change is likely to reduce the natural range of the
species across sodtiental Africa, with contraction and altitudinal shifts in suitable habitats.
However, their continentacale projections did not explicitly consider local ecological
interactions, functional traits, or indigenous management practices. In this contextdbet pr
study provides a counttgpecific assessment for Malawi, integrating higholution mapping of
priority conservation zones, functional trait variation and commuraged management
knowledge. This approach allows precise identification of areagatrifor conservation,

sustainable management, and domestication under current and projected climate scenarios.

By combining indigenous knowledge, ecological and functional trait data, population dynamics
and climatedriven distribution modeling, this sly addresses significant knowledge gaps
(Ngulube et al.2000. It will guide the development of conservation priorities, inform
domestication and sustainable management strategies and support policy decisions for the
protection and utilization dfl. kirkiana (Akinnifesi et al. 2008 Moreover, the study strengthens
scientific understanding of how this keystone species responds tedimtnsional environmental
changes, iduding anthropogenic pressuresd identifies potential refugia for lofgrm

consenration and climate resilience.

1.5. Ethical Considerations
This study adhered to established ethical standards for research involving human participants,
ecological surveys, and indigenous knowledge. Ethical clearance was formally obtained from the

Mzuzu University Research Etts Committee (Mzuzu University MZUNIREC) before the



commencement of fieldwork. In addition, formal permission was secured from relevant
government authorities, district forestry offices, and community leaders within the studpfareas
Malawi. All participants were informed of the study objectives, and voluntary informed consent
was obtained prior to interviews and foag®up discussions. Confidentiality, anonymity, and
respect for cultural norms wemgintained throughout the studBespondents weneformed about

the objectives, scond potential uses of the stualyd their participation wasluntary Informed
consenbbtained verbally or in writing, depending on literacy levels, and participants were assured
of confidentialityand anonymity. For the ecological and functional trait assessments, sampling was
conducted in a manner that minsed harm to the environment and individual plants. Tveme

not excessively disturbednd any collection of leaves, fruits, or seeds folldvgeistainable

harvesting protocols to ensure the continued regeneration and surdilepada kirkiana

The research also respected cultural norms and traditional knowledge systems. Indigenous
knowledge shared by local communitiess acknowledged appraogtely and findings were
intended to benefit both scientific understanding and local conservation efforts. The study complied
with national regulations on biodiversity research, includingMaasvi Envi r onment al

Act and adhered to internationaligcognized ethical guidelines for soeeological research.

1.6. Structure of the Thesis

This chapter has introduced the research area and outlined the main objectives of the study,
focusing orthe ecological, socteconomicand conservation significaa ofU. kirkianain Malawi.

It has also highlighted critical knowledge gaps regarding indigenous knowledge, functional trait
variation, population dynamics and climabeven distribution shifts. The chapter argued that
while previous research has explbredividual aspects of the species, an integrated understanding
combining ecological, socieconomic, and climate dimensions is still lacking, which forms the

primary rationale for this thesis.
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Chapter 2 presents a comprehensive review of the literagleeant to the study objectives. It
covers the current state of knowledge Wnkirkiana, including biological and pharmacological
properties, propagation and germination, silvicultural practices, population structure ard socio
economic roles. The chapterther highlights the limited research on climate change impacts,
functional trait variion, domestication, managememd conservation strategies. By synthesizing
previous studies and identifying gaps, the chapter establishes the need for a-dyeldiei
approach that begrates ecological, functionand indigenous knowledge dimensions. The
literature review also positions the study within the framework of Sustainable Food Systems and
Sustainable Livelihood approaches, which provide analytical tomlsinderstand species

ervironmentsociety interactions.

Chapter 3 presents the epistemological and methodological foundations of the study. It justifies the
choice of a mixednethods approach combining qualitative ethnobotanical surveys with
guantitative eglogical and functional trait assessments, population structure analysis and climate
niche modding. This chapter demonstrates that such an approach is appropriate for addressing

research questions that require understanding both ecologiehgahd cmmunity perceptions.

Chapter 4 presents the study results. These include findings on local ecological knowledge,
ethnobotanical uses and commusbBsed conservation strategies; woody species composition and
phylogenetic structure along elevation gradenttraspecific functional trait variation across-eco
geographical regions; populatiotrigture, regeneration dynamiasd carbon storage potential,

and current and projected distribution under climate change scenarios. The results provide detailed
insights intohow ecological, soci@conomicand climatic factors interact to shape the status and

managment ofU. kirkianain Malawi.

Chapter 5 provides a discussion of the results in the context of existing literature. It compares
findings with studies fronsouthern Africa and beyond, highlighting similarities and differences in

functional traits, population dynamiend local management practices. The chapter demonstrates

11



how this study advances understanding of species conservation by integrating egological

functional and indigenous knowledge perspectives.

Chapter 6 concludes the thesis by sumsragithe main findings, emphasizing the contribution of

the study to knowledge and policy. It highlights priority areas for conservation, recommends
strategies forsustainal® managementdomestication and underscores the importance of
integrating communitypased knowledge with scientific approaches for climmasdient species
management . Finally, the chapter sitvidagas t |
comprehensive, multimensional perspective od. kirkiana conservation and utgation in

Malawi.
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CHAPTER 2: LITERATURE REVIEW

2.0 Introduction

This chapter engages with the wider body of literature related kakiana, its ecological, scio-
economic and cultural significance, and how anthropogenic pressures and climate change are
shaping its current and future conservation status. The chapter introduces the theoretical approaches
of Sustainable Food Systems and Sustainable Livelihoadtfyjng their relevance for this
research. 't further reviews empirical studi
potential, ecologicdlinctions, population dynamiesd responses to climate variability in Malawi

and other parts of stBaharan Africa. Finally, a conceptual framework, informed by both

theoretical and empirical literature is presented to guide the study.

2.1 General Research Trends ofJ. kirkiana

Over the past four decades, researchJorkirkiana has experienced a graduaut significant
evolution, reflecting broader shifts in ethnobotanical and ecological research paradigms in
Southern Africa. Initially, studies were largely descriptive, aiming to document traditional
knowledge and uses of the species, idiclg its nutitional, medicinaland cultural importance
(Ngulube200Q Saka et al2007). These early investigations provided baselifiermation on fruit
consumption patterns, local management practices, and the rble lafkiana in rural diets,
particularly during periods of food scarcity. Such studies were primarily qualitative and
ethnographic, often relying on interviews, particgegtobservationsand informal surveys to

capture local ecological knowledge (LE@gulube 2000Saka et al. 2007

From theearly 2000s, research focus shifted toward applied and experimental studies, driven by
the need to promote domestication and sustainable utilization. Investigations increasingly
examined germination ecology, clonal propagation, and grafting techniquaprtove seedling
establishment and fruit yieldMwase et al. 20L0Akinnifesi et al. 2008 Simultaneously, genetic

diversity assessments using morphological and molecular markers highlighted tglbstan
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intraspecific variation, both within and among populations, revealing opportunities for selective
breeding and provenance selection. These studies provided critical insights for agroforestry
programs and the development of improved germplasm foracanamunities, yet most remained
limited in geographic scope and sample size, often focusing on Malawi, Zambia and Zimbabwe

(Saka et al. 2007

More recently, the scope of research has expanded to encompass ecological roles and climate
related vulnerabiligs. Studies have begun to expltte k i r dontributien® t®9 woodland
structure, nutrient cycling, and carbon sequestration, as well as its interactions with pollinators and
seed disperse(Shirima et al. 201;1Kokou et al. 20250 Climate change research has emerged,
modeling potential shifts in suitable habitat under different emission scenarios. Hotheger,
studies are still tatively few, largely locaked and often rely on bioclimatic variables without

incorporating functional trait data, population demograpbid_EK (Jinga et al. 2020)

Overall, the literature demonstrates a clear utilitariars: bilke socieeconomic benefits oU.
kirkiana, particularly its contribution to household nutritiamd incomeare well documented
whereas its ecological resilience, adaptive capacity andteny population dynamics under
environmental stress remain ififsciently understoodKokou et al. 2024a)This trend underscores

the urgent need for interdisciplinary studies that integrate ethnobotany, ecology, functional traits
and cli mate projections t o comprehensively

conservation, management and domestication strategies in SouthernAmca et al. 2023)

2.1.1 Geographical and Disciplinary Biases

A critical examination of the literature od. kirkiana reveals pronounced geographical and
disciplinary biases. Theaajority of empirical studies havebén conducted in Malawi, Zamtaad
Zimbabwe, reflecting the high reliance of rural households on the species for both nutrition and
income(Moombe et al. 20L4Chawafambira et al. 2020These regions have therefore received

disproportionate research attention, resulting in ~delumented ethnobotanical agtices,
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propagation techniqueand domestication efforts. By mwast, populations in Mozambique,
Angola, andhe Democratic Republic of Conglespite being integral components fths pe c i e s
natural distribution remain poorly studied. This geographical imbalance constrains our
understanding of) . k i raklaptavecapdciy across diverse ecological and climatic contexts,

potentially overlooking local adaptations or unique population dynamics in understudied regions.

At the disciplinary level, a similar asymmetry emerges. Ethnobotanical and domestioatisaed
research is relatively advanced, providing detailed insights into traditional uses, propagation
methods, and genetic variabilifMwase et al. 20L0Akinnifesi et al. 2008 Con\ersely,
ecological, demgraphic and climateoriented stuiks are sparse, often localizednd
methodologically limited. Londgerm population monitoring, regeneration studies, and functional
trait assessments across environmental gradients are notably absent. Such imbalanceseunders
the urgent need for integrative, crasgional and interdisciplinary research that bridges
ethnobotany, ecology, genetiesd climate science to achieve a holistic understanding of the

speciesd6 resili @aocwetala2028) sustainability

2.12. Ethnobotanical knowledge and Socigeconomic ontributions

A critical review of existing research od. kirkiana exposes significant geographical and
disciplinary biases that continue to limit the advancement of knowledge on the species. Although
the literature often portrays. kirkiana as well studied, this perception is largely shaped by the
concentration of research in Malawi, Zambia, and Zimbabwe (Moombe et al., 2014; Chawafambira
et al ., 2020) . These countri esly Ieeause of iheic o me
documented dependence on the species for food and inetomever, this overrepresentation
raises a fundamental concern: to what extent do findings from these regions accurately represent

the speci esd f u-cdturabvariability?dhe@rsswer ranmachs upotear.i o
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Populations in Mozambique, Angola, and the Democratic Republic of Congo, although part of the
speciesd natur al range, have received little
IS not trivial; itrestricts our ability to understand hdw kirkianaresponds to diverse ecological
pressures, climatic gradients, and management systems. The absence of data from these region
i ntroduces a systematic bias t hadptabihty,ygenetic st or
structure, and population dynamics. In other words, current knowledge is regionally skewed and

potentially ecologically incomplete.

A parallel imbalance characterizes the disciplinary scope of the literature. Research on the
ethnobotany domestication, and propagation Wf kirkiana is relatively mature, driven by the
priorities of agroforestry prograsmand rural livelihood studigSaka et al. 20QM™Moombe et al.

2014. While these insights are valuable, they have inadvertently overshadowed ecological and
demographic research. For exampbeg-term population monitoring, regeneration ecology, and
functional trait analyses across environmental gradients are either missing or methodologically
superficial (Kokou et al. 2024) The few ecological studies available are typically sherh,
localized, and lack comparative or longitudinal depth, making it difficult to generalize findings or
infer longterm resiliencgNgulube2000. This disciplinary skew leads to a deeper conceptual
weakness: the current literature tends to fedtirkiana primarily as a sockeconomic resource,

rather than as a biological system subject to ecological constraints and climate pressures
(Chawafambira et al. 2020As aresult, our understanding of its vulnerability under climate
change, population viability, or adaptive differentiation remains fragmented at Tadstn
together, these biases point to an urgent need for integrativeregi®sal, and interdisciplinary
research that combines ethnobotany, ecology, genetics, and climate science. Without such a shift,
the existing body of literature will continue to offer only a partial and potentially misleading picture

of the speciesod r esi |longgemntsastainabiitym ser vati on nee

16



2.1.3 Domestication, popagation and geneticdiversity

Research on the domesticatiorlbikirkianahas consistently highlighted significant intraspecific
variation in key agronomic traits,dtuding fruit size, seed weighhdgermination success across
different provenancegMwase et al. 2010 This phenotypic variability reflects strong local
adaptation and constitutes a valuable resource for selective breeding and domesticaaomsprogr
Genetic studies indicateahthe majority of diversitynaintained within populations rather than
between them, emphasizing the potential of leveraging existing local variability to enhance desired

traits (Dai et al. 2024

Despite this potential, the distribution of improved planting material remains highly restricted,
limiting the practical benefits of domestication for smallholder communities. Moreover, the
integration of advanced genomic tools and molecbieeding techniques is largely absent,
constraining efforts to align propagation strategies with climate adaptation objectives. Addressing
this gap by combining ecological, phenotypic and genetic information could improve both
productivity and fruit quaty, while enhancing resilience to environmental stressors, including
drought, temperature fluctuations and pest pressures. Such ivegproaches arecognsed

as essential for developing sustainable and cliresiient domestication prograr(kinnifesi et

al. 2008 Mwase et al. 2010

2.1.4.Ecological Roles and Regeneration Dynamics

U. kirkiana functions as a keystone species within Miombo woodland ecosysternstribues
critically to canopy &ucture, soil nutrient cyclingnd carbon sequestration, thereby maintaining
ecosystem productivity and resilien@hirima et al. 201;1Kokou et al. 2023 Its fruits serve as

an important food resource for a wide range of fauna, including birds and mammelsinatbrn
facilitate pollination and seed dispersal, sustaining biodiversity and woodland regeneration

processes.
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However, population persistenaedaregeneration atbreatened by anthropogenic pressures, such

as landuse conversion for agriculture, at@rvesting of fruits and timber and recurrent wildfires.

Fire intensity has been shown to strongly influence mortality rates and recruitment success, thereby
shaping population structure and letegm regeneration potentiéligulube 200D Despite these
insights, there remains a critical lack of letegm demograph and population dynamics datad

limited understanding of how cunative disturbances, in combination with climate variability,
affectsresilience and species persistence. Addressing this knowledge gap is essential for the design
of evidencebased conservation strategies, sustainable management interventions, andrecosyst

restoration initiativegKokou et al. 2028

2.2. Ethnobotanical knowledge andsocicecaiomic value

U. kirkianais one of the most ecologically and seeimonomically important indigenous fruit trees

in the Miombo woodlands of Southern Africa. Its fruitgsh in carbohydrates, vitamirend
minerals, provide essential nutrition during the sieason, particularly when staple crops such as
maize and cassava are scai8akaet al. 2007 Chawafambira et al. 2020Beyond subsistence
consumption, the informal trade Of kirkianafruits constitutes a critical source of supplementary
income for rural households. Howeythe commercialization of this species is highly fragmented,
with limited integration into formal markets and value chains, which constrains its broader

economic potentiglMoombe et al. 2014

Local ecological knowledge (LEK) surroundityy kirkianais extensive, reflecting centuries of
interaction between commities and the species. LEK includes practices such as selective pruning,
fire regulation, soil conservati@amd the protection of naturally regenerating individdiigulube

2000. These practiceggresumed to sustain population viability by reducing direct anthropogenic
pressures and maintaining recruitment processes. Nevertheless, few empirical studies have
systematically assessdukteffectiveness of LEK in maintaining population structure, recruitment,

or resilience to environmental chan@@aou et al. 2023; Samarou et al 20ZBis gap limits
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understanding of how tradithal management practices garegrated with scientific aservation

strategies.

Furthermore, despite increasing evidence of anthropogenic presstiveling overharvesting of

fruits and timber, expangioof agricultural landand climaterelated stressonso studies prior to

this thesis have quantified the edagittal vulnerability of U. kirkiana (Nduche et al. 2021).

Vul nerability assessments are essential for
well as its capacity to recover from exploitation and adapt to environmental change. By ngeasurin
ecological vulnerability, this thesis provides novel insights into the relative risk posed by human
use and environmental factors, offering a framework to pigerdonservation interventions. This
approach allows the identification of the mostisk populations, informs sustainable harvesting
guidelines, and provides a scientific basis for integrating LEK with adaptive management strategies

(Akinnifesi et al. 2008)

In summary, the literature indicates that whilekirkianais highly valued for its uatritional and
economic contributions, there remains a critical lack of data linking tradikooavledge, socio
economic us@and ecological resilience. The integration of vulnerability assessment into the study
of U. kirkiana addresses this knowledge gap enabl i ng a holistic und
sustainability under combined anthropogenic and climatic pressures. This perspective is essential
for developing evidenebased, communitgriented conservation strategies that reconcile
livelihood needswith ecdogical sustainabilityNgulube 2000 Saka et al. 200”™oombe et al.

2014 Kokou et al.20253.

2.3. Woody species composition andtylogeneticstructure

Miombo woodlands are globally recognized as biodivemsdly ecosystems, exhibiting high
woody species diversity and complex community assembly patterns shaped by multiple
environmental gradients, pextlarly elevation, temperatuand soil fertility(Shiima et al. 2011

Chidumayo and Gumh201Q Campbell et al. 20Q7Elevational gradients act as strong ecological
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filters, influencing spdes richness, functional traiend ecological strategies, as abiotic conditions
such as temperature, precipitation and soil texture vary systematically with a{iiadeet al.

2015 Swenson201]). These gradients can result in phylogenetic clustering in more stressful,
higherelevation environments, where clbseelated species with similar adaptive traits dominate,

or phylogenetic overdispersion in more heterogeneous lowland habitats, reflecting competitive

interactions among distantly related t§€avendeBares et al2017 Gonzalez et ak022).

U. kirkiana, a key indigenous fruit tree of Miombo woodlands, frequentipcours with dominant

genera such as Brachystegia, Julbernardia and Isoberlinia, forming essential components of canopy
structure and contributing to nutrient cycling amditf provisioning for frugivorous birds and
mammals(Shirima et al.2017). Despite its ecological i mport
phylogenetic community steture and its position within evolutionary lineages remain poorly
understood. Integrating phylogenetic approaches with species composition studies is crucial to
identify patterns of environmental filtering,iche differentiationand potential evolutionary
constraints that influendg .  k i rplkrsistenca @lang elevation gradigi@enzalez et ak022

CavendesBares et al. 2037

Empirical studies explicitly examining the interplay between species composition, phylogenetic
structure ad elevation in Miombo woodlands are scarce. Most investigations have primarily
documented species inventories or assessed traditional ecological knowledge, with limited
attention to evolutionary relationships or phylogenetic diversity mgi@bglumayo and Gumbo
2010. This knowledge gap restricts derstanding of how environmental stressors, including
climate change, landse modification and fire regimes, may alter species assemblages and

phylogenetic diversity.

UnderstandingU . k i s bhylagenatit context along elevation gradients has practical
conservation implications. It can reveal vulnerability or resilience of populations to environmental

change, guide selection of conservation priority areas and inform sustainable management
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strategies aimed at maintaining ecosystem functions such as cadpeestration, soil fertilitgnd
regeneration potentigShirima et al. 2011Gonzalez et ak022 Chidumayo and Gumbo 20110
Integrating phylogenetic and functional perspectives with species composition data thus offers a
holistic framework to assess ecological interactions and adaptive stratedieskiokiana in

heterogeneous Miombo landscapes.

2.4. Functional trait v ariati on and environmental gradients

Functional traits are widely recognized as fundamental indicators of plant ecological strategies and
adaptation to heterogeneous environmentghag mediate growth, survival, reproduction and
competitive interactions under variable climatic and edaphic condifioBe et al.2007 Kraft

et al. 2015 Diaz et al.2016. For U. kirkiana, provenance trials have demonstrated substantial
intraspecific variation in key agronomic traitsclimding fruit size seed weightand germination
succesgMwase et al2010. Such variation not only reflects potential local adaptation but also
underpins the speciesd6 suitabil it y(Akinoifesietel ec

al. 2008.

Despite these insights, research has predominantly focused on agronomic traits and propagation
techniques, with limited attention to ecological functianaits, such as specific leaf area, leaf dry
matter content, wood density, hydraulic conductivity, leaf phenology and seedling growth
responsegPoorter et al2012 Chave et al2014 Wright et al.2004). These traits are critical for
understanding how. kirkianaresponds to key environmental stressorsuiholg water limitation,
nutrientpoor soils, fire regimes and temperature extremes, which vary substantially across the

Miombo woodland landscag&hirima et al. 2011

Linking functional trait variation to environmental gradients allows the detection of adaptive
strategies and potential tradffs, such as the classic growdtress tolerance continuum, where
resource allocation to seed size, root structure, or legbhmtogy balances growth and survival

under limiting conditiongWestoby1998 Swenson2011). Elevation, temperature, rainfall, and
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soil fertility act as environmental filters, potentially driving trait convergence in harsh
environments or trait divergence under heterogeneous condifioaft et al.2015 Violle et al.

2007).

Furthermore, functional trait analyses are increasingly important for predicting species response
to climate change. Traits such as wood density and hydraulic properties can indicate drought
tolerance, while phenological traits inform reproductive timing under shifting seasonal rainfall
patterngPoorter et al2012 Wright et al.2004). In the context of Miombo woodlands, whese
kirkiana coexsts with other dominant taxa du@asBrachystegia, Julbernardiand Isoberlinia,

trait variation also mediates competitive interactions and community assembly processes,

influencing species coexistence and ecosystem functig8imgma et al2011).

Currently, the scarcity of studies linking functional trait variability to climatic and edaphic
gradients inU. kirkiana limits our understanding of its adaptive capaaiyd resilience to
environmental change. Integrating functional trait data with provenance and environmental
information would allow for robust predictions of local adaptation, inform-brasted selgion in
domestication progranand guide conservatiotrategies aimed at sustaining population viability
under projected climate stre3iaz et al.2016 Violle et al. 2007). This approach is crucial for
bridging ecological theory with applied conservation and manageméhtkifkianain Southern

African Miombo ecosystems.

2.5. Population structure and cabon storage

U. kirkiana populations in Nbombo woodlands are subjected to multiple anthropogenic pressures,
including unsustainable fruit and timbéarvesting, charcoal producticend conversion of
woodland to agricultural land or settleme(@hirwa et al2008 Ntupanyama et aR008. These
activities haveprofound effects on population structure, often resulting in skewed diameter class
distributions dominated by smaller, juvenile individuals and a relative scarcity of large,

reproductive treeNgulube2000. Such structural alterations indicate active recruitment in some
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sites but also highlight elevated mortality rates among older trees, raising concerns about the long
term demogrphic stability and persistence of populations under sustained disturiioadebe

2000).

Regeneration dynamics &f. kirkiana are influenced by both biotic and abiotic factors. Fire
regimesare common in Miombo landscapssd theysignificantly affect seedling survival, sapling
recruitment and overall demographic trajecto(i®hirima et al.2011, Chidumayo and Gumbo
2010. Overharvesting of fruits reduces the availabilifyvaable propagules, limiting natural
regeneration and potentially altering age structure and genetic divé¥gjtyube 2000. Sal
fertility, moisture availability, and interspecific competition further modulate growth and survival,
creating complex spatial heterogeneity in population dyna(Biesima et al2011;, Kokou et al.
20233. Despite the importance of these processes;temydemographic studies are limitadd
there is a lack of integrated apsés linking disturbarec regimes, population structusand

environmental variables across Miombo regi(®isirima et al. 201)1

In addition to its ecological rol&). kirkianasignificantly contributeso carbon sequestration due

to its large biomass and longevity. Trees store carbon in both aboveground (trunks, branches,
leaves) and belowground (roots, soil organic matter) pools, influencing the carbon balance of
Miombo woodlandgShirima et al2011, Lawley et al.2013). However, speciespecific carbon

stock assessments remain scarce, which constrains their inclusion in ecosystem service valuation
and climate mitigation strategies. Empirical studies indicate that carbon storage in Miombo species
varies substantiall with tree size, stand densignd site fertility, suggesting thét . kirkian
contribution could be highly contediependen{Chidumayo and Gumbo 201&hirima et al.

2011).

Recently, approaches integrating economic valuation of carbon stocks have gained prominence in
linking biodiversity conseration with livelihood benefits. By converting the carbon stored.in

kirkiana biomass into potential financial values via carbon markets or Payment for Ecosystem
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Services (PES) schemes, it becomes possible to quantify the economic ingoftameservizon
actiongChidumayo and Gumhkiz010. Such valuation not only prales incentives for sustainable
management but also strengthens the case for incorporating indigenous fruit trees into broader
climate mitigation and lanrdse planning strategieBespite these advances, significant knowledge

gaps persist.

Most research Isayet to comprehensively couple population structure, regeneration dynamics, and
carbon storage with economic valuation, leaving a fragmented understanding of how anthropogenic
and climatic pressures jointly influence both ecological function and -secammic value
(Shirima et al.2011). Addressing these gaps is critical for developing integrated conservation
strategies that maintain population viability, enhancbaasequestration and provide sustainable
livelihood opportunities for communities dependent on Miombo woodland resouBges.
synthesizing demographic, ecological, and economic perspectives, future research can establish a
robust framework for linking spe&s-level population dynamics dfi. kirkiana with ecosystem

service provision and climate adaptation, thereby informing both policy and comsbhaséy

management interventiolflsawley et al.2013.

2.6. Climate change and fiture distribution

Indigenous fruit trees southern Africa, includingy. kirkiana, asrecognized for their ecological,
nutritional, and sock@conomic importance, providing essential resources for both wildlife and
rural livelihoodg(Saka et al2007 Chawafambira et a2020. Climate change, manifested through
shifts in tenperature, precipitadn regimesand disturbance frequencies, represents a significant
threat to the persistence of these species by potentially altering thabutiistrs, regeneration
patternsand associated ecosystem servi¢esd et al. 2023Kokou et al.20250. Understanding

the response df). kirkiana to such environmental changes is therefore essential for informed
conservation planning, sustainable management and the design of adaptive restoration

interventions across Miomboridscapes.

24



Previous studiemodellingthe potential distribution df. kirkianahave predominantly relied on
correlative species distribution models (SDMs) using bioclimatic variables such as mean annual
temperature and precipitation to predict habitatadulity under future climate scenariGinga et

al. 2020. While these models provide valuable insights into bixzde trends and potential
altitudinal shifts, they often neglect critical fusealeenvironmental drivers, including soil texture,
fertility, moisture availabilityand elevation gradients, as well as anthropogenic factors such as
land-use change, fruit harvesting, and fire regimes, all of which strongly influence establishment,
growth, aml persistencéShirima et al. 201,1Chidumaycand Gumbo 2010 The omission of these
variables can result in overestimation or underestimation of suitable habatéimit the

ecological relevance and applicability of SDM outputs for local management.

Soil properties and topography play a cdmote in shaping the ecological niche Wf kirkiana

Soil texture, nutrient content, and wateiding capacity directly influence germination, seedling
survival, and adult tree productivifiKraft et al.2015 Shirima et al2011). Similarly, elevation
serves as a composite environmental gmaidithat modies local temperature, moistussnd
microclimatic conditions, which in turn regulate species richness, functional trait expression and
community assembly patterfSwenson2011 GonzalezCaro et al.2014. These edaphic and
topographic factors interact with climate to determine spepesific tolerances and adaptive
responses, highlighting the necessity of including them in predictive distribunbatelling to
enhance ecologitaealism and conservation relevan(®&venson 201;,1GonzéalezCaro et al.

2014).

A major limitation of current distribution studies for. kirkiana and related Miombo species is
their exclusve reliance on climatic variables, without incorporating demographic and ecological
dynamics such as regeneration rates, recruitment bottlenecks, or interspecific intefiotenst

al. 202Q Fred et al2023. Anthropogenic pressures, including unsustainable fruit harvesting, fire
manag@ment practices and conversion of woodlands to agriculture, are rarely integrated into

models, despite evidence that these factors significantly influemelation structure, survival
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and regeneration potentidgulube 2000Ntupanyama et aR008. This represents a critical gap,
as species vulnerabilityamot accurately assessed without considering the combined effects of

ernvironmental stressors and human activities.

Environmental filtering along elevational gradients has been shown to driveéamdom
phylogenetic and functional assemblages, with closely related species often clustering under
stressful conditions and morevdrse lineages eoccurring in heterogeneotsbitats(Cavender

Bares et al. 201 GonzalezCaro et al2014). ForU. kirkiana, these processes may interact with
specific functioml traitssuch as drought toleranceeddispersal mechanisnand growth rateto
influence adaptive capacity and resilience under climate change. Incorporating these ecological and
evolutionary insights into distribution models can improve predictiorspefies persistence and
inform strategies for maintaining ecologidahctionality across gradient§&onzalezCaro et al.

2014

Spatial prioritization frameworks, including Zonation, have pros#ective for identifying areas

of high conservation value and restoration potential in diverse ecosy#tejaka et al2013. For

U. kirkiana, such approaches can be combined with habitat suitatbgellingand ecological
vulnerability assessments to target priority landscapes where consenaatd restoration
interventions would maximize both ecological and s@monomic benefit¢éBiaou et al. 2023)
Integratingmultiple layers of informatioglimatic, edaphic, topographic, demographic and human
impactprovides a holistic tool for decisiemakers, guiding the allocation of resources toward areas
that sustain species poptitens, ecosystem servicaad carbon storage potent(8amarou et al.

2023)

Socioecological factors critically modulate species vulnerability and restoration outconuas. Lo
ecological knowledge (LEK) indicates that harvegtiintensity, selective pruningnd fire
management practices can either enhance or constrain regeneration, depending on their applicatior

(Ngulube2000. Consequently, predictive models that incorporate both environmental and socio
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economic dimensions \lit more realistic assessmentshabitat suiability, population resilience
and the feasibility of conservation interventions. Understanding the interplay between climate
stressors and human management is particularly important for indigenous fruit treés like

kirkiana, whose persistence is closely linked to local livelihoodsauitural practices.

Despite progress imodelling climatedriven habitat changes, there remains a notable gap in
integrating finescale environmental variables, odmgical vulnerability and socieeconomic
considerations fad. kirkiana Existing studiesiave rarely combined climate projections with soil,
elevation, regeneriain dynamics, functional traitand human use patterns, resulting in limited
capacity to predict species responses under multifaceted stress scéBlainosa et al. Q11
GonzalezCaro et al. 2014 Future research should employ integrative frameworks that link species
distribution models with spatial priosttion tools and vulnerability assessments, engbl
comprehensive evaluatiorf cesilience, adaptive capacignd conservation priorities. Such an
approach is crucial for guiding targeted rediorg evidencebased managemeand climate
adaptive conservation strategies, ensuring the-terg sustainility of U. kirkianapopulations

in the Miombo woodlands and the maintenancassciated ecosystem services.

2.7. Conceptualframework

Drawing on theoretical and empirical literature, a conceptual framework was developesiratdlu
how ecological, eatic and sociecultural factors interact to shape the functional traits, spatial
distribution and conservation outcomes Wf kirkiana in Malawi (Figure 1). The framework
integrates two complementary theoretical approaches Sustainable Food Systemstaindlfai

Livelihoods adapted to the management of indigenous tree species.

First, it highlights the mediating role of local ecological knowledge, including ethnobotanical uses,
cultural practices and communibased managemeriBiaou et al. 2023) These kowledge
systems ifluence how the species respdocnvironmental gradients and can either exacerbate or

reducepressures from harvesting, fiamd climate variability, thereby affecting regeneration and
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population resilience. Second, the framework lieksironmental drivers (altitude, soil, rainfall,
temperature) with functional traits &. kirkiana (examples leaf, fruit, and seed traits) and
interactions within plant communities. This ecological interplay is further shaped by human
mediated factorsueh as landusepractices, harvesting intensigmd socieeconomic dependence,
which collectively determine both ecological perform@and livelihood contribution(&hirima et

al. 2011 GonzalezCaro et al. 2014

Finally, the framework incorporates exogenous pressures, including climate change scenarios and
market dynamics, which may shift species distritmgi reduce habitat suitabilipnd redefine
conservation priorities. Bytegrating local knowledge, traitiviation, demographic processesl

climate projections, the framework provides a comprehensive lens for understanding the multi
dimensional drivers of species persistence and sustainable use.The literature higlidtidsa

as both an ecological keystone and a secimnomic resource, yet increasingly threatened by
anthropogenic pressures and climate change. While studies have explored its ethnobotanical uses
domestication potential, and population dynamics, teeain frgmented, geographically limited

and rarely integrate functional traits, ecological resilience, or smmé@pgical dimensions.
Climatedriven distribution models further indicate habitat contraction and altitudinal shifts, but
often neglect finescale drivers and local knowledge. This thesis addresses these gaps by combining
ecological vulnerability assessment, functional trait analpsipulation structure evaluati@nd
predictivemodellingwithin a holistic framework. The approach advancescggoal theory and

provides practical strategies for conssion, restoratiomnd sustainable livelihoods.
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Figure 1: Conceptual Framework

2.8. Chapter Summary

The literature highlight&Japaca kirkianaas both an ecological kegste and a socieconomic
resource increasingly threatened by anthropogenic pressure and climate change. While previous
studies have explored its ethnobotanical uses, domestication potential, and population dynamics,
these efforts remain fragmented and gapyically restricted, often treating ecological, functional,

and sociecultural dimensions separately. Functional trait ecology provides insights into the
mechani sms underlying the speciesd redsveld i enc
factors that influence regeneration, harvesting, and-ies&change. Conversely, studies based
solely on local ecological knowledge (LEK) capture valuable insights on management practices
and utilization but lack the ecological and quantitative depth need®dtain adaptive variation.
Similarly, species distribution models (SDMs) reveal laggale habitat contraction and altitudinal

shifts under climate change but often neglect-ficale environmental heterogeneity and local

adaptive strategies.
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To addres these limitations, this thesis develops an integrative framework that combines LEK,
functional trait analysis, population structure assessment, and predictive modelling. This approach
allows for a multidimensional understandinglbf  k i r vkineealiityg #d adaptive potential

by linking communitybased perceptions with measurable ecological traits and spatial modelling
outputs. In doing so, the study bridges social and ecological knowledge systems, advancing
theoretical understanding of species freste while generating practical guidance for
conservation, restoration, and the devel opmi

changing environments.
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CHAPTER 3: MATERIALS AND METHODS

3.0. Introduction

This chapter presents the methodolodgged for this study. The research design was structured
following the principles of Saunders et al
framework for organizing key methodological elements, including research philosophy, approach
to theorydevelopment, research design, research strategy, time horizon and data analysis. The
philosophical stance underpinning this study is grounded in pragmatism, recognizing the value of
both scientific measurements and local ecological knowledge in undengjahéi ecology and
conservation ofU. kirkiana Accordingly, the study employed a mixetkethods approach,
combining quantitative ecological and functional trait assessments with qualitative ethnobotanical
and sociecultural inquiries. The approach to thgatevelopment was largely inductive, building
insights from fieldbased data across ecological gradients and community contexts to inform
speciesspecific conservation strategies. The subsequent sections provide detailed descriptions of
the methodologicathoices, data collection procedurasd analytical techniques used to address

the research objectives.

3.1. Study Area

The study was conducted in Malawi, located in southern Africel79%; 32°36°E) in three
administrative Regions (North, Central andu®y). Ten districts from three ecologically and
climatically representative regions of the country were selected, with six villages sampled per
district, totaling 60 villages. The selection was based on species availability, local wild fruit
markets, ethm group distribution and previous stud{&okou et al. 2024aKokou et al. 20250

(Figure 2a). In parallel, brest inventories were conducted in six representative forest reserves
distributed across the three administrative regions of Malawa fiorests were selected in the
Northern R gi on ( Kaningdina Forest, 11. 43840%9S, 3
33.61079°E), two in theCentral Region (Dzalanyama Forest, 13.78330°S, 33.53420°E and

ChongoniForest, 14.28880°S, 34.22060°&)d two in theSouthern Rgion (Zomba Mountain
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Forest, 15.38590°S, 35.31820°E and Mangochi Fdtdst/7870°S, 35.25890°E) (tire D). The
selection of forests followed ecological representativeness along the adtitgdadient, species

occurrencend reference to earlier studies (Kokou et al. 2024a).

Overall, the country covers about 118,000 kividlawi has a subtropical cliate, which means

that variations in the climate are mainly determined by altitude rather than |gktacega et al.

2015. The weather in the Lower Shire Valley of Malawi is samid, but changes from seraiid

to subhumid on the plateaus the highlands, the weather becomeshsuimid. The IntefTropical
Convergence Zone (ITCZ) influences Malawi's rainy and dry seasons. The rainy season (November
to April) is marked by hot and humid weather, with average temperatures between 30 and 35 °C.
The dry season (May to October) is characterized by cooler temperatures, with an average of around
13 °C (Demissieand Gebrechorkog2024). Moreover, the potential evapotranspiration (PET) is
affected by temperature variations and can reach 600 mm and 1400 mm in the low and highlands
(For example, Lake Malawi) of the country, respectividemissie and Gebrechork@§24).
Ecologically, the country is subdivided into four agroecological zones based on relief, climate and
floristic composition.The dry lowlands of the country adominated by savannahs. Miombo
forests cover the arid plateaus and grasslands and forests mainly cover the highlands. With one of
the densest populations in southern Africa, the majority of Malawiansid@meagriculture; many

are subsistence farmers, earning an average of less than USD 1 (i2evgux, 2000

32



Malawi in South Africa
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Figure 2a Location map of the geographical region of Malashkiowing the studied forests
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Figure 2b: Map showing Malawi in Africa and the 10 surveyed Districts across regions in Malawi

3.2. Researchdesign

This study employed a mixedethods research design, combining both qualitative and
guantitative approacketo provide a comprehensive understanding of the ecology, ethnobotany,
and conservation &f. kirkianain Malawi. The design was structured to integrate commuientg|

ethnobotanical surveys, forest inventories, functional trait assessments, and dis&desion

modelling.
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The qualitative component focused on documenting local ecological knowledge, ethnobotanical
uses, and communHyased conservation practices through househatdegs, key informant
interviews and focus group discussions. This apgto allowed for capturing pegptions,
traditional knowledg@&nd sociecultural dimensions associated with the species. The quantitative
component involved systematic forest inventories in six representative forest reserves, assessment
of functional traitsacross ecological gradients, analysis of species composition and phylogenetic
structure and modelling of the current and future distributidd. ¢iirkianaunder climate change
scenarios. These methods generated empirical data for testing ecologichébgpa@nd assessing
species vulnerability. The integration of qualitative and quantitative approaches within a mixed
methods framework ensured triangulation, allowing for ek@dislation of results and a holistic
appreciation of the intergy between ecobical, climaticand sociecultural drivers shaping the

dynamics olU. kirkianain Malawi.

3.3 Sampling framework and methods
The sampling framework was designed to capture both the ecological andcwowial
dimensions ofJ. kirkiana across Malawi. lintegrated three complementary levels: community

level surveys, forest inventori@sd functional trait sampling.

3.3.1. Communitylevel surveys

A multi-stage sampling procedure was employed to ensure representativewdtsa data. First,

ten distric¢s were purposively selected from the three administrative regions (North, Central, and
South), reflecting ecological and climatic variability. Within each district, six villages were
sampled totalling 60 villages. Village selection was guided by speciesurrence, presence of

wild fruit markets, ethnic group distribution and reference taezastudies Kokou et al. 2025).
Within each village, households were randomly selected proportionally to village size, ensuring
representation of male and femdéleded households as well as different age groups. This
framework allowed capturing local ecologidalowledge, ethnobotanical usasd community

based conservation strategies.
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3.3.2. Forest inventories

For the ecological component, six representative foessrves were purposively selected across

the three regionF.wo forests were chosen inthe Northeem&i on ( Kan i wml Bedekezia F o
Forest), two in the @tral Region (Dzalangma Forest and Chongoni Foreat)d two in the
Southern Rgion MalosaForest and Mangochi Forestpelection criteria included ecological
representativeness along altitudigaadients, species occurrenaed previous research. Within

each forest, systematic sampling was conducted by establishing plots along transeatd teeseco
density, regeneration status and species composition. This combination of purposive and
systematic sampling ensured robust ecological data for population structure and regeneration

assessments.

3.3.3. Functionaltrait sampling

Data collection for dinctional traits was carried out from November 2024 to January 2025,
accounting for the asynchronous fruitingubfkirkianaacross regions. In each region, twoefts

at least 16m apart were randomly selected following a reconnaissance survey (Houakpévi
2020).Twel e r epr oduct i ompetforestavere sarbpRuith eOninimim distance

of 100m between trees to reduce the likelihood of sampling closely related individuals. From these
trees, fruits, seeds, and leaves were collected to quantify intraspeaifiological variation. In

total, 72 individuals wereampled across the six fores&PS coordinates were recorded using a

Garmin 62 device.

3.3.4. Species distribution modelling

Occurrence records from both community surveys and forest inventoriesamapéed for spatial
modelling. Environmental predictors included climatic variables, altitude and soil type. Data were
cleaned to remove duplicates and georeferencing errors. Future distributions were projected using
climate scenarios based on Sharedi@monomic Pathways (SSPs). This integrated approach
ensured that the model incorporated both ecological and-soccitomic dimensions influencing

the speciesd distribution.
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The SSP3.0 and SSRPB.5 scenarios were selected to represent high and verygteghhouse

gas emission pathways, which are particularly relevant for assessingcasestlimate change
Impacts on species distribution in S8baharan AfricaSSP37 . 0 ( i1 Re g i- BrageméntedRi v a |
Worl do) assumes | i mi t egllpopukatioe grawth tanddow emvestnecentonp e r
environmental sustainability. This scenario is suitable for exploring the effects of regional
environmental degradath and weak adaptation capaatnditions that closely resemble current
sociceconomic and emsonmental trends in parts of Malawi and the broader southern African
region. SSP58 . 5 ( -fuél dsvelophent Hi g h Emi ssionso) depicts
economic growth driven by intensive fossil fuel use aigh-energydemand. It represents an
upperbound emission scenario that helps assess the potential range contraction or altitudinal shift
of species likdJapaca kirkianaunder extreme warming conditiori®gether, these two scenarios
provide a robust contrast for evaluating how varying secianonic pathways and associated
climate forcing could alter the potential habitat suitability and distributiobagaca kirkiana

across Malawi.

This multilevel sampling framework, combining community surveys, forest inventories, and
functional trait samplinggrovides a comprehensive daabnking ecological, climatiand socie
cultural drivers ofU. kirkiana It allows robust analyses of population structure, regdanarat

functional trait variatiorand species distribution under current and future clisegaarios.

3.4 Data Collection

Data collection was carried out using a mbradthods approach that combined both ecological
field surveys and socieconomic household surveys. This design allowed for the integration of
guantitative ecological measuremewith qualitative and quantitative soetnltural information.
Different tools and protocols were applied according to the specific objectives of the study, ranging
from household questionnaires interviews to vegetation inventories, functional trait eneasts,

and climatic data extraction. The following subsections present the data collection procedures used

for each objective in detail.
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3.4.1. Research objective one

Fieldwork was carried out fro@ctober taDecembe024, coinciding with the fruiting ped of

U. kirkianaand peak availability in local marketollowing approval from the Mzuzu University

Ethics Committeg(Appendix 8) socieeconomic data were gathered through sstmictured
household surveys in 60 villages across ten districts sunroginide forest reserves where the
species had been previously documerfigakou et al.2024a Kokou et al.20258. This method

was selected for its ability to combine structure with flexibility, allowing both the collection of
standardized, comparable data across sites and the opportunity for respondents to elaborate on thei
personal knowledge, practices, andcegtions regarding the species. This approach also aligns
with prior ethnobotanical and soeszonomic researc{Biaou et al. 2021Samarou et al. 2021
Thattantavide and Kumar 202Anju and Kumar 2024 where individual knowledge plays a
central role inunderstanding the use and management of species. The sample size was estimated
using the formula proposed Bagnelie (1998JEq. 1). This formula has been widely ugBthou

et al. 2021 Samarou et ak021 Thattantavide and Kumar 2024nju and Kumar 2024to avoid
arbitrarily defining the sample size, which may affect the representativeness of the population

studied. This approach reduces errors by fixing the required acd@®iaoy et al2021).

The sample size determination for tdapaca kirkianastudy was conducted in two main steps.
First, an exploratory survey wasmrried out in three geographical regions of Malawi: North,
Central, and South. In this preliminary survey, 30 households per region were randomly selected

to gather initial information. Based on these results, the minimum statistical sample size was

T

calcdated using the formula: 3

(Eq. 1) wherew= 1.96 corresponds to a 95%

confidence levelf) = 0.97 is the proportion of respondents awaréJokirkiana andQ= 0.08
represents the acceptable margin of error. Substituting the values, the calculatho(1L60%7)=
0.0291was performed, leading to a minimum sample size of 18 households per \ilage.
consistencythe total sample size was roundedhe nearest whole number 1222 households
distributed across the couni{30 to 35 households per vija) (Table 1).
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The regional breakdown was as follows: North region, 448 households; Central region, 494
households; and South region, 280 households. This sampling approach ensured a statistically
robust representation of households for assessing thegemadl and socieconomic aspects of

Uapaca kirkianainMalawN i s t he sample size to be deter |

the proportion of household participants with knowledge ablokirkiana Np | = 1.96, is

G
the value of the normalistribution at the prodbility value 2U/ 2 wi t (Atindérou & &h,
2022).Respondents the three regions belonged to 10 ethnic groups irrespective of their gender
and age: Lomwe347 respondent£8.40%), Chewa240 respondentd,9.64%), Tumbukal©2
respondentsl,6.04%), Ngoni181 respondent44.81%) and Tongd (9 respondent8,74%). The
remaining ethnic groups ranged from 1 to 2.29%. Age categories were distributed as fallows: y
(19-29 years 272 respondent22.26%), adults (369 years,776 respondent$3.5%) and elders

( 06 0 ¢78 aespondentsl4.24%) (Table 2) The majority of participants were farmers

(69.23%), and 19.56% of the participants had no formal education.

The data collected included soaiemographic (age, gender, marital status, gasibns, and
education level) and cultural information (e.g., sociolinguistic group) of the head of the household
or a representative in their absence, local perceptions of the dynarhickidiana and reasons
underlying trends in the species populatidynamics. Datavas also collected on the local
conservation practices far. kirkiana its plant parts use (fruit, root, branches, stem bark, leaves),
management and harvesting methods as well as its ecosystem s@&hecesncept of ecosystem
service vas explained to each participant before the su(@uwakinnou et al. 20)9The four
categories of ecosystem servigddEA 2005 were considered during the survey. These are
provisioning ecosystem services (timber amel fedible plants, honey, edible fruits, edible insects,
medicinal plants, and fungi), regulating ecosystem services (benefits from natural and ecological
processes; e.g., pest control, pollination), supporting ecosystem services (healthy soil), eaid cultu
ecosystem services (tourism and recreation).

socioeconomic data, each participant was allowed to rate the ecosystem services prouvided by
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kirkiknai n terms of their 1 mporfiaextee mé Mensahmaim o1t t

al. 20179. The interview guide is presented in Appendix 1.

Table1: Distribution of Households (Number of Households, N) in surveyed villages across the

Geographical Regions of Malawi

Redi Villages Number of household¥) Total
egions
Chakudza 22
Chamwabvi 10
Chilowamatambe 10
Chimbiya 17
Chimphepo 12
Chiole 11
Chongoni 10
Dombole 10
Kankhuni 18
Central Lithipe 3 15 280
Makanda 13
Mbuzi 16
Mpalale 35
Mphepozinai 13
Mthiko 11
Ntholomis 22
Piniji 25
Tongole 10
Chankamatete 26
Chitheka 21
Dimakuli 21
Ibanda 38
Kamwamphimbi 25
Kaning'ina Ward 26
North Korongo 34 448
Luwinga 41
Mchengautuwa Ward 17
Mlanda Ng'ombe 18
Mwenewanda 20
Mzikubola 16

40



Reub& Ngambi 20
SC Kampingo Sibande 22
Tembwe 18
Thundezi 27
Wazengauli 20
Zolozolo 38
Bwana 20
Chanasa 21
Chigumulu 22
Chilasanje 13
Chilemba 17
Chilombo 20
Chisitu 27
Kambenje 24
Khombwe 12
Kisagala 15
Likabula 10
Liphala 26
Makanjira 16
South Makungwa 16 494
Malabvi 14
Malonga 12
Mphika 10
Muhowa 36
Mzedi ward 15
Namiwawa 12
Ndirande South Ward 30
Nkhulambe 29
Phalombe 21
Samson 13
Sekeni 28
Zakazaka 15
Total 1222
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Table 2: lllustrating thesocioeconomidactors influencing the collection of use of knowledge on
U. kirkianaacross Malawi Regions

Variables Levels of variables Percent (%)
Chewa 19.64
Lomwe 28.4
Mang'anja 1.47
Ngoni 14.81
Sociccultural groups Nyakyusa 2.29
Nyanja 1.31
Sena 1.31
Tonga 9.74
Tumbuka 15.96
Yao 5.07
Hunter 0.9
Traditional practitioner 1.96
Civil servant 4.58
Profession Others 8.59
Seller 14.73
Farmer 69.23
female 48.85
Gender male 51.15
Animist 3.19
Religion Others 6.22
Muslim 8.59
Christian 82
Secondary 1.88
University 3.52
Education level None 19.56
High school 26.35
Primary 4869
Widow 10.72
Marital status Single 20.38
Married 68.9
19-29 22.26
Age categories 30-59 63.5
060 14.24
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3.42. Research objective two

To achieve the second research objective, focused on woody species composition and phylogenetic
structure, field surveys were conducted in s
regions (Figure?). Site selection was informed by elevation, species presence, and proximity to
local fruit markets(Kokou et al.20249. Fieldwork took place between Novemi2924 and
January 2025. Vegetation was sampled along 100 m x 3riprirainsects set in botiorth south

and eastvest directions from random starting points. Witbacth transect, 20 x 20 m plots were
established every 10060 m, yielding 149 plots in tal (24-25 plots per forest). All trees with

DBH O 5 cm were measured at 1.3 m above gro
botanical keys and confirmed through reference collections at the Mzuzu University Herbarium,

the National Herbarium, andamBotanic Gardens of Malawi.

The GPS coordinates of each sampled plot were employed to retrieve relevant bioclimatic variables

from the WorldClim platform www.worldclim.org version 2.1). Soil characteristics, inding

soil depth, nitrogen content, phosphorus, and potassium, as well as topographic variables such as

slope, were obtained from the FAO global databasew.web.archive.iiasa.ac.at/The aridity

index for each tree location was derived from the SPEI database

(https://digital.csic.es/handle/10261/332D0XIl environmental layers were clipped to the extent

of the study area and resampled to sohation of 30 areseconds (~1 km), following common
practices for bioclimatic data processiijatts et al., 20)1 Among the full set of environmental
variables, the ten least correlated ones were selected for analysis (see Supplementary Material,
Table S8). Using the GPS coordinates of each tree, values $er tibre variables were extracted

with the ARastero package i n R.

To ensure dataset consistency, species names were haethasing the plantlist packa@éhang
et al., 2021)The phylogenetiframework was constructed with the V.PhyloMaker package, which
integrates information from 48 fern families, 12 gymnosperm families, and 418 angiosperm

families, following the classification of the Angiosperm Phylogeny GroupARG) (Meng et al.
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2025 Qin et al.2020. Unlike conventional diversity indices that rely solely on species richness
and composition while disregarding evolutiondngtories, this study employechylogenetic
diversityas a measure of plant diversity. The PD index, defined as the sum of branch lengths linking
all species within a community, provides insights into the evolutionary relationships among taxa

and offers anore integrative perspective on community struc{Qia et al.202Q Faith1992).

3.43. Research objectivahree

For research objectivaree, data collection focused on quantifying the intraspecific functional trait
variation ofU. kirkianaacros different ecological and geographical regions, aiming to understand
how environmental gradients influence phenotypic diversity and potential local adaptation.
Morphological data were collected at four hierarchical levels: tree size, fruit, seed, arkebteaf

each sampled tree, the following siatated traits were measured: diametiebreast height (DBH)

at 1.3n above ground using a diameter tape; total height, bole height (BH) and canopy height using
a Vertex; bole height (BH) measured as the distdmre the ground to the base of the canopy;
mean diameter of canopy (MDC) calculated as the average of two perpendicular canopy diameters

following the formula:

- $# —— (Eql), where @ and D2are longitudinal and transverse canopy diameters)psano

shape (CS) calculated as the ratio of canopy height to MDC following the formula:

# 3 — — (Eq 2), reflecting canopy fornand the number of primary branches (NB)

counted manually. Ten ripe fruits were randomly collected from eachusieg Dreamtop 4M

Fruit Harvester Trees were included in the study if they were correctly identifiedasaca

kirkiana, were accessible for measurement, and were healthy (not severely damaged by disease,
pests, or human activity). To ensure consistencycantparability of fruitrelated data, only trees

with at least ten ripe fruits at the time of sampling were considered. Trees were excluded if they

had fewer than ten ripe fruits, were dead or heavily damaged, were inaccessible due to terrain or

44



property ratrictions, or could not be confidently identified@apaca kirkiana(Dai et al.2024)

These criteria ensured that all measured trees provided reliable and representative data for analyse:
of fruit traits and reproductive paratees Each fruit was label, and traits such as total fruit

length (FL), fruit width (FWi) and fruit shape (FS), were measured using a digital caliper
(Mitutoyo, Model 500196-30, 0150 mm, accuracy £0.01 mm). Fruit weight was determined using

a digital balance (Ohaus SdoRro, Model SPX123, capacity-P00 g, accuracy £0.01 gYhe

number of seeds (NS) and weight of seed from each fruit (SW) was also recorded. Furthermore,
five leaves were harvested from the branch closest to the terminal bud (the 1st, 3rd, 5th, 7th, and
9th positons) from each selected tree (Dai et al. 2024). In total, 60 leaves were collected from each
forest to determine the variation in leaf morphological trddai et al. 2024)Leaf length (LL),

leaf width (LW), leaf shape (LS), and fresh leaf weight (FLW&re taken after labeling. To
determine the dry weight of the leaf (DLW), mass loss by desiccation Ml leaf water

content (LWC).Each leaf samplevas overdried at 7T&A& C f or 72 howrogen i n &
(Memmert, Model UN55, 5@ 50 AC, N aAMzuza dniversitya laboratory. After

drying, samples were weighed using an electronic balantau@OScout Pro, Model SPX123, 0

200 g, NO.0O1 g accuracy) to determine dry ma

The GPS coordinates of each tree were used to extract data on the bioelamables from the

WorldClim database, version 12.(www.worldclim.org. Soil property data, including depth,

nitrogen, phosphorus and potassium content, along with topographic data such as slope, were
obtained fom the FAO global soil databagPai et al.2024) These datavere provided for
standardied soil depth intervals, which typically include layers-a&t@m, 515 cm, 1530 cm, 30

60 cm, 66100 cm and 10@00 cm. For this study, we focused on the topsallsarbsurface layers

(0-30 cm), as these represent the primary rooting zokke kirkianaand are critical for nutrient

availability affecting tree growth and morphologyww.web.archive.iiasa.ac.atAWe extracted

aridity index values for each tree from the Standardized Precipitation Evapotranspiration Index

(SPEI) site littps://digital.csic.es/handle/10261/332D0Me raster files of each ofdbe variables
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were clipped down to the study area and resampled to 30 arc secs (~1 km) (Quantum GIS

Development Team 2016; Platts et al. 2015). The ten least correlated environmental variables were

used in the study (Tabld). All selected variables haal spatial resolution of 30 arc seconds

(approximately 1 km).

Table 3: Environmentalariables used

Codes Variables Units
bio 01 Annual Mean Temperature °C
bio 03 Isothermality (BIO2/BIO7) (*100) %
bio 04 Temperature seasonalitygatard deviation * 100) °C
bio 05 Max Temperature of Warmest Month °C
bio 10 Mean Temperature of the Driest Quarter °C
bio 11 Mean Temperature of the Coldest Quarter °C
bio 12 Annual Precipitation mm
bio 16 Precipitation of Wettest Quarter mm
bio 18 Precipitation of the Warmest Quarter mm
bio 19 Precipitation of the Coldest Quarter mm

3.44. Research objective four

From October 2024 to January 2025, forest inventory was conducted using strip transects of at least

100 m wide and 3 km long, orientedboth meridional and latitudinal directions from a randomly

chosen starting point. kirkianatrees were identified along the transect, and the first observed

trees served as the reference for the first 20 m x 20 m sampling plot. Subsequent saotpling pl

were installed at intervals of at least 100 to 150 m apart from each other, starting from the first one

(Biaou et al. 2023b The number of sampling plots @ach forest is shown in Table A total of

149 plots were surveyed, with 24 to 25 et forest
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Ineach20x@ m pl ot , al |l trees with DBHd@rsity cm
parametersvere recorded from a reference tree per (oimmerenin@006 Pommerenin@002

Salako et al2019. The distance from the first four neighbouring trees to the reference tree was
measuredAhoyo et al2023 Salako et al2015. Regeneration was defined as woody species with
DBH O 5 c¢m an d(Mekonhem etgl2023. The rdgengration density was quantified

by counting the regenerating trees of all species in five 5 m x 5 m subplots, established at the four
corners and center of the main plot. The disturbance level (i.e., pruning intemagygcorded by
visually estimating the proportion of the crown affected by pruning for eéhadkirkiana tree
encountered in the sampling plots. Within these plots, all species associated kiikianawere

also measured to enable the assessment @btistic diversity of theU. kirkaianahabitat across

each region.

Table 4: Forests sampled across the regions, with the number of sampling plots

Regions Forest Plot number
Kaning'ina forest 25
North .
Perekezi forest 25
Chongoni forest 25
Centra
Dzalanyama forest 25
Zomba montain forest 24
South _
Mangochi forest 25

3.4.5. Research objective five

For Research Objective Five, data collection was oriented toward assembling the environmental
and species occurrence dataseiguired for ecological niche motiely of U. kirkiana. This
included compiling bioclimatic variables, altitude and species presence records across Malawi to

assess the potential distribution of the species under current and future climate scenarios.

Occurence data for the species were obtained from various databases covering southern Africa

and field surveys in Malawi. To gather field data on occurrences, field surveys were carried out in
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Malawi's primary ecological regions along established tr@étry (1988showed that trails are
useful for recording plant diversity in tropical forests. Moreover, the trails facilitate the
optimization of spatial @verage in challenging environments and have been considered for data
collection in biodiversity studig€uisan et al. 2017 Targeting areas historically known to harbor

U. kirkiana has been made possible by information derived from the Global Biodiversity

Information Facility (GBIF)platform ttp://www.gbif.org, local knowledge, botanical gardens,

and forestry agents, as suggested by Gentry (1988). Initial data cleaning involved the removal of
duplicated, doubtful, nemalid andincorrect occurrence coordinates through cre$srencing.
After this process4800ccurrences dfl. kirkianawere considered for the study. Of these, 34.37%

(165) were downloaded from GBIF databas#p(//www.gbif.org, while 65.63% (315) originated

from the field surveys.

Environmental data included the 19 bioclimatic variables (T@Rplelevation derived from the
Shuttle Radar Topography Mission (SRTM), and soil tifesang et al. 2033 Thebioclimatic
variables represent annual and seasonal average, extreme, aadnu@hvalues of rainfall and
temperaturéBooth et al2014). Their ecological ifiluence orhe distribution ospecies have been
demonstrated in many previous studiéskou et al2024h Birhane et al2020g. The data on the
bioclimatic variables were acquired from the CHELSA (Climatologies at-tagblution for the

earthoés | and s unttpE:/khebalimatecorys ) websi t e (

The elevation data werebtained from the version 2.1 of the WorldClim database

(https://www.worldclim.org/data/worldclim21.htr(fFick and Hijmans 2017 The data on the soil

type were obtained from the version 1.2 of the Harmonized World Soil Database

http://www.fao.org/landvater/databasesndsoftware/hwsd/en{Fao and ISRIC2012. These

datasets were extracted and converted into ASCII fousatg ArcGIS 10.5 by considering
southern Africa as the mask feature. A total of 21 environmeat&lbles were used in the study,
including one categorical variable (examp$®il type) and 20 continuous variablesll selected

variables had a spatials@ution of 30 arc seconds (approximately 1 km).
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Examining arange of climate scenarios (exampdsv, medium and high) allows for a more
accurate assessment of the potential impact of climate change over argasaaleHarris et al.

2014. In this regard, the future climate scenarios based on the ShareeeSocamic Péways
(SSPs)were used in this studyRriahi et al. 201y The SSPs suggest, for example, that a future
with firesurgent ationalisno and fragmentation of the international order could makeve!

below 2Co Paris target impossiblfMassonrDelmotte et al. 2021 We selected the scenarios
SSP37.0 and SSRB.5 to represent different development and concentration pathways.7S5P3

and SSP8.5 are high radiative forcing scenarios, entailing high challenges for climate change
mitigation and adaptatiofiRiahi et al.2017). The SSP37.0 and SSPB.5 scenarios were selected
because they represent realistic future pathways for Malawi under contrastinrgsmoionic and
emission conditions. SSPB. 0 ( ARegi onal Rivalryo) reflects
limited technological advancement, and weak environmental governance conditions that mirror
current development challenges in many parts of rural Malawi. In contrast;&8SPb (-i Fo s s
fuel ed Devel op me n-entission ttrageetorye characteredyy aapich ecapdmic

growth and intensive energy use, serving as a veast benchmark for assessing the potential
impacts of climate change on species distributideing both scenarios allows for a robust
comparisonof possible future outcomes bfapaca kikiana under varying climate and soe€io

economic pressures

We downloaded the future climate data from the General Circulation Models (ABMESM1.2

HR) because this GCMas a welbalanced radiation budget, and its climate sensitivity is explicitly
tunedto 3 Kelvin. Reliable predictions of regional climate fluctuations are made possible by this
model, which is renowned for its precision in replicating the intricate interactions between the
atmosphere, ocean, biosphere, and cryospfiereghran et al. 2021Mauritsen et al. 2019
Although the reductions in loAgrm biases are modest, the improvementsatmospheric
dynamics make this model wedlited for forecasting and climate impact assessngbtiter et

al. 2019. The SSP data were downloaded for the year 2055 {204Q).
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Table 5: Environmental variables used in MaxEnt modeling

Codes Variables Units
Elev Elevation m
Sall Soil types

bio 01 Annual Mean Temperature °C
bio 02 Mean Diurnal Range (Mean of monthly (Max tempmin temp) °C
bio 03 Isothermality (BIO2/BIO7) (*100) %
bio 04 Temperature seasonality (standard deviation * 100) °C
bio 05 Max Temperature of Warmest Month °C
bio 06 Min Temperature of of Cokkt Month °C
bio 07 Temperature Annual Range (BIE3O6) °C
bio 08 Mean Temperature of the Wettest Quarter °C
bio 09 Mean Temperature of the Warmest Quarter °C
bio 10 Mean Temperature of the Driest Quarter °C
bio 11 Mean Temperature of the Coldestapier °C
bio 12 Annual Precipitation mm
bio 13 Precipitation of Wettest Month mm
bio 14 Precipitation of the Driest Month mm
bio 15 Precipitation Seasonality (Coefficient of Variation) mm
bio 16 Precipitation of Wettest Quarter mm
bio 17 Precipitatian of the Driest Quarter mm
bio 18 Precipitation of the Warmest Quarter mm
bio 19 Precipitation of the Coldest Quarter mm

3.5. Data Analysis

The analysis of the collected data followed a mixed and integrative approach tailored to each
research objecte: Both quantitative and qualitative techniques were applied to ensure
triangulation and robustness of the findings. S@aonomic and ethnobotanical data from
household surveys were coded and entered itodRfor descriptive and inferential statisic
analysis, while qualitative responses were subjected to thematic content analgajgui@
perceptions, knowledgand practices related tod. kirkiana For the ecological component,
inventory data were analyzed to assess populaiorcture, regenetian statusand species
associations, using standard dendrometric methods and biodiversity indices. Functional trait
measurements were statistically processed to quantify intraspecific variability across ecological
gradients, with analyses conducted id.R 3 For themodellingobjective, species occurrence data

were combined with environmental predictors, and species distributionlimgdeas performed
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under current and future climate scenarios using the maximum entropy (MaxEnt) algohtbm.
combinedapproach ensured that both the human and ecological dimensibnkickianawere
adequately captured, providing complementary insights into its conservation, management, and

potential response to climate change.

3.5.1. Research objective one

For this olpective, the analysis examingghrticipans 6 p e r ¢ dJp kirkiamanp®pulation
dynamics and local conservation practices using descriptive statistics and thematic content
analysis. Participants were grouped into three age categories as follows: y@@8g/€ars), adult

(3059 year s) an dBiaou etlal20230). Bhe relptieeafrecgidncies of citations (Rc)

were calculated for each response to the questions on changes in the species population, causes ¢
its decline, and conservation practices, according toostEnographic factors (age, gender,
ethnicity, profession, and education | evel).
each socid e mogr aphic factor and the | ocal knowl
Attitudes towards the consation of U. kirkiana were assessed based on the number of
conservation practices cited by the participants. The perception of ecosystem services provided by
U. kirkianawas analyzed based on the number of ecosystem services mentioned by respondents.
A gereralized linear mixed effects model (GLMM) with Poisson distribution was performed using

t h e m@R package to test the effect of age, gender, ethnicity, professions, education level and
region zone on the attitudes towards the species conservatianalyises were performed in R

statistical software, version 4.4(Jeam2022).

Subsequently, the analysis evaluated the significance of endogenous Usdgrkiina and its
ecological vulnerability, using descriptive statistics and comparative ecological indicators to
identify regional patterns and pressurdgs kirkiana uses have been evaluated based on the use
value indices defined bsomezBeloz (2002)and adapted to a species by previous studies
(Padakale et al. 201&takpama et al. 2035 Several parameters were considered: the relative

citation frequency (Rc), the number of citagoof reported uses (NU), the use importance value
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(VIUpp), the interspecific use value (VUI), the use diversity index (IDUpp) and the use importance
value index (IVIUpp)(Atakpama et al. 2021)The citation frequency (Rc) of a plant part
corresponds to thetio between the number of respondents (n) who cited the plant part and the
total number of respondents (\Y:co —. The total number of reported usage citations (NUpp) per
plant part is the sum of the number of citations per plant part. Thegalenise value (UVpp) is

the ratio between its reported use (NUppi) and the total number of citations reported for all parts

( x N U pApakpama et al. 2021)Yw i 1 . The plant parts with the highest UVpp are the

B

most commonlysed.

The specific use is the use as described by the participants. The specific use value (VUS) expresses
the number of times a particular use was cited. The interspecific use value (IVU) is the ratio
between the VUS and the NUpp. The use diversity indixlpp) of a plant part is the ratio

between the number of specific ugbiistapha etl.) of the plant part i and that of the plant part
with the maximum number of specific uses (NUSm@thkpama et al. 202100°Yn ——.

The use importance value index of a target plant part (UIVIpp) is the sum of the frequency of
citations, the use importance value and the use diversity of the plari©partb “O7Yn DO ™Yn 1)

‘0w "O"YThi§ index makes it possible to estimate the importance of use of the plant part based on
its knowledge of use by all respondents, the value of use and diversity of specific uses. Its maximum

value is three.

Differences in knowledge of usesWf kirkianatree bygender, age, education level and ethnicity
were based on the comparison of the average number of specific uses reported per respondent. Th

degree of similarity of specific uses between ethnic groups was assessed using the Sorensen inde»
(Samarou et al. 2021According to the formulaOi ——, number of specific uses of the ethnic

group, 1 (A) and 2 (B) and C, the number of uses common to the two entities 1 and 2. The statistical
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test (ANOVA Oneway) was used to test if there is a significant difference in the degree of plant

parts used among ethnic groups.

The vulnerability ofU. kirkianain the study area was determined through the ecological impact of
the use of its plant parts. The parameters chosen for the vulnerability assessment were the frequency
of citation of the spees, the plant parts used, the number of categories of uses of the plant parts
(Nu), the method of collection, the age of harvest and the plant part used (TéB&#til3001,

Traore et al. 20LSamarou et al. 2021Frequency of use N1 (the vulnerability of a woody species
increases with its frequency of ug®pularity); types of species use N2 (the vulnerability of a
woody species increases with the number of uses in which the plant is solicited. As the number of
uses the greater the pressure on the individual, being solicited); plant part used N3'Ya plant
vulnerability of a plant increases according to whether the regenerates easily or not); harvesting
method N4 (the main harvesting methods used are hand by hand, with a hoe and with a cutter);
plant part development stage harvested N5 (the developnageisstised in this work are those
used by Betti et al. (1), young, adult, and oldThe relative frequency of use N1 of a species i

in a use j is calculated according to the following formula: N1= npij/ntpe x100, where npij= number

of people who cited geies i in use |, ntpe = total number of informants.

The calculation of vulnerability risk indices (Iv) based on the demandslaifkiana showed that

11 plant parts were recorded. Cutting disrupts the-teng stability and increases the vulnerability

of the species. The vulnerability Of kirkianais a function of the frequency of use of the collected

plant part, the large number of use categories, the plant parts used (stems, leaves, bark, roots, fruits
flowers), the method of collecting the orgaftsitting, stripping, uprooting and picking) and

development stage.

Ow (Eq. 2). 1 f 1v <2, the plant is we:

moderately vulnerable; i f (Ayénaebal2R195, t he pl an
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Table 6: Parameters used for vulnerability assessment

L le = . .
Selected parameter 1;)W (scale Medium (scale = 2) High (scale = 3)
Frequency of P1 <20% 20% OBGOR 2 P3 O 6009
quotation
Number of uses: P2 <2 2 0 P2 C P2 O 5
Plant parts used:  Leaf, latex Fruit Wood, seed, bark, root
flower
Harvesting method By hand - with a hoe, with the
cutter
Development stage Old Adult Young

Key: Table 1 presents the five parametgsed to assess the vulnerabilityldpaca kirkiana each weighted equally

in the calculation of the vulnerability index (lv). These parameters were selected based on their relevance to ecological
pressure and sustainability. The frequency of citation ¢eflects the popularity and demand for the species, while

the number of use categories (N2) indicates the versatility and therefore the intensity of exploitation. The type of plant
parts used (N3) is critical, as harvesting more vital ornegenerativearts (e.g., roots, bark) increases vulnerability.

The harvesting method (N4) captures the potential destructiveness of collection practices and the developmental stage
at harvest (N5) highlights whether the plant is being exploited at a regeneratpeantuctive stage. Each parameter

is scored on a scale from 1 (low impact) to 3 (high impact), and the Iv is calculated as the average of these five scores.
Equal weighting was adopted to reflect the complementary importance of all parameters in cogpttibotierall

species vulnerability

3.5.2. Research objective two
The analysis under this objective focused on characterizing woody species composition and
phylogenetic structure along elevation gradients associated Wvitkirkiana, using diversity

indices and phylogenetic metrics

3.5.2.1. Demographic structure analysis of forest stands

The recorded species were classified by family and genus according to the Angiosperm Phylogeny
Group IV (APG IV) phylogenetic classificatigAPG 2016. To analyze the demographic structure

of forest stands, tree diameter classes were defined using 5 cmalsfer describing horizontal
structure(West2015. Based on these classes, several structuleldas were calculated using the

R statistical softwargdTeam 2022. The® included the Permutation Index (Pl) to evaluate
distribution irregularity, skewness and kurtosis to describe asymmetry and peakedness using the
moments packag@gomsta and Novomestky, 201.5he Gini index taneasure inequality in trees

size distribution with the ineq packaggeileis and Kleiber2014), and the Shannon index to
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estimate structural diversity across diameter classes, calculated using the vegan(Qddaamgn
et al. 2001). These indices provided detailed insights into stand dynamics, heterogeneity, and

regeneration statydagurran 202

Additionally, the distribution of diameter at breast height (DBH) was modeled using-a two
parameter Weibull function, which is commonly used in forest ecology to characterize stand
structues under varying levels of disturbance, age, and regeneration inf@uskiiart and Tomé

2012. In this analysis, the location parameter (a) was fixed at 5 cm to standardize comparisons
aaoss sites, and the shape and scale parameters were estimated for each forest stand using the
fitdistrplus (DelignetteMuller and Dutang 200)5and MASS package@/enables and Ripley

2013. The horizontal structure of the woody populations was established using Microsoft Excel®
spreadsheet coupled with R 4.4.3 software. This structure was adpstedding to the

probability distribution function "f" of Weibull density distributioffRondeux, 2@1); where

Qw - — ‘Q | a: position parameter, b: scale parameter, and c: shape parameter of

the structure. The position parameter "a" considered in the present study was set at 5 cm for the
diameter classe3hese threshold values allow for the standardization of demographic structure

analysis and better interpretation of the obtained results.

Table 7: Various forms of the Weibull distribution depending on their véldessa et al. 2020

Val ue Distribution Forms

c<l1 InvertedJ distribution, chracteristic of multispecific or uneveamged stands

Exponentially decreasing distribution, typical of declining or dying
c=1 populations.
Positively skewed (righskewed) distribution, typical of stands dominated
1<c<36 young or smaldiameterindividuals.

Symmetrical distribution; normal structure, typical of exaged or
c=3.6 monospecific cohorts.

Negatively skewed (lefskewed) distribution, characteristic of monospeci
c>3.6 stands dominated by older individuals.
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The Family IndexVegetation (FIV) is an ecological indicator used to assess the relative
representation of botanical families within a given ecosystem. It is commonly used in floristic
studies to identify the families richest in species, and therefore potentially thénfhasttial in

the structure and functioning of the plant community. This index is calculated using the following
formula: FIV (%) =—wp 1,7Where Ni represents the total number of species belonging to a

specific family, and N represents the total number of species inventoried, all families combined.
The FIV is expressed as a percentage and reflects the relative species athrgegen family. A

high FIV value indicates that the family in question contributes significantly to local floristic
diversity, which may reflect its ecological adaptability, frequency of occurrence, or importance in
local ecological interactions. Thisdex is particularly useful for identifying dominant families in

a landscape, comparing the floristic composition between different sites or ecological gradients, or
supporting ethnobotanical studies by highlighting the families preferentially used &l loc
communities. Thus, the FIV is a useful tool for analyzing taxonomic diversity at the family level

and for guidinglora conservation strategies.

3.5.2.2.Phylogenetic structure metric and quantification of taxonomic

The phylogenetic diversitwas calcbh at ed using the Apdod functio
(Team2022. Moreover, we identified the linear relationship between phylogenetic diversity and
species richness. Therefore, we calculated the standardized effect size of phylogenetic diversity
(SES. PD) using the fAsespdo funct itestheinflnence he

of species richness on the PRembel et al. 2010 The formula is listed below:

3%30% ; where PD observed is the observed PD in a community, PD

random is the mean PD in null communities, and sdPD random is the standard deviation of PD in
nul I communities. Meanwhi | e, wealcdadted ib®%®timésh e
to meet the statistical requirements (Jarzyna 2021 phylogenetic reconstruction was performed

using the V.PhyloMaker2 packag&n and Qian 2022 which builds phylogenies by inserting
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missing species into a global metgee (GBOTB.extended.TPL) based on higher taxonomic ranks
(family or genus). This extended tree is derived from comprerensdlecular data and represents
one of the most complete vascular plant phylogenies ava{@blgéh and Brown 2018 Scenario

S3, which places unsampled taxa athhsal node of their respective clades, was chosen as it is

recommended for ecological analyses to minimize bias due to missing molecular information.

Only species occurring both in the community matrix and the final tree were retained to ensure
consisteny between phylogenetic structure and floristic composition. Phylogenetic analyses were
conducted using the R packages picdKiembel et al. 2010 vegan(Oksanen et al. 20Q,lape
(Paradis et la 2004 and tidyverseThe species abundance matrix was converted to relative
abundance using the function decostand (method = "total") to control for sampling effort across
sites. Three widely used phylogenetic alpha diversity metrics werewcormgpd : Fai t hds P
Diversity, which sums the branch lengths linking all species in a community and reflects
evolutionary richnesg¢Faith 1992, Mean Pairwise Distance (MPD), the average phylogenetic
distance between all species pairs in a plot; and Mean Nearest Taxon Distance (MNTD), which
calculategshe mean distance from each species to its closest relative in the same cor\ivelniity

et al.2002). In this study, we measured the plant diversity using phylogenetic diversity for the
traditional diversity index only takes into account differences in the number and composition of

species in communities and does not take into account lineagemstig between species pairs.

To assess nerandom patterns of communigyructurestandardized indices NRI (Net Relatedness
Index) and NTI (Nearest Taxon Index) were computed by comparing observed phylogenetic
distances to null distributions generategl 999 randomizations under the taxa. Labels model.
Positive values of NRI or NTI indicate phylogenetic clustering, often interpreted as the outcome of
environmental filtering, while negative values suggest phylogenetic over dispersion possibly linked

to competitive interactionfVWebb etal2002Cavender Ba)yes et al. 200

The following formula was used:
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0YO ; U"YO

Phylogenetic beta diversity was quantified using the comdist function from picante, which
computes pairwise dissimilarity between communities based on MPD across sites. To examine the
differences in species composition and phylogenetic coitmposf woody plant communities in
different areas, we performed PCOoA in this study. Principal coordinates analysis (PCoA) was used
to assess variations and visualize the similarities based on(Bidig distances using the R
package (Diken@3a\Wang et al2024). An analysis of similarity (ANOSIM) followed
norrmetrical multidimensional scaling to assess the differences in woody plant communities

compositions across the different elevatfbno et al.2023 Kebebew and Ozanr922).
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Table 8: Structural diversityand demographic parameters used to describe the communities

Parameters  Formulas Descriptions References

Ji = the rank of siz
class i (i=1 for the

0) 0 QP L Q smallest trees), wit
the highest rank (Ji: (Birhane el
Permutation 1) given to the mos al. 202039
index (PI) frequent size class.
R i is the proportior
O niln P prop

Shannon inde; of individuals of (Kitikidou et
(H) species i al. 2024

Measures inequalit

in size distributior

among individuals

A Gini value close tc

0 indicates uniforn

size, while a valu

close to 1 indicate

that few individuals
_ » dominate in size o (Weiner
Gini index(G) 1 =B biomass 1990

Describes the

symmetry of the

DBH distribution,

positive  skewnes

indicates dominanc

of small trees
(regeneration

stands); negativ

skewness  implie (Komsta anc
Skewness dominance of largr Novomestky

trees (older sinds). 2015

Indicates the
peakedness of tr
distribution, High
kurtosis (leptokurtic’
Kurtosis shows dominance ¢
a specific cohor
(e.q. plantation)
while low kurtosis
.. . . (platykurtic)
. . . . suggests  structure (Komsta anc
heterogeneity. Novomestky
2015
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3.5.3. Research objective three
The analysis for this objective examined intraspecific functional trait variatidnlofkianaacross
ecogeograpical regions and its relationship with environmental gradients, using multivariate

statistical approaches.

All statistical analyses were performed in R statistical software, version 4.4.2 (R Core Team 2020).
Descriptive statistics including arithmetic meatandard error of the mean and coefficient of
variation (CV; standard deviation/mean) were calculated for each morphological trait by region.
The CV was used to describe the variability of morphological traits. A CV < 25% indicated low
variability (Reza et al2017. Linear mixedeffects models were used to assess the variation in
measured traits according to Aforesto, Apop
forest were considered as a population. The linear reffedtsno d el s wer e run usi
package(Pinheiro2011). I n these model s, Aregiono was cC
random term included Apopul ationd nested wi
variability in the traits may result from differess between the regions and accounted for pseudo
replication at the levels of individual and population through the random term. We performed
Tuc k e y-boe tegisoos the outputs of the linear mpediiect models for mean comparison

using t hd hftun cotfi anh efi gi (HMothotnetal2qD®. package

Next, we identified the traits that best discriminated the trees according to the region by performing
a canonical discriminant analysis (CDA) on the traits of the 72 sampled individual trees using the
Aicandi s c(briemlg et &2047e This analysis ranks ttaiin their order of significance by
discriminating trees according to the population and the region. The most important morphological
traits differentiating the trees between t he

with the R package kid(Roever et al2020.

To examine the impact of environmental factors, including the bioclimatidolesiaaridity index

and elevation on the morphological traitd bfkirkianat r e es, we f i r st wused S
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test to explore patterns of association between pairs of these variables. A pairwise correlation
matrix between morphological traits svaonstructed to explore correlation patterns among traits
(Dai et al. 2024). Then, a redundancy analysis (RDA) was performed to assess the relationship
between the most discriminating traits of region and the environmental variables. A principal
componentnalysis (PCA) was performed to better illustrate the correlation patterns among the
most discriminating morphological traits and the significant environmental variables from the
RDA. To explore the existence of morphotypes within the species based ororpleological
traits, a hierarchical clustering with the

determine the optimal number of clusters (k), we used the Silhouette MBimbdet al.2019.

To assess phenotypic plasticity in the morphological traitd.dfirkiana in response to aridity
gradients among regns, we calculated the phenotypic plasticity index (PPI) as defined by
Valladares et al. (2006Yhis index, which ranges from 0 to 1, quantifies trait plasticity for each

pair of regions. It was calculated using the following formula:

0 E ———— (Eq 3), whergimax and Xmin, are the maximum and minimum mean values of

the trait between two forest sites, respectively. The index was computed for each measured trait
and each pairwise region comparison. Data processing was conduntethesggplot2 packages

for computation and visualization.

3.5.4. Research objective four
The analysis for this objective focused on evaluating population structure, regeneration dynamics,
and carbon storage potential Wf kirkianaacross geographic gens, employing a combination

of demographic assessments, regeneration indices, and biomass estimation techniques.
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3.5.4.1. Floristic diversity and species associations df kirkiana habitats

The recorded species were classified by family and genosdieg to the Angiosperm Phylogeny

Group IV (APG 1IV) phylogenetic classificatiqghPG 2016§. Species were categorized according

to their conservation status as defined by the International Union for Conservation of Nature
(IUCN). Species citation frequencies were calculated to identify those most associatél with
kirkianain its natural haitat. Various ecological indices were used to analyse the species diversity
and structure of plant communities, includin
index (D), Pielou's evenness index (J'), Hill's diversity index (Nq), Jaccanilarggy index (Table

9). The analyses were conducted using R (v4.3.2) to perform the analyses, with the vegan package
for ecological analyses, ggplot2 for graphing, corrplot for visualizing correlations, BiodiversityR

for biodiversity analyses, and reske@gor data transformatiqiindt, 2018.

Importance value index provides knowledge on important species of a plant community. VI is
useful to comparéie ecological significance of species (Lamprecht 1989). IVI combines data from
three parameters, which include Relative frequency, Relative Density and Relative Dominance
(Kent and Coker 1992). Trees species importance values were then calculatedver(f top

species as the sum of species relative Frequency, species relative dominance, species relative

abundance (Magurran 2004) as showed in Table

The attributes relative Frequency, relative abundance and relative dominance indicated what
contributed to the overall importance values of a species in the forest. A high relative density

indicates many individuals of the species in the plots. A high relative dominance indicates large

sized individuals of the species in the plots and a high relatequéncy indicates a wider

distribution of the species in most of the plots.
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Table 9: Structural diversity, demographic and dendrometric parameters used to déskcribe
kirkiana populations and their habitat in Malawi

Parameters Formulas Descriptions Refeences
Disturbance
Pruning intensity

of eachu. B NBP = number of pruned branches
kirkianatree in .. 000, NTB = total number of branches bor (Amahowe et
the stand (Pi) U Qo= 00p TETT by an individual tree al. 2018)
Structural
diversity

Vij = 0 if tree "i" and neighbouring

tree "j" are of the same species and (Pommerening
. _ =1iftreeiand neighboring tree j ai 2006, 2002
- E o wQQ ofdifferent species; n is the number Salako et al.
Mingling (Mi) € neighbours (n = 4 in this study). 2015)
. _ Sij=distance of theU. kirkianatree
Treeto-tree $E é—(b YQQ from the j neighbouring tree, n =

distance (Di) number of sampled neighbours (n =
. Qchb}. MBQQI QQOE ©
A CORT @ 0wa 0|
$$E- p OQC 1 01 AIAAT PTAELACE AT
dbh differentiation € T
Ji = the rank of size class i (i=1 for tl
smallest trees), with the highest rar

Permutation inde> 0 ) 0 "Qp 0 'Q (Ji=1) given to the most frequent si (Birhane et al.
(PD class. 2020)
Demographic
and
dendrometric
U. kirkiana n is the total number @f. kirkiana
density (NPE, trees per plot and s is the size of tt  (Biaou et al.
trees/ha) 000 &N plot 2023)
Mean diameter Boo Q di = diameter of the tree i in a plot; n (Biaou et al.
(Dg, cm) & total rumber of trees in a plot 2023)
o NSD, NSA and NAD represent the
Regeneration rati «. 01 Q. OA total number of seedlings, saplings (Zon et al.
(Rr) Yi T Hh0 and adult tress per plot, respectivel 2022

Diversity index
species richness

(S) S total numberof recordedspecies
Shannon inde 0 a1 pi is the proportion of individuals of (Kitikidou et
(H) ntn species i al. 2024
Simpson index : \
(@) 0
(D) Y n
Pielou's evennes . (
index (J') 1 TY
D o for q=0: species richness, g=1:

exp(H"), g=2: 1/D
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Hill's diversity
index (NQ)

Jaccard's
similarity index

Relative density

a = number of spdes in site A;
b = number of species in site B
¢ = number of species common tc
both sites

>
>

Where f = number of individuals of .
. species in a plot, F = number of
Rde (%) =-wp T T jndividuals of all species in the plot

Where n = number of sample units

Relative _ . species occurred in, N = Total numk
frequency Rdi (%) =—wp 1 70 of sample units
Where Bai = total basal area of
Relative . species | in the ptpBA = total basal
dominance Rdo (%) =——wp T T area of all species in the plot
Where RDi is Relative frequency,
RDe is Relative Density, RDo=
Importance value VI ="Y O¥RDe + Rdo Relative dominance.
index

(Kacholi
2014)

(Kacholi
2014)

(Kacholi
2014)

(Kacholi
2014)

3.5.4.2. Assessment of the structuraliversity and population structure of U. kirkiana across

Malawi regions

The structural diversity of). kirkiana stands was assessed by calculating several structural

parameters (Table 1). For instance, the mingling (Mi) was employed to quantify inticspec

competition at each site, while the diameter differentiation index provided insights into the size of

U. kirkiana trees about their nearest neighbouring trggmmmerenin2002. To analyses the

structure otJ. kirkianapopulatons, demographic (stand density, density of ddukirkianatrees)

and dendrometric (mean DBH) paraters were calculateAn analysis of variance (ANOVA) was

performed to compare the means of the structural diversity, demographic and dendometric

parameg¢rs among the three regions. All models were checked for normality of residuals and
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homoscedasticity. Il n addition, Pearsonds <co
direction of the association between the structural diversity, demographitrodeetric, and
disturbance Examplepruning intensity) parameters for each region and alti{Bikou et al.

2023h. The diameter sizelass distribution of the species population was also established with the

corresponding skewness coefficient for each region.

Furthermorea loglinear model was used to check whether the diameteickss distributions

differed among the regions. In this analysis, the number of individuals per size class and region
was used as dependent and independent variables, respectively. Thag(Qsgietween the
number of trees in consecutive size classes and the permutation index (PI) were also estimated to
provide additional information on the stability of the species populdBiou et al.2023h

Birhane et al20200. The quotient (Qs) tends to a constant value in a stable population, but
fluctuates when a population is unstable. Likewise, auladipn showing a discontinuous size

class distribution will have a P10 while a monotonically declining population has a P1 = zero (0)

(Pommerenin@006).

3.5.43. Estimation of the carbon storage by. kirkiana

To estimate the biomass Of kirkiana we used sitspecific allometric equations developed for

the Miombo woodlands of Malawi, in line with IPCC (20@giidelines, whicliecommend locally

derived modelsvhere available to reduce uncertainty. Specifically, we applied the equations from
Kachamba et al. (2016), which were developed based on destructive sampling data across Miombo
ecosystems in Malawi and awmell suitedto our study area due to their clintatedaphic,
geographical, and taxonomic relevanz€é06Q'Q 1@ p ¢ w¥p 06 "0 (Eq1). Where

AGB is the aboveground biomass and DBH is the diameter at breast height (1.3 m above ground).
Only trees with DBH O spgondingto theevalie rangeooh thei eduatiore d ,
Belowground biomass (BGB) was also estimated using aspéeific model from the same

study:6 '06 T® YT @ p VOO 08  (Eq2) (Kachamba et al. 2016).
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The biomass models were converted to carbodeats using a carbon factor of 0.5. This factor
reflects the average carbon content of dry biomass in tropical tree species and aligns with
recommendations for national forest carbon assessments in Mafawi:0 "O6 6 "Odeq 3).
Subsequently, the catbo st ock was converted int-eq) lwyar bo
multiplying the carbon stock by a factor of 3.67, which represents the molecular weight ratio of
coO to carbon (44/12), in |line with | PBG (20
market estimationsiY0 "Y& 0 "QEq 4) and adopted biKokou et al. (2023b) Finally, the
economic valuation of the carbon stock was estimated based on the market value of carbon credits.
According toAgnolucci et al. (2024and (Saradoum et al. 202 2forest carbon credits in Africa

are traded between 3 and 10 USDtpexn o f CO on voluntary carbc

3.55. Research objective five
The analysis for this objective focused on modeling the current and fusiréwtion of U.
kirkiana under different climate change scenarios, integrating species occurrence data with

environmental predictors to project habitat suitability and potential range shifts.

3.5.51. Model development and evaluation

MaxEnt version 3.318 was used to predict the current and future potential distributidd. of
kirkiana in Malawi. MaxEnt used species occurrence records and environmental variables to
estimate the suitable area for species occurrence and siBlittalet al. 2011 Elith and Graham

2009 Phillips et al200§. Among the SDMs using esenceonly data, MaxEnt reportedly showed

the best predictive accuracy and was applied in various studies to assess the impact of climate
changg(Elith et al. 2011Elith and Graham 20Q®Nhillips et al. 2017Xiao et al. 2024Zhao et al.

2022 Kokou et al. 2024p

To set up the model, 75% of the data was randomly selected for training and the remaining 25%
for testing. The model was runed with 10 replicat@ésgia crosssalidation procedure. The relative

significance of the environmental factors influencing the species' potential distribution was
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determined using the jackknife test and the partial dependence curves. The area under the receivel
operating charderistic curvestatistic was used to evaluate model performance. AUC values range
from 0.5 (indicating random prediction) to 1.0 (indicating perfect discriminative ability). AUC >
0.9 indicates excellent model performance, 0.80 < AUC < 0.90 shows good peddemance,

0.70 < AUC < 0.80 indicates acceptable model performance, 0.60 < AUC < 0.70 indicates poor
model performance and a model with AUC < 0.50 is inv@liduiller et al. 2009 We also used

the True Skill Statistic (TSS) to evaluate model accu(@byiller et al.2009. TSS measures the
model's ability to detect true presence (sensitivity) and true absence (specificity) and was calculated
as sensitivity + specificity 1. A TSS > 0.5 indicates a good predictive po@Adiouche et al.

2009. Furthermore, the Symmetric Extremal Depamck Index (SEDI) was employed as a
supplementary and improved metric of model performance asses@feerdt and Stephenson

2012, Wunderlich et al. 2009 While the Odds Ratio Skill Score (ORSS) is considered superior to
SEDI, the use of SEDI was preferred to that of ORSS in thdydecause of the utilization of
presenceonly data for modelling, rendering real absence data unavailable for ORSS computation
(Wunderlich et al2019. SEDI was calculated based on sensitivity (trositpve fraction) and
specificity values. The value of SEDI approaches 1 when the model is offerab and
Stephensor201]). Using both TSS and SEDI allowed us to obtain a more robust assessment of
model performance. This comprehensive evaluation helps to catbe fetréngths and limitations

of the different indices of model performance evaluation considered in this study.

To predict the future suitable habitat of the species, the current potential distribution was projected
in the year 2055 based on data from &P scenarios. The modelling outcomes were imported

into QGIS 3.16 software, where two habitat categories were established based on the mean
threshold value (T), known as the 10 percentile training presence: (i) suitable habitats for values
exceeding T, aoh (i) unsuitable for values falling below (Moukrim et al. 202D The suitable
habitats were then further divided into thre

suitability (T/2 O p < T) (Atakpanth etlab 20)3wheietpa b i |
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represents the suitability score or the probability that a habitat is suitable for the species. The
changes between curteand future habitats were calculated in ArcGIS 10.5 software. This allowed

us to quantify the range of changes in habitat suitability, thereby illustrating the dynamic of the
range extension and contraction. The rate of change was calculated by mehsutifigrence in

the extent of suitable habitats between the baseline period and future scenarios. This was expresset

as a percentage change over the projection period (Eq. 1).

Y & & QB & QIR x 100 (Eq. 1)where positive

values indicate habitat expansion while negative vahaisate habitat contraction.

3.5.5.2.Mapping habitat suitability and determining priority areas

Potential habitat dynamics fat. kirkianaby 2055 were inferred for each climate change scenario

by contrasting the current suitable areas with those predicted under the two SSP scenarios. Using
the spatial analyst extension, geoprocessing, and intersection tools in ArcGIS 10.5 softwate, habit
change maps df.. kirkianawere produced for the SSH3 and SSRB.5 scenarios. First, using

the modeled presence probabilities, the current and future distribution maps were divided into four
categories of suitable habitats: unsuitable (p < T/4)rpooy sui table (T/ 4 O p
suitable (T/2 O p < T), and highly suitable
then compared by overlaying these maps in ArcGIS for each scenario. With the use of this overlay,
it was possible tadentify areas of habitat gaifExamplepixels that transition from unsuitable to
suitable), habitat lossEkamplepixels that moved from suitable to unsuitable) and no habitat
change (i.e., pixels that remain in the same habitat category in the twaospedtignately, a clear
visualization of the spatial dynamics of habitats was produced by classifying each pixel into one of
the three categories (gain, loss, and no change) using the QGIS 3.16 software. These data were

employed to generate graphs usingidsoft Excel spreadsheets.

We employed a maximumtility method (Moilanen 2013; Samaretial 2023; Kokouet al2024)

for spatial prioritizations, which is one of the most popular types of spatial gatati algorithms
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(Kukkala & Moilanen 2013). Witin a certain space or financial limitation, these algorithms seek

to maximize the representation value of every included species. Here, we used a heuristic, non
targetbased, maximunatility type method found in Zonation 5 v1.0, which is a popular
consenation prioritizing softwar¢Margules and Pressey 2Q0®ressey and Bottrill 200&okou

et al. 2024h This method has been proven effective in previous prioritization st{ididsvenne

et al. 2012Honeck et al2020. It uses a backward technique that begins with the assumption that
all study areas are protected. It then rates and removes all sites (grid cells) in an iterative manner,
consistently eliminating the site with the lowest cons@mmavalue. Each cycle updates the
conservation values of the remaining grid cells and recalculates the remaining distribution for each
feature. There are various options in zonation for combining conservation values across multiple
features such as speciésbitats, and ecosystem services. In this line, we employed a technique
known as "Core Area Zonation," wherein the c

every site Ai 0 a(DiMnnetraly2019Kugla etaldolgd.r e mov al

All spatial units of the study siteEkamplepixels) were classified based on the concepts of
irreplaceabiliy and complementarity without the need to specify targets in conservation objectives
(Lehtomaki and Moilaner2013. A conservation priority map was generated by weighting the
species by Zonation, which is commonly used to optimize conservation plgMoiignen et al.

2022 Kokou et al. 2024p The input files for Zonation comprises the results from MaxEnt
modelling including the curreniopential habitats and the future habitats projected for 2055 under
SSP37.0 andSSP58.5scenarios. Core Area Zonation 2 (CAZ2) was selected as the marginal pixel
loss rule, which represents a good compromise between species richness a(idoiaiten et

al. 2022. Based on a number of criteria, including biodiversity, ecosystem services, and
socioeconomic variablete priority area map waspatializedo determine the relative value of
each area for development or conservatiGokou et al. 2024fdMoilanen et al. 2022 To capture
differences in priority areas more precisely, priority levels were categorised into seven classes that

span from 0% to 100%, with higher priority classes having narrower intervals. Based iongrev
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studies Koilanenet al 2022 Samarowetal. 2023) the priority categories considered in this study
were defined as follows=R0% (low priority); 2050% (moderate priority); 585% (high priority;

75-100% (very high priority).

3.6. Ethical Considerations

The study adhered to established ethical standards, recognizing that ethical compliance is essential
in research involving human participants and ecological assessments. Ethical approval was
obtaned from the Mzuzu University Research Ethics Committee (MZUNIREC) undevgotot

Ref. No. MZUNIREC/DOR/24/104Appendix §. Prior to fieldwork, community leaders and local
authorities in the selected villages and forest reserves were informed abowd yrabgectives and
granted permission for the research activitiarticipation in household surveys, key informant
interviews, and ethnobotanical data collection was voluntary. Respondents provided informed
consent using forms adapted to the local odntthe English versiorior household surveys
(Appendix ) and a Chichewa translationrfoommunity memberdarticipants were assured of

the confidentiality of their responses, the anonymity of personal identifiers in the research report,

and their righto withdraw from the study at any stage without any consequences.

The research team also respected local social norms and schedules. Interviews were postponed o
rescheduled in the event of funerals, community meetings, or other culturally significaistteven
ensure respectful engagement. In ecological surveys, care was taken to minimize distutbbance to
kirkiana populations and associated habitats, following ethical principles for sustainable field

research.

3.7. Chapter Summary

This chapter presentedheé methodological approach employed to investigate the ecological,
functional, and soci@conomic dimensions df. kirkianain Malawi. A mixedmethods design
integrating community surveys, forest inventories, functional trait sampling, and species

distribuion modelling was adopted to ensure comprehensive coverage of both human and
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ecological factors. The chapter detailed the sampling framework, data collection procedures, and
analytical approaches, highlighting how each was tailored to address spee#ichesbjectives.

Despite logistical and field constraints, such as accessibility of forests and asynchronous fruiting
periods, the study successfully collected representative and robust data across all selected sites

ensuring the reliability and validityf subsequent analyses.
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CHAPTER 4: RESULTS

4.0Introduction

This chapter presents the detailed results of the study. It begins by describing the ecological and
sociceconomic characteristics of the study sites and the key attributeskkianapopuldions.
Findings are reported according to each specific research objective outlined in Gimapter
including local ecological knowledge, functional trait variation, population structure, regeneration
dynamics, and species distribution modelling. The @ragincludes with a summary of the main

results.

4.1 Local ecological knowledge, ethnobotanical uses, and communitased conservation
strategies ofU. kirkiana in Malawi

4.1.1. Perception of the dynamics otJ. kirkiana

Participantsd per dymgmics aunlkirkianafpopulatians acressegionsaahd

professionss shown in Table @ Participants had various perceptions of the temporal dynamics

of U. kirkianapopulationsMostrespondenté35 respondent36.60%) reported a declining trend

in the species' population, while 13.34% observed an increase, and 10.07% considered the

populationof U. kirkiana stable The perception of the dynamics of the species populations was

significantly(<0.00]) dependent othe zone and professiarfsor example, thproportion of local

populations perceiving a regressive trend was higher in the Southern (97.37%) and Central

(84.64%) regions than in the North (48.66%). Regarding the profession, 100 %traiditienal

practitionersreported a declining trend, whilé23% of civil servants thought thatetlspecies

populations declined

72



Table 10 Association of the perception of the dynamics Wf kirkiana populations with
sociodemographic factors and Region in Malawi

Variables Categories Perception of the dynamicof U. kirkiana o-value
Increase (%) Decrease (%) Stable (%)

North 26.79 48.66 24.55

Regions Central 11.07 84.64 4.29 <0.001
South 2.43 97.37 0.20
Civil servant 0.00 96.43 3.57
Farmer 13.36 76.60 10.05
Hunter 36.36 54.55 9.09

Profession Others 20.95 61.90 17.14 <0.001
Seller 13.33 77.22 9.44

Traditional
practitioner 0.00 100.00 0.00
Young 15.81 74.26 9.93
Age categories Adult 12.11 77.06 10.82 0.79
Old 14.94 78.16 6.90
Female 13.28 74.12 12.94
Gender Male 13.44 79.20 7.36 0-39

High school 12.11 77.33 10.56
None 24.69 71.13 4.18

Education level Primary 9.75 78.49 11.76 <0.001
Secondary 17.39 43.48 39.13
University 6.98 93.02 0.00

Key:Thepval ue of the Fisheroés exact test was provided

Results on the percead causes of decline bf kirkina are presented in Figurea andb. Overall,

the causes of the decline lo. kirkiana populations cited by the participants were mainly
deforestation, charcoal production, human population growth, climate change, andwagricul
(Figure 3a). Very few participants attributed the decline tosg@st0%), harvesting (2%) and
logging (4%). The causdar the decline irJ. kirkianavaried according to the regions. In the North
and SouthRegions, the participants identified chaat@roduction as the primary cause of the
decline ofU. kirkianarespectiely 35.12% and 85.97%. In theefitral Region, the participants
identified deforestation (78.29%) as the primary cause of the declihekokiana(Figure 3b). In

the Ceatral Region in addition to population growth and expansion of agricultural lands, lack of

enforcement of legislation was also mentioned as a major driving factor (Figure 3b).
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Figure 3: Perceiveccause®f U. kirkianapopulation decline as indicated by local comitias

Key: (a) Perception of the local community across the Regions and (b) perception of the local community per region

4.1.2. Local practices forU. kirkiana conservation

Resuls onlocal conservation strategies df kirkianaacross the regions of Malaarepresented

in Figure 4.The conservation practices reported by the participants across the different regions in
Malawi primarily focused on the conservation within agroforestry systé#$ fespondents,
60.83%, Figure 4a). In addition, the prohibition ofutting, the protection of the species
regeneration, and protection from pruning emerged as key conservation practices 4@ig
Notably, the conservation of the species within agroforestry systems was more common in the
southern region @.9%), followedby the Central Region (62.63%) and NortheagRn (40.36%)
(Figure ). Conversely, planting, and assisted regeneration were the frequently mentioned
practices by the respondentadure 4). Communities in the Northern, Centrahd Southern

Regions (Figre 4b), mainly reported these practicBsotection of regeneration was the main
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practices reported by respondents in the central regions (72.60%) and cutting protection (49.50%)

was the main key practices cited by responderitseifNorth Region (Figire4b).
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Figure 4: Relative frequency dfitations(Rc, %) of the local conservation strategéb). kirkiana
across the regions of Malawi

Key: (a) Perception of the local community across the regions and (b) perception of the local community per region

41.3. Sociceconomi c factors affecting | ocal commu:
Sociodemographic factors such as age and professtooh significantly affected the number of

0

local conservatiopracticesare presented ihable 1. The farmer had a positiveefc t ( b
on the number of conservation practices. Concerning age, the younger and older mentioned a

significantly higher number of conservation
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Table 11 Results of the generalized linear mixeffectmodel (GLMM) with Poisson distribution
assessing the effects of regions and sociodemographic factors on the attitude of local
communities towards the conservationbfkirkianain Malawi

Estimate Std.

Variables Level of variables (b) Error zvalue Pr(>|z|)
(Intercept) 1.93 1.06 1.82 0.06
Farmer 0.73 0.37 1.99 0.04*
Hunter 0.87 0.89 0.98 0.33
Profession Others 0.72 0.45 1.61 0.11
Seller 0.73 0.41 1.79 0.07
Traditional practitioner 0.94 0.67 1.40 0.16
Gende Male 0.02 0.16 0.15 0.88
Christian -0.85 0.56 -1.53 0.13
Religion Muslim -0.83 0.61 -1.37 0.17
Others -0.82 0.63 -1.32 0.19
None -0.35 0.25 -1.40 0.16
Education level Primary 0.04 0.19 0.23 0.82
Secondary 22.65 181.02 0.13 0.90
University 0.06 0.44 0.15 0.88
Married -0.49 0.78 -0.62 0.53
Marital status  Single -0.34 0.80 -0.42 0.67
Widow 0.25 0.84 0.30 0.77
old 1.18 0.31 3.79 0.00***
Age
Young 0.70 0.21 3.34 0.00***
Region North -0.14 0.24 -0.59 0.55
South -0.24 0.21 -1.13 0.26
Keyof Table 12Ref er ence | evel s: AiCentral o for regions; i Fema

for the profession and fAno f Sgnifitant effectd wereshighlightedinbbld r t h e

4.1.4. Local community perception about ecosystem services frotd. kirkiana in Malawi

Ecosystem services perceived by the local community in Madae presentedn figure 5.
Ecosystem services considered very important by most participants were food provision (95.5% of
participants); ewironmental cooling (94.09%); improves air quality (90.26%), and oxygen
production (86.17% of respondents). In terms of cultural services, many participants considered

aesthetic role (77.49%) and provides shade (54.75%) very important. Environmentaj aodlin
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improving air quality were considered the most important regulating serifopse 5. Water
cycling (79.3% of participants) was considered the most important supporting service. The least
reported ecosystem service was habitat for birds and feiladindbreak and pollination and seed

dispersal.
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Figure 5. Relative frequency of citations (Rc, %) of ecosystem services perceived by the local
community in Malawi

4.1.5. Importance of local uses and ecological vulnerability of). kirkiana

The results presging in Figure 6, shosthe local use and ecological vulnerabilitylbfkirkiana

Eleven different plant parts &f. kirkianain Malawi wererecordedafter data collection. Many
respondents, in terms of frequency of citations, reported fruits (93.458art€ipants), trunk
(49.18%), and branch (46.81%) across the regibitgife 6a). The least reported were flowers,
kernel, sap, and seeds. Fruit and trunk were the main plant parts most cited by the respondents from
these three regions North, Central &wlth. Fruit use varied by 84.15%; 99.64% and 98.38% in
North, Central and South regions respectivelg(re &®). Trunk was cited as the second most used
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plant part in the North and Central Regions respectively at proportions of 49.78% and 91.43%. In
contast, the branch (35.63%) was cited in the South Region. Conversely, Sap, flowers and seeds

were the least cited plaparts by thearticipants
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Plant parts used Plant parts used

Figure 6: Relative frequency of citations (Rc, %) of plant parts used.dfirkiana across the
Regions oMalawi

Keys: (a) Perception of the local community across the Regions and (b) perception of the local community per regions

The distribution of ethnobotany useldfkirkianais showing in Figure .7The types of uses across
the different regions of Malawvere mainly focused on food (92%), firewood (49%) and human
medicine (21.52%) (Figure 7). The used of the species for culturalgaseind artisanal purposes
wergeportedby few respondents (3% onversely, the cosmetics and fodder were the least
repoted usesThe types of use include food, human medicine (H.m), (3) energy wood (E.w), (4)

service wood (S.w) and (5) others use (cultural practritisaaal, cosmetic and forage).
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Figure 7: Chorddiagram showing the distribution of ethnobotany use.ddirkiana

Key: H.m (human medicine); E.w (energy wood); S.w (service wood) and others use (cultural practice, artisanal,
cosmetic and forage)

The importance value of the plant partdJokirkianais shown in Table 12Based on the UIVI of

U. kirkiana, the ripe fruit (2.27), leaves (1.17), stem bark (1.16) and trunk (1.14) were the most
important plant parts. Knowledge of the fruit (93.5%), trunk (49.2%) and branch (47%) was higher
according to the frequency of citations (Tab®. The fruit ofU. kirkianawas the plant part with

the highest number of specific uses. The young shoots, seed, sap and kernel were the least importan
plant parts, the least known by the participants and present the isgdddiversity indices (Table

12).

79



Table 12 Importane value of the plant parts bf. kirkianain Malawi

Citation Frequenc' Use Importance  Use Diversity Use Importance Valu
Plant parts

(Rc %) Value (UIV) Index (UDI) Index (UIVI)
Fruits 0.93 0.33 1.00 2.27
Leaves 0.28 0.12 0.77 1.17
Stem Bark 0.45 0.16 0.55 1.16
Trunk 0.49 0.20 0.44 1.13
Branch 0.46 0.16 0.44 1.06
Roots 0.25 0.09 0.44 0.79
Kernel 0.05 0.02 0.44 0.51
Sap 0.05 0.00 0.44 0.50
Flowers 0.04 0.01 0.44 0.49
Seed 0.05 0.01 0.33 0.39
Young shoots 0.07 0.01 0.22 0.30

The distributionof participants by ethnic groups shownin Table 13 The mean reported use of
the plant parts df). kirkiana(RUmoyen) varies according to ethnic groups. It is higher among the
Chewa (4.5£2), the Mang'anja (3.8+1.8) and the Nyanja (3.6la8)d 13). Low RU means were
observed among the Lomwe, the Tumbuka, the Yao and the Sena. Statistical testayOne

ANOVA) showed that the variation in knowledge between ethnic groups was signffipantO 0. 0 5

Table 13 Distribution of participants by ethnic grasip

Variables RU mean Group
Chewa 45+20

Mang'anja 3.8+1.8

Nyanja 36+1.8 ab
Ngoni 2916 b
Nyakyusa 26+1.6 bc
Sena 24+15 bc
Yao 22+14 bc
Tumbuka 19+14 C
Lomwe 15+1.3 d

Key: *Means that do not share the same letters are significantly different. Tukey's test was applied after ANOVA to
deternine the groups that was significantly different from each other. Letters (a, b, ¢, and d) were assigngzsto grou
with significant differences
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Similarity of U. kirkianause by ethnic groups in Malawi according to Sorensen iagegresented

in Table 14 The Sorensen index, with values less than or equal to 0.55, showed that each ethnic
group knew less than half of the usekich the other group knewT@ble 15. The highest
knowledge similarities were observed between the Yao and Chewa (IS = 0.77), Tanduka

Yao (IS =0.77), and the Yao and the Ngoni (IS = 0.76). Moderate similarities were found between
the Nyakyusa and Chewa (IS = 0.57), and the Ngoni and Nyakyusa (IS = 0.57). The lowest
similarities were recorded between the Tumbuka and the Tongad(E5) and the Mang'anja and

the Yao (IS = 0.55).

Table 14 Similarity of U. kirkianause by ethnic groups in Malawi according to Sorensen

index

Chewa Lomwe Manganja Ngoni Nyakyusa Nyanja Sena Tonga Tumbuka

Lomwe 0.11

Mang'anja 0.25  0.13

Ngoni 0 0.12 0.25

Nyakyusa 0.57 0.46 0.36 0.57

Nyanja 0.25 0.13 0 0.25 0.33

Sena 0.4 0.29 0.15 0.4 0.18 0.15

Tonga 0.11 0 0.13 0.11 0.46 0.27 0.29

Tumbuka O 0.12 0.12 0 0.62 0.25 0.40 0.12

Yao 0.77 0.33 0.55 0.76 0.22 0.54 0.40 0.67 0.77

The result on the specific uses Wf kirkiana according to ages is presmgfin table B. The
average number of usesWf kirkianareported by respondentgasin the age groups between 19

and 29 years, 30 and 59 years, and overe@lsyis 2.57+2; 3.2+1.8, and 3.6+1.9, respectively.
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Table 15 Mean specific uses &f. kirkianaaccording to ages

Age RU mean
Young 257 +2.0
Adult 32x1.8
old 36+x1.9

Key: Fisher test (p = 0.32), show that there is no significant differeanknowledge of uses based on age

The result on the specific usesf kirkiana according togender is presented in table. Tthe
respondents (under 30 years old) have less knowledge (2.7+2). However, the Fisher test (p = 0.32)
shows that there is nsignificant difference in knowledge of use according to age. Regarding
gender, the average knowledgelaf kirkiana uses was 3.18+1.56 for male and 28050 for

female, Tablel6.

Table 16 Mean specifiausesof U. kirkianaaccording to Gender

Gender RU mean

Man 3.18 £ 156

Woman 290+1.50

Key:Fi sher's tests show that there is &.kskiampose batweennt di
genders.

Resuls on the nean specific uses &f. kirkianaaccording to education levislpresentingn Table
17.Fisher'stests showed thattheri s a si gni fi cant di fU. krkismace (
usesbetween the genders. In terms of educational level, the mean number of Usdsrkibna

reported by participants with more knowledge is 3.87+1.93 and 3.50+1.78 for those with no
education and primary education, respectively (Tddle Participants with university education
have | ess knowledge (2.45N1.78). However, F

difference in knowledge of uses according to education level.
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Table 17: Mean specific uses &f. kirkianaaccording to education level

Education Level RU mean Group*
High school 3.04 £1.65 a
None 3.87 £1.93 ab
Primary 3.50+1.78 ab
Secondary 3.39+£1.85 bc
University 2.45+1.78 c

Key: *Means that do not share tsame letters (e.g., a and b) are significantly different according to Tukey's test at a
5% significance level. Means sharing the same letter (e.g., ab) do not show significant differences in usage knowledge.
Fisher's test (p Ognificar® differensehirotive knowlédgetof useb according te theseducation
level

Thefindings obtained from the winerability index of the different plant parts and overalllJof
kirkiana according to the use by local communitispresented in Figure.8The vulnerability

index ofU. kirkianawas Iv = 2.25, a value close to less than 2.5 which showed that the species is
moderately vulnerable in MalawFigure §. Conversely, the most vulnerable plant parts were

respectively the trunk (2.6), roots (2.4ndastem bark (2.4).
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nerability 2
Index = 2.25

Figure 8: Vulnerability index of the different plant parts and overallUokirkianaaccording ®
the use by local communities

Key: At the center of the doughnut chart, the vulnerability inded.dfirkianawas indicatedn the cantry

4.2 Species composition and phylogenetic patterns along elevation gradients

4.2.1 Community species composition and demographic structure in different elevation area

Table B showed the frequency of vegetative importance of the dominant botamich. fen the

149 surveyed plots, we recorded 5,706 individuals of woody plants, representing 124 species across
89 genera and 39 botanical familiesppendix 5. The flora was mainly represented by the
Fabaceae (42 species), followed by Phyllanthaceaep€@ies), Rubiaceae (8 species) and
Anacardiaceae (5 species), which together contributed 51.61% of the total richaleles18).

Analysis of species frequencies highlighted that habitdts &irkianawere chiefly dominated by
Uapaca sansibaric&ax (1249%), while other abundant taxa includédchystegia spiciformis

Benth. (6.98%)Brachystegia taxifolidHarms (6.84%)Parinari curatellifolia Planch. ex Benth.

(5.63%),Julbernardia paniculatgBenth.) Troupin (4.14%)Combretum moll&R. Br. ex G. Don
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(3.56%), Brachystegia longifoliaBenth. (3.20%)Brachystegia floribunddenth. (3.17%), and

Syzygium guineeng@/illd.) DC. (3.01%).

Table 18 Frequency ofregetativamportance (FIV) of the dominant botanical faynil

Forest Family FIV
Fabaceae 114
Chongoni Phyllanthaceae 86.3
Phyllanthaceae 90.3
Fabaceae 46.4
Dzalanyama Chrysobahnaceae 16.3
Phyllanhaceae 97.5
Fabaceae 30.7
Myrtaceae 27.8
Kan'ingnina Chrysobalanaceae 25
Phyllanthaceae 113
Chrysobalanaceae 29.6
Mangochi Fabaceae 28.9
Fabaceae 112
Phyllanthaceae 50.7
Perekezi Combretaceae 26.6
Phyllanthaceae 73.6
Annonaceae 30.4
Fabaceae 24
Anacardiaceae 20.1
Zomba Myrtaceae 15

Key: Chongoni forest= 1600770m, Dzalanyama forest= 115[295m, Kan'ingna forest= 125@.370m, Malosa
forest= 856950m, Mangochi forest= 70800m, and Perekezi forest= 15Q&00m.
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The Structural indices of the siratural forests studied across their elevation in Malanei
presented in Table 18h the Chongoni forest, the Fabaceae family is predominant with an VI of
114, followed by Phyllanthaceae (86.3)able 19) . I n the Kaningbina f
maintins a dominant position (FIV = 97.5), accompanied by secondary contributions from
Fabaceae (30.7), Myrtaceae (27.8), and Chrysobalanaceae (25.0). The Mangochi forest also shows
a clear dominance of Phyllanthaceae (FIV = 113), followed by Chrysobalang®ég and
Fabaceae (28.9). Finally, in the Zomba forest, the family distribution is chasadtileyia moderate
dominance of Phyllanthaceae (73.6), followed by Annonaceae (30.4), Fabaceae (24.0),
Anacardiaceae (20.1), and Myrtaceae (15.0). Overall, thadéae and Phyllanthaceae appear as

the two most structuring families in the majority of the studied areas, although their relative

dominance varies from one elevation to another.

The structural analysis of the six natural forests of Chongoni, Dzalagkaema&, i ng 6 i n a, N
Mangochi, and Perekezi revealed notable variations between the sites regarding the distribution of
diameter classes (Tabl@9). The Permutation Index (PI), used to quantify the level of
disorganization in the diameter structure, dispthyalues ranging from 0.37 (Chongoni) to 0.59
(Mangochi). Skewness, which indicates the asymmetry of the diameter distribution, was positive
in all forests, with values ranging from 1.09 (Chongoni) to 1.57 (Dzalagnama). Kurtosis, which
evaluates the degreof concentration of the data around the mean, ranged from 3.93 to 10.30. The
lowest values were observed in Chongoni (3.93) and Malosa (3.95), while the highest value was
recorded in Perekezi (10.30). Regarding structural inequality indices, the Gaririauaged from

0.22 (Mangochi and Perekezi) to 0.32 (Malosa), reflecting varying levels of inequality in the
distribution of diameters. The Shannon index, which measures the diversity of diameter classes,

showed values ranging from 0.@4angochi) to 1.1XChongoni).
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Table 19 Structural indices of the sixaturalforests studied across their elevation in Malawi

Permutation
Forest Index Skewness  Kurtosis Gini Shannon
Chongoni forest 0.37 1.09 3.93 0.28 1.11
Dzalagnama forest 0.54 1.57 5.42 0.30 0.86
Kan'ingnina forest 0.43 1.14 4.19 0.30 0.99
Malosa forest 0.46 1.17 3.95 0.32 0.99
Mangochi forest 0.59 1.14 4.57 0.22 0.64
Perekezi forest 0.50 1.41 10.30 0.22 0.73

Key: Chongoni forest= 166@770m, Dzalanyama forest= 11202 9 5 m, Kani ng 6-13A0m, Malosae st =
forest= 856950m, Mangochi forest= 76800m, and Perekezi forest= 150600m

The diameter structure of woody plant communities across six forest sites distributed along an
elevation gradient in Malawi was assessed using diameter at heggtst (DBH) classes, grouped

in 5 cm intervalsand is presented in Figure Bhe frequency distribution of trees densities per
DBH class was modeled using the thpsgameter Weibull distribution. For each elevation zone,

the fitted curves are representeidh corresponding parameter estimates: the location parameter
(a), scale parameter (b), and shape parameter (cPég.Across all elevation sites, tree density

was consistently highest in the smallest diameter classes, particularly intBgpband [10

15[cm intervals, with a progressive decline observed toward larger diameter classes. This trend was
maintained across elevations, although variations in the magnitude of densities and curve shapes
were observed between sitBespite a consistenbchinance of lower diameter classes across the
elevation gradient, moderate differences were noted in the estimated Weibull parameters (a, b, and
c) among the forest sitesh@ highest elevation band (1608370 m; Figure 9a) yielded parameters

of a=1.43, b47.1, and c=1.79. In contrasite site at 1150295 m (Figure 9b) presented the lowest
shape parameter, a=0.901, alongside b=13.9 and c=1.67. The highest slaapetepawas
observed at the 1251870 m site (Figure 9c), with values of a=2.85, b=13.0,carid48, closely
followed by the 15001600 m site (Figure 9f), which had estimates of a=2.61, b=11.8, and c¢=1.97.

Finally, the lower elevation sites displayed sim#hape parameters, with the m site (Fig.

87



3d) showing a=2.21h=13.4, and c=1.45, drthe 706880 m site (Figure & exhibiting a=2.17,

b=10.7and c=1.90.
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Figure 9: Distribution of diameter class structure across elevation gradient in Malawi, with Weibull

Key: a= Chongoni forest{6001770m); b= Dzalanyama forestl((501295m); c=Kaning 6 i n a 125013&Ms);t (
d=Malosa forest§50-950m); e=Mangochi forest{00-800m) and f=Perekezi forestl(600-1600m.)

4.2.2 Phylogenetic diversity and the analysis of similarity in different elevation area

The result obtained from the change of comityuphylogenetic diversitand SES.PD with the
elevation gradienis shown in Figure 10Along the elevational gradient, the Standardized Effect
Size of Phylogenetic Diversity (SES.PD) showed a significantlinear relationship with
elevation Figure 1@). The generaded additive model (GAM) revealed a strong fit (R2 = 0.86, P

< 0.001), highlighting a pattern where SES.PD increased at low elevation, decreased at mid
elevation, and sharply increased again at higher elevation. The result of the trem(Rizt= 0.05,

p = 0.51) showed that the community phylogenetic diversity index first decreased and then

increased with elevation (Rige 10A and B. Meanwhile, our result showed that the species
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richness was significantly positively correlated with theglpgenetic diversity index. Trend lines

were modeled via general additive models (GAMs) to show general trends of the PD with elevation.
In contrast, the Phylogenetic Diversitylardcastl¢ index dispayed a significant negative linear
relationship with elevation (R2 = 0.2, P < 0.0Flg. 107A). The fitted linear model indicated that

PD tends to decrease as elevation increases, though with notable variation among sites, particularly

at mid-elevationswhere local maxima in PD were also observed.

A B
wl RE=02 R?=0.86
P = <0.001 P = <0.001

gt e 0501

0.251

SES.PD

-0.25

750 1000 1250 1500 1750 750 1000 1250 1500 1750
Altitude (m) Altitude (m)

Figure 10. The change of community PD and SH3 With the elevation gradient

Key: PD, Phylogenetic diversity; SES.PD, Standardized effect size ahRgure A, the black dots
areactual measured values, thiee line is the fitted value, and the shading is the 95 % confidence intervaluhe Fig
B, the solid blue line corresponds to a generalized additive model (GAM) presentetétekemine the trenénd
the shading is the 95 % confidence interv@horgoni forest= 160a770m, Dzalanyama forest= 1150295m,
Kani ng6i na-1370m, Kaosaforett2 &E@0m, Mangochi forest= 76800m, and Perekezi forest= 1500
1600m

The result in Figure 1is shownthe analyis of plots based on the community sture of woody
plantsThe princi pal c oor di n aotedarspattarnsanlthe phylsgengtie C o A
composition of woody communities along the elevation gradient in MgRgure 13. The first

two axes explained a cumulative proportion ofiasace of 100%, with PCoA Axis 1 accounting

for 33.32% and PCoA Axis 2 for 66.68% of the total variance in phylogenetic structure.
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Communities distributed along these axes showed a notable differentiation between elevation

classes, represented by coloreihps according to their elevation ranges.
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Figure 11: Principal coordinate Analysis of plots based on the community structure of woody
plants

Key. Chongoni forest= 160Q770m, Dzalanyama forest= 13202 9 5 m, Kani ng 6-13W0a, Malosae st =
forest= 850-950m, Mangochi forest= 76800m, and Perekezi forest= 150600m BIO01= Annual Mean
TemperatureBlO03=Isothermality BIOO4=Temperature Seasonality

Environmental fitting procedures (envfit) indicated that three climatic variables significantly
influenced the ordination afommunities (p < 0.05) shown in table Table02 Annual Mean
Temperature; p= 0.0017, Isothermality; p= 0.0374 &edhperature Seasonality; p= 0.00001

(Table20).

Table 20: Environmental factors fitted on to PCoA axes
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Variable P_value

Annual Mean Temperature 0.00
Isothermality 0.03
Temperature Seasonality 0.00
Temperature of Warmest Month 0.95
Temperature of Warmest Quarter 0.45

The corresponding vectors for these variables were overlaid on the ordination plot, showiag dist
directions and magnitudeand are presented in Table.2dmong them, BIO04 exhibited the
strongest gradient, followed by BIO03 and BIOOQ1, based on vector lengthsienthtoyns in
ordination spaceThe variablesMax Temperature of Warmest Monémd Mean Temperature of
Warmest Quarter were not statistically significant (p > 0.05) and thus were excluded from the

vector fitting.

Table 21: Vector coordinates for significaehvironmentabariables

Variable Diml1 Dim2
Annual Mean Temperatur 0.05 0.15
Isothermality -0.44 -0.87
Temperature Seasonality -0.99 -3.02

Key: Dim1 and Dim2 These are the first two principal components (PCgheflatasetDim1 captures the largest
amount of variation in the dataset.Dim2 (or PC2) captures the sésgedt amant of variation, orthogonal
(uncorrelated) to DimITogether, Dim1 and Dim2 provide a reduadichension view of the dataset, showing the main
gradients of variation amortbevariables.

4.2.3 Differences among the phylogenetic community compositions in theftlirent

elevation areas
Variation in multiple phylogenetic diversity and structure metrics was assessed across Six
altitudinal classes along the elevation gradient in Mal@vgure 123 . Faithds Phy
Diversity (Faith_PD) exhibited significant difiences between elevation bands, with the highest

values recorded in the lowest ([115R95[) and highest ([160D770[) classesStatistical
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groupings based on pairwise comparisons revealed distinct differences in phylogenetic richness
among elevation zoneblean Nearest Taxon Distance (MNTD) values remained relatively stable

across elevation bands, showing no consistent directional pattern.

In contrast, Mean Pairwise Distance (MPD) values were slightly reduced in thedewadion class
([1500-1600[), whike remaining comparable across other sites. Net Relatedness Index (NRI) and
Nearest Taxon Index (NTI) showed variable patterns across the gradient. NTI values were negative
in the lowest elevation class and shifted to positive values in mid and high atebatids.
Significant differences among elevation classes were observed for both indices, with NTI
displaying clearer distinctions. NRI showed greater variability between classes but followed a

similar elevation related shift.

The standarded effect size of MPD (SES_MPD) and MNTD (SES_MNTD) also varied with
elevation. SES_MPD showed a pronounced increase at mid elevation-{[880f), while
SES_MNTD exhibited more uniform values, with a modest increase in the highest elevation class.

Statistical compasions confirmed significant variation in these indices across elevation bands.
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Figure 12 Variation of phylogenetic diversity and structure indices across different elevation
classes in Malawi

Key:The metrics presented i n iyl (kadhePD): keah Padvese Pistande qMPON et i ¢
Standardized Effect Size of MPD (SES_MPD), Net Relatedness Index (NRI), Mean Nearest Taxon Distance (MNTD),
Standardized Effect Size of MNTD (SES_MNTD), Nearest Taxon Index (NTI), and Standardized Effect Size o
Phylogenetic Diversity (SES_PD¥ix altitudinal classes ranging from 700 to 1770 m. Bars represent means * standard
errors group value®ifferent lowercase letters (e.g., a, b) indicate statistically significant differences among elevation
classes baskon pairwise comparisons (p < 0.05); Chongoni forest=1I60@m, Dzalanyama forest= 113@95m,

Kani ngdi na-1370n, Madosaforedt2 8880m, Mangochi forest= 76800m, and Perekezi forest= 1500

1600m

4.2.4 Community phylogenetic structure response$o elevation and environmental factors

The results showhe regression analyses between community phylogenetic structure metrics and
elevationn presented in figure 12long the elevational gradient, the Net Relatedness Index (NRI)
did not show a statigally significant relationship with elevation (R2 =0.01, P = 0.3uFegl3).
Similarly, the Nearest Taxon Index (NTI) exhibited no significant correlation with elevation (R2 =

0.00, P = 0.4; Figre 1B). Linear regression models were fitted to asHesselationship between
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elevation and these indices. The results indicate that neither NRI nor NTI vary significantly with
changes in elevation across the studied gradient. The data points and regress®sHim@sin

Figure 13 and B respectively.
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Figure 13 Regression analyses between community phylogenetic structure metrics and elevation

Key: the black dots are actual measured values, the blue line is the fitted value, and the shading is the 95 % confidence
interval; Chongoni forest= 1660770m, xalanyama forest=11802 9 5 m, Kani n g 6137%0m, Mélasa e st =
forest= 856950m, Mangochi forest= 76800m, and Perekezi forest= 150600m

Correlations between phylogenetic diversity indices and environmental variables were analyzed
(Figure 14. Forthe Faith_PD index, strong and statistically significant positive correlations were
observed with variables BIO03 (r = 0.934; p = 0.0065), BIO16 (r = 0.892; p = 0.0170) and BIO18
(r =0.861; p = 0.0275). Other positive but rmmgnificant correlations werfound with BIO12 (r
=0.729; p = 0.1003), BIOOS5 (r = 0.696; p = 0.1250), and BIO11 (r = 0.614; p = 0.1944). Moderate
negative correlations were found with HWSD (10s670; p = 0.1454) and altitude (r8.455; p =

0.3643). The observed MPD index showaegbositive correlation with BIO19 (r = 0.737; p =
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0.0947), while moderate positive correlations were noted with Phosphorus (r = 0.659; p = 0.1542)
and SOIL_DEPTH (r = 0.612; p = 0.1969). The other variables showed weak and insignificant
correlations. Forite Net Relatedness Index (NRI), moderate to strong negative correlations were
recorded with BIOO3 (r =0.768; p = 0.0746), BIO16 (r #©.686; p = 0.1323), and BIO18 (r-=

0.626; p = 0.1835).

A positive correlation was observed with BIO19 (r = 0.758;000806). The Nearest Taxon Index
(NTI) showed a strong negative correlation with BIO12 (0+99; p = 0.0564), followed by
B1018 (r =-0.633; p = 0.1775) and Phosphorus{0:657; p = 0.1566). The other variables showed
weak correlations. The observiddNTD index showed moderate negative correlations with Aridity

(r =-0.685; p = 0.1329), Nitrogen (r-8.637; p = 0.1741), and BIO04 (r-8.567; p = 0.2406),
while altitude showed a moderate positive correlation (r = 0.432; p = 0.3926). For SES_MNTD,
the strongest correlations were observed with Nitrogen-(.648; p = 0.1639) and BIO19 (r-=
0.594; p = 0.2135), but did not reach statistical significance. For SES_MPD, a strong negative
correlation was found with BIO19 (ri=0.895; p = 0.0159). Significhmegative correlations were

also found with SOIL_DEPTH (r 0.770; p = 0.0732) and Phosphorus ¢0=69; p = 0.0738).
Finally, for SES_PD, no significant correlation was detected. The highest coefficients were
observed with HWSD (r = 0.579; p = 0.228B)O12 (r =-0.531; p = 0.2783), and BIO04 (r-=

0.520; p = 0.2904), all of which were nsignificant.
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Figure 14 Correlations between phylogenetic diversity indices and environmemiables across
the ecological gradient

Key:Fai t h_ P B Phylogéretic Dikefiy; MPD = Mean Pairwise Distanc8ES_MPD = Standardized Effect

Size of MPD NRI = Net Relatedness IndeMNTD = Mean Nearest Taxon Distanc®@ES _MNTD = Standardized
Effect Size of MNTD NTI = Nearest Taxon Indexridity = Aridity index; BIOO1 = Annual Mean Temperatyre
B10O03 = IsothermalityBlO04 = Temperature SeasonaliBIO05 = Max Temperature of Warmest MontBjO10 =
Mean Temperature of Warmest Quart&Oll = Mean Temperature of Coldest QuartBtO12 = Annual
Precipitation BIO16 = Recipitation of Wettest QuarteBIO18 = Precipitation of Warmest Quart8l019 =
Precipitation of Coldest Quartdtlev = ElevationHWSD =Harmonized World Soil Database

The circular phylogenetic tre€jgure 15illustrates the evolutionargelationships among the 89
woody species recorded across all sampling plots. These species belong to multiple families and
genera and are organized according to their phylogenetic positions. Branch lengths correspond to

evolutionary divergence based on thelerlying phylogenetic dataset. Several distinct clades w
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visible in the tree. The genusmpacawas represented by three specldskirkiana, U. nitida, and
U. sansibarica grouped within a single lineage. Similarly, five species of the genus Btagheys
(B. spiciformis, B. floribunda, B. taxifolia, B. utilis, and B. longifptéuster together on a common
branch. Other genera such as Parinari, Combrefunmona andFicus also showed grouping of
their respective species into discrete clades. Tiypogbnetic tree showed variation in lineage

depth and branch length. Some species were located on short branches in close proximity, while

longer branches separated others
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Figure 15 Phylogenetic trees of woody speciasross elevation gradient of Malaw
Key: All species scientific names are in Appendix 5)
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4.3 Functional trait variation of Uapaca kirkianaacross ecegeographical regions

4.3.1 Morphological variability of U. kirkiana among geographical region

U. kirkiana showed a considerable variability morphological and functional traits across the
three geographical regions studied (Tab®. Many traits, which included fruit shape (CV =
13813%), seed weight (CV = 34.64%)d mass loss by desiccation (CV = 30.04%), showed
significant dispersion (C\* 30%) in the Central region, which showed the highest variability
(Table 2). Regional differences in fruit traits, including fruit weight and seed weight, were
significant (p < 0.05), with the Central region recording lower average values than thehtbrth
South (Table 2). Fruit width, length, and number of seeds, on the other hand, were not significantly
different (p > 0.05). The North had higher mean values for fresh leaf weight and leaf water content
than the other regions. On tbeehand,in an agument that precedes there was a regional
variation in the mean leaf gb@ (1.75+£0.15and the mass loss by desiccation was intermediate in
the South. Total height and canopy height were the groslidtted morphological traits that varied
significantly (p < 0.05), with individuals from the Central region being shorter than those from the
North and South. Additional traits suchamopy diameter, basal diamesgid diameter at breast
height (DBH) showed high coefficients of variation (CV > 50%), esjlgdn the South (Table

22).

Table 22:Variation ofthemorphological traits ol. kirkianaamong geographical regions

Traits Statistics  North Central South

Fruit traits

Shape fruit Mean + std 1+0.07 1.39+£1.92 0.98+0.04
CV (%) 7 13813 4.08

Fruit weight Mean + std 20.16+5.28 15.25+5.2% 18.47+4.19
CV (%) 26.19 34.16 10.5

Fruit length Mean = std 31.72+2.77 31.19+2.17 3123 +2.76
CV (%) 8.73 6.95 8.83

Fruit width Mean + std 32.18+2.9% 31.09+2.134 31.45+2.8%
CV (%) 9.04 6.88 7.41

Seed traits

Mean = std 3.67+0.28 3.49+0.28 3.57+0.26
CV (%)  7.63 8.02 7.28
Seed weight Mean + std 6.95+2.08 4.59+1.59  6.61+1.69

Number of seed
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CV (%) 29.92 34.64 25.56

Leaf morphological traits

Leaf length Mean + std 16.49+4.48 17.44+1.99 17.69+1.99
CV (%) 26.86 11.41 11.24

Leaf width Mean + std 10.97+1.68 11.07+0.94 10.25+1.46
CV (%) 14.85 8.49 13.65

Leaf shape Mean +std 1.51+0.324 1,59+0.12  1.75+0.18
CV (%) 22.07 7.55 8.57

Leaf functional trait s

Fresh leaf weight Mean +std 6.12+1.34 4.39+1.00 4,68 +1.0%
CV (%) 21.9 22.78 21.58

Dry leaf weight Mean + std 2.17+0.66  1.96+0.47 1.52+0.38
CV (%) 27.64 23.97 21.71

Mass loss by desiccation Mean + std 3.95+0.83 2.43+0.78  3.17+0.77
CV (%) 21.01 30.04 24.29

Leaf water content Mean + std 64.40+4.52 54.73+7.20 67.03+5.53
CV (%) 6.91 13.15 8.25

Growth -related morphological traits

Basal Diameter Mean + std 21.6745.99 26.28+9.54 27.73+14.683
CV (%) 27.64 36.3 52.75

Diamete at Breast Height Mean + std 19.64+4.98 22.80+8.283 24.96+12.57
CV (%) 25.36 36.09 50.36

Total height Mean + std 9.47+4.17 6.54+2.17 8.58+2.3%
CV (%) 44.03 33.18 26.92

Bole height Mean + std 2.98+1.6% 3.11+1.78 3.41+1.50
CV (%) 50.03 57.23 43.99

Height of canopy Mean + std 6.49+3.76 3.43+25f  5.17+2.12
CV (%) 57.93 73.17 41

Mean diameter of the canopy Mean + std 7.95+2.33  7.43+2.38 6.94+2.68
CV (%) 29.3 31.62 38.32

Canopy shape Mean + std 0.87+0.50 0.48+0.37  0.77+0.26
CV (%) 54.47 77.08 33.77
Mean + std 3.71+1.33 3.75+1.32 3.17+1.46

Number of branches CV (%) 3585 35.2 44.16

Key: CV: Coefficient of variation, std: standard error of me@or each trait, means followed by the same letters are

not significantly dferent(pv al ue > 0. 05) according to Tukey’ s

4.3.2 Pairwise correlation between morphological traits

We founda significant and positive correlation (r > 0.5; p < 0.001) between the diameter at breast

post

height (DBH) and the basal diameter (BD) ©0.87), as well as between the total height (TH) and

the basal diameter (r = 0.52) and the DBH (r = 0.42). Significant correlations were also observed
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between fruit width (FW) and its diameter (FWID) (r = 0.69; p < 0.001), as well as between fresh
leaf weght (FLW) and its width (LW) (r = 0.53; p < 0.001). Canopy shape (CS) showed a
significant correlation with canopy height (CH) (r = 0.81; p < 0.001) and total height (TH) (r =
0.65; p < 0.001)Kigure 16. Moreover, CS was also positively correlated il leaf dehydration

mass (MLD) (r = 0.33; p < 0.01). Among the significant negative relationships, there was an inverse
correlation between leaf length (LL) and leaf dry mass (LWC)-(.36; p < 0.01). Moreover, the
height of the canopy was negativelyrielated with leaf length (LL; r =0.30; p < 0.01) and leaf

dry mass (LWC; r =0.44; p < 0.001). Finally, moderate correlations were observed between the

number of seeds (NS) and the seed mass (SW) (r = 0.34; p < 0.01)

5z 8 8 33 .02 3% ¢ 4 9 £ 5 3
BD -0.03-0.37-0.24-0.13 0.24 0.06 0.07-0.01 -0.02. 0.11/0.52 0.30 1
-0.26-0.13-0.15-0.15-0.19-0.03 0.11-0.18-0.23 0.12-0.16 0.09 0.32 0.8
0.13 0.15 0.08.-0.22-0.33 0.11 0.33-0.22 0.35-0.02

DBH -0.01-0.32-0.26-0.15 0.31 0.04 0.04 0.00 0.01 0.13 >
0.03-0.04 0.06 0.16 0.32-0.24. 0.50 0.00 0.22 - 0.4

FLW 0.06 0.19 0.13 0.33 0.23-0.18 0.53. 0.07
FL -0.10-0.18 0.07 0.07-0.15-0.01-0.19-0.01 P
0.08-0.11 0.09-0.21 0.28-0.17 F 0

0.06-0.07 0.11-0.17 0.14-0.04
-0.30-0.44 0.08 0.37 0.29 2
0.14-0.10 - -04

-0.19-0.12-0.13
-0.6
-0.8
1

Figure 16. Pairwise correlationf morphological traits

Key: SH = Shape fruit; FW=Fruit weight; FL=Fruit length; FWi=Fruit width; NS=Number of seed; SW=Seed weight; LL=Leaf
length; LW=Leaf width; LS=Leaf shape, FLW=Fresh leaf weight; DLW=Dry leaf weight; MLD=Mass loss by desiccation,
LWC=Leaf water content; BD=Basal Diameter; DBH=Diameter at Breast Height; TH=Total height; BH=Bole height; HC=Height
of canopy; MDC=Mean diameter of canopy; CS=Candmpe, and NB=Number of branch@e colors used in a correlation
matrix provide a powerfwisual representation of two key aspects of the Pearson correlation coefficient (r): its direction (sign) and
its magnitude (strength). The standalisterging color scheme employs blue ardl ito indicate the sign ohé¢ relationship.
Specifically, Bue indicates a positive correlation (r>0), meaning that as one variable increases, the other variddhel o
increase. Converselyed indicates a negative correlation (r<0), meaning that as one variable increases, the other tends to decrease.
The intensity of these colors denotes the strength of the relationship: a darker, more saturated color (deep blue or vivifieed) signi
a strong correlation, with™ approaching 1, indicating a tight linear relationship. Conversely, a paler or lighter codor ifetir

white orlight grey) signifies a weakorrelation, where r is close to 0, meaning the variables are largely unrelated. Therefore, the
matrix allows the viewer to instantly identify the strongest positive relationships (darkest blue) and thesistneggtive
relationships (most vivid red).
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4.3.3 Discriminant morphological and functional traits of U. kirkiana according to the

region
According to the results of the CDA, the morphological and functional traits that significantly
discriminated varioud). kirkiana trees included LWC, MLD, LL, CS, SF, NB, BD, SW, MDC

(Table23).

Table 23 Results of the selection ekplanatoryariables using a multivariate procedure based
on Wilks' Lambda and-kests

Variable Wilks' Overall F-statistic Overall p-value  F-statistic difference
Lambda

LWC 0.54 29.29 6.16 29.29
MLD 0.38 20.85 2.01 13.86
LL 0.32 17.04 1.43 6.51
CS 0.27 15.13 1.32 6.01
SF 0.24 13.34 6.88 3.81
NB 0.22 12.04 5.02 3.30
BD 0.19 11.29 2.19 3.82
SW 0.17 10.53 1.92 2.94
MDC 0.16 9.89 1.99 2.67

Key. CS=canopy shape; MDC=mean diameter of canopy, SW=seed weight, BD=basal diameter; NB=number of
branche; SF=shape fruit; LL=leaf lengh; LWC=leaf water content; MLD=mass |ladsdigcation

These traits significantly discriminated trees based on tlggoe d provenanceTable24). Mass

loss by desiccation (MLD) was higher in the North (estimate = 1.52, p < 0.001) and the South
(estimate = 0.73, p = 0.002) compared to the Central region. Leaf water content (LWC) also
exhibited strong regional variatipwith increases of 9.66 units in the North and 12.29 units in the
South (p < 0.001). Seed weight (SW) was significantly greater in both the North (estimate = 2.26,
p < 0.001) and South (estimate = 2.22, p < 0.001), while canopy shape (CS) was moreedevelop

in these two regions (North = 0.38, p = 0.001; South = 0.29, p = 0.014). In contrast, traits such as

101



leaf length, fruit shape, and number of branches, basal diameter, and mean canopy diameter did not

differ significantly among regions.

Table 24: Resultsof linear modelsevaluatingthe effect of the region on different morpho

functional variables of. kirkiana

Variable Coefficient Estimate Std. Error tvalue p-value Adj. Model global

R2 p-value

(Intercept) 2.43 0.159 15.28 <2el6** (0.3811 2.42e08 ***
MLD Region North 1.52 0.22 6.76 3.61e09 ***

Region Soutt 0.73 0.22 3.27 0.00168 **

(Intercept) 54.73 1.19 45.76 <2el6** 0.4435 6.16e10 ***
LwcC Region North 9.66 1.69 5.715 2.56e07 ***

Region Soutt 12.29 1.69 7.267 4.35e10 ***

(Intercept) 17.43 0.61 28.13 <2el6** 0.0012 0.358 (ns)
LL Region North -0.94 0.87 -1.07 0.286 (ns)

Region Soutl 0.25 0.87 0.29 0.769 (ns)

(Intercept)  1.39 0.22 6.15 4.4e08 ***  0.0014 0.356 (ns)
SF Region North -0.39 0.32 -1.23 0.221 (n}

Region Soutt -0.40 0.32 -1.27 0.208 (ns)

(Intercept)  3.75 0.27 13.55 <2el6** 0.0107 0.258 (ns)
NB Region North -0.04 0.39 -0.10 0.916 (ns)

Region Soutt -0.58 0.39 -1.49 0.141 (ns)

(Intercept)  26.28 2.17 12.07 <2el6** (0.0305 0.128 (ns)
BD Region North -4.61 3.07 -1.49 0.138 (ns)

Region Soutt 1.44 3.07 0.47 0.639 (ns)

(Intercept)  4.59 0.37 12.17 <2el6** 0.2335 3.86e05 ***
SW Region North 2.26 0.53 4.25 6.50e05 ***

Region Soutt 2.22 0.53 4.16 8.84e05 ***

(Intercept) 7.42 0.50 14.81 <2el6** (0.0005 0.367 (ns)
MDC Region North 0.52 0.70 0.742 0.460 (ns)

Region Soutl -0.4846 0.709 -0.683  0.497 (ns)

(Intercept) 0.4842 0.0803 6.033 7.13e08 *** 0.1264 0.00353 **
CS Region North 0.3819  0.1135 3.365 0.00125 **

Region Soutl 0.2867 0.1135 2.526 0.0138 *

Key: CS=canopy shape; MDC=mean diameter of canopy; SW=seed weight; BD=basal diameter; NB=number of
branches; SF=shape fruit; LL=leaf length; LWC=leaf water content; MLD=mass loss byatiesicc
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The two canonical axes explained 100% of the total variability in the morphological and functional
traits Figure 17. The first canonical function (Canl) had an eigenvalue of 1.716 and explained
58.26% of the total variation, while the second cacedriunction (Can2) accounted for 41.74% of

the variation, with an eigenvalue of 1.229%/C, MLD, SW, and CS showed higher values in the
north and south region compared to central. However, the trees from central region showed distinct
traits from thosen north and south, particularly evident in SF, LWC, NB, MDC and BD, which
best discriminated central region individuals from the other two regkigsré 13. LWC and

MLD were the two traits most strongly associated with the main axistefregional vaiation

(Canl) High positive correlations between LWC, MLD, and SW were primarily linked to the first

canonical axis (Canl)éable 5).

Table 25: Correlations between functional traits and canonical axes from discriminant analysis

Variables Canl Can2
MLD (Mean Leaf Diameter) 0.65 0.48
LWC (Leaf Water Content) 0.84 -0.14
LL (Leaf Length) -0.05 -0.22
SF (Shape fruit) -0.21 -0.01
NB (Number of Branches) -0.14 0.21
BD (Basal Diameter) -0.07 -0.31
SW (Seed Weight) 0.63 0.05
MDC (Mean Diameter of Capss) -0.01 0.23
CS (Conservation Score) 0.46 0.15

Key: anl and Can2 correspond to the first two canonical axes from a canonical analysis. Values indicate the relative
contribution of each variable to the respective axis.
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Figure 17: Discrimination of thé/2 individuals ofU. kirkianaaccading to region of provenances

Key: Projection of the traits and geographical regions into the system defined bysthievdi axes from the canoniadiscriminant
analysis (CDA)Each geographical regiamasrepresentetdy the centid of all trees in the regiobbreviations are
described in Table® This specific chromatic (#9ncoding where green, blue, and black signify the North, Smakh
Center regions respectivalyemployed for spatial stratification of theriedles within the analysis. This technique of
geographical categorization integrates the territorial dimension into the interpretation of statistical results.

4.3.4 Relationships between environmental variables and discriminant morphological and
functional traits of U. kirkiana trees

The redundancy analysis (RDA) showed that two axes (RDA1 and RDA2) together explain 87.1%

of the constrained inertia (Tabl®)2 The RDA1 and RDA2 axis were statistically significant (p

<0.001). Among the environmental variablésg aridity index, types of soil (HWSD), and altitude

(ELEV) have a significant effect on trait distribution (Tabl§.20n the first axis (RDAL), ELEV

was positively related to the discriminant morphologicalgrsitch as BD, DBH, LWC, and SW

In contrast they negatively affected FWConversely,the FW €0.20) had a strongly negative

relationship with RDA21.45). Furthermore, specific canopy height§6) was more sensitive to

variations along the RDA2 axis (Tali1&).
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Table 26: Significance and scoseof environmental variables influencing the discriminant
morphological and functional traits bf. kirkianatrees

Environmental Permutation ANOVA Scores on axes

variables Df Variance F Pr (>F) RDAL1 (59.4%) RDA2 (27.7%)
Elev (altitude) 1 25.00 5.08 0.005 0.13 0.34

HWSD (soil type) 1 40.00 8.13 0.001 -0.26 -0.09

Aridity index 1 52.67 10.71 0.001 -0.80 -0.19
Residual 63 309.80

AXis

RDA1 (59.4%) 1 76.86 15.20 0.001

RDA2 (27.7%) 1 36.37 7.19 0.001

Residual 67 338.91

Key: RDA = axes from the redundancy analysis; DF = degrees of freedom, F = Fisher statistics related to the test; Pr
(>F) = probability of the significance. Bold values indicate the variables with the largest contribution to the RDA axes.

Table 27: Loadings of the discriminating morphological and functional traits on the axes of the
redundancy analysis (RDA1 and RDA2)

Traits RDA1 (59.4%) RDA2 (27.7%)
Fruit trait

Fruit weight -0.20 -1.45
Seed weight 1.81 -1.24
Leaf functional traits

Leaf waer content 0.96 -3.20
Growth-related morphological traits

Basal Diameter 4.19 0.93
Diameter at Breast Height 3.499 0.47
Total height 0.522 -0.59
Height of canopy 0.449 -0.66

Key: RDA1 and RDAZ2 correspond to the first and second axes from a Rextyrisdaalysis (RDA), explaining 59.4%
and 27.7% of the total variation, respectively.

4.3.5 Discriminant morphological and functional traits of U. kirkiana and their

relationships with the least correlated bioclimatic variables
The PCA describing the relationphbetween the most discriminant morphological traitéJof
kirkianaand the environmental variables indicated that the first two PCA axes explained 43.9% of
the total variatiorfFigure 18) We funded thregroups, such as central, north, and south, ittt
by confidence ellipsesF{gure 19. Group 1 comprising populations from the central region,

associated with high values of temperattgiated variables Annual Mean Temperature (BIO1),

105



Max Temperature of Warmest Month (BIO5), Mean Temperature of Weir@earter (BIO10),

Mean Temperature of Coldest Quarter (BIO11) and some seasonal precipitation variables
(BIO16=Precipitation of Wettest Quarter, BIO18=Precipitation of Warmest Quarter).
Morphologically, this group was characterized by fruit length, widihd shape, and annual
precipitation (BIO12). In contrast, the North group was strongly correlated by higher elevation
(elev), slope, tree basal diameter and diameter at breast height (bd, dbh), and environmental
variables such as soil depth and ariditgle@x. The second axis (Dim 2) relates leaf morphological
variables (ll, Iwi, Ish, flw, diw, lwc) and fruit traits (fw, sw) to pedological factors such as soill
nitrogen and phosphorus content, in association with the regional groups.ttesipomposed

of the populations of south region, were most strongly associated with morphological and
environmental traits associated with higher rainfall and better soil fertility, whereas the central
group was more influenced by temperatigkated climatic variablesn addition, the bioclimatic
variables positively correlated with the first axis (BIO5: BIO8; BIO10: 7.86; BIO0O1: 7.42; BIO11:
7.62; BIO16: 6.98) and negatively correlated with elevatibri9), soil type (HWSD:8.19), and

slope €2.12) were well repremted on Dim1Table B). Dim 2 described a gradient of soil depth
(9.12) and aridity (aridity index: 7.30), and was positively associated with canopy traits (canopy
height: 4.94; canopy shape: 3.74) and leaf water content (4.72). In contrast, dianbetaistt
height (DBH: 14.35), basal diameter (BD: 15.74), and seed weight (SW: 4.91) were well loaded

on Dim 3 Table B).
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Figure 18 Principal Component Analysis (PCA) plot of morphological and functional traits,
discriminant environment variable descni@pithe variation of those traits according to
different regions (Dim 1 and 2)

Key: sf = Shape fruit, fw = Fruit weight, fl = Fruit length, fwi = Fruit width, ns = Number of seed, sw = Seed weight,

Il = Leaf length, lwi = Leaf width, Ish = Leaf shape, flwFresh leaf weight, dlw = Dry leaf weight, mld = Mass loss

by desiccation, lwc = Leaf water content, bd = Basal Diameter, dbh = Diameter at Breast Height, th = Total height, bh
= Bole height, hc = Height of canopy, mdc = Mean diameter of canopy, csh pyCatrape, nb = Number of branches,

bio01 = Annual mean temperature, bio03 = Isothermality, bio04 = Temperature seasonality, bio05 = Max temperature
of warmest month, bio10 = Mean temperature of warmest quarter, bioll = Mean temperature of coldedtigL2rter,

= Annual precipitation, biol6 = Precipitation of wettest quarter, biol8 = Precipitation of warmest quarter, biol9 =
Precipitation of driest quarter, elev = Elevation, hwsd = Harmonized World Soil Database, Aridity index = aridity
index, soil_depth =Soil depth, slope = Slope, nitrogen = Nitrogen content, phosphorus =pghbogs content,
potassium = Potassium content.
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Figure 19: Principal Component Analysis (PCA) plot of morphological traits, discriminant
environment variable describing the vapat of those traits according to different
regions (Dim 1 and Dim 3)

Table 28: Correlation matrix between the first three principal components and the most
discriminating morphological traits and significant environmental variable

Variables Dim1 Dim2 Dim3
sf 0.20 0.03 0.25
fw 0.53 0.71 2.31
fl 0.00 0.04 4.89
fwi 0.43 0.15 0.45
ns 2.17 2.66 0.15
sw 0.43 491 0.65
I 0.37 0.43 1.25
Iw 0.61 0.31 0.02
Is 1.96 0.04 2.04
flw 4.71 0.68 0.73
diw 3.61 0.34 0.20
mid 3.65 2.08 0.84
lwe 0.10 4.72 0.22
bd 0.01 1.63 15.74
dbh 0.01 2.02 14.35
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th 0.28 4.59 0.04

bh 1.26 0.00 1.15
hc 1.28 4.94 0.60
mdc 0.15 0.23 5.21
cs 0.75 3.74 3.61
nb 0.00 1.07 3.14
bio01 7.42 2.32 1.86
bio03 4.21 1.73 3.95
bio04 2.61 6.25 2.24
bio05 8.88 0.92 1.00
biol10 7.86 2.00 1.40
bioll 7.62 1.80 2.06
biol2 4.60 1.52 2.93
biol6 6.98 2.98 0.13
biol8 6.02 3.04 0.36
biol9 0.71 6.52 6.52
elev 5.49 5.16 1.64
hwsd 8.19 0.67 0.06
aridity_index 2.29 7.30 3.89
soil_depth 1.04 9.12 0.10
slope 2.12 7.36 0.88
nitrogen 0.00 3.79 6.42
phosphorus 1.44 2.19 6.71

Key: sf = Shape fruit, fw = Fruit welg, fl = Fruit length, fwi = Fruit width, ns = Number of seed, sw = Seed weight,

Il = Leaf length, lwi = Leaf width, Ish = Leaf shape, flw = Fresh leaf weight, dlw = Dry leaf weight, mld = Mass loss

by desiccation, lwc = Leaf water content, bd = Basal [Btam dbh = Diameter at Breast Height, th = Total height, bh

= Bole height, hc = Height of canopy, mdc = Mean diameter of canopy, csh = Canopy shape, nb = Number of branches,
bio01 = Annual mean temperature, bio03 = Isothermality, bio04 = Temperaturaaldgsbio05 = Max temperature

of warmest month, bio10 = Mean temperature of warmest quarter, biol1l = Mean temperature of coldest quarter, bio12
= Annual precipitation, biol6 = Precipitation of wettest quarter, biol8 = Precipitation of warmest quafi@rsbi
Precipitation of driest quarter, elev = Elevation, hwsd = Harmonized World Soil Database, Aridity index = aridity
index, soil_depth = Soil depth, slope = Slope, nitrogen = Nitrogen content, phosphorus = Phosphorus content,
potassium = Potassium conte

4.3.6 Morphotypes identified across geographical region in Malawi

The result showed four morphotypes (g 20). Morphotype 1 includes individuals from
Kaningdédina forest (North region), character.i
(1.4041.93). Morphotype 2 was made of individuals from Chongoni forest (Central region) and
Perekezi forest (North region), which characst by the lowest values of fresh leaf weight
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(4.08+0.78 g) and dry weight (1.62+0.38 g), coupled with a reduced mashi$s desiccation
(2.45+£0.74 g). However, this morphotype showed a relatively high bole height (3.59+1.76 m).
Morphotype 3 includes individuals from Malosa forest (South region), which etdgqzhrticularly

for its high values of fruit characteristicspecifically the fruit weight (19.77+3.22 g), the fruit
width (32.14+2.88 mm), and NS (3.90+0.15). This cluster also exhibits a high FLW (63.25+5.27%)
and a more pronounced mass loss by desiccationH232 g). Morphotype 4 was made of
individuals from xalanyama (Central region) and Mangochi forest (South rediogiire 20,
showing the highest value of BD (36.31+£16.70 cm), BH (3.74 £ 1.67 cm), and DBH (32.07 £ 14.60
cm). Additionally, this cluster has a notable mean CS (8.24+#1p4nd an average ofHI

(9.88£2.63 m). However, the FLW was at its highest (68.22+3.24%0)|€29).
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Figure 20. Dendrogram showing clustersdf kirkianaindividuals based on morphological traits

Key: Morphotype 1=Red colofK a n i n g 0 i), marphdtype 2=tdue coldChongni forest (Central region) and
Perekezi forest (North regign)morphotype 3=green cold¢Chongoni forest (Central region) and Perekezi forest
(North region) and morphotype 4=purple col@ndividuals from Dzalanyama (Central region) and Mangochi forest
(South region)
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Table 29 Variability of U. kirkianatrees, fruits, leavesnd seeds traits according to cluster

Cluster
Parameters Statistics
2 3 4
Shape fruit 1.40+1.93 0.99+0.05 1.00+0.09 0.98 +0.04
Fruit weight (g) 18.29 +6.81 16.14 +4.37 19.77 £3.22 19.15+ 4.41

Fruit length (mm)
Fruit width (mm)

31.17 £ 2.58
31.77 £ 2.46

31.87 +2.47 31.89 + 2.77 30.33 + 2.45
30.74 +2.64 32.14 + 2.88 32.32 + 2.69

Number of seeds 355+0.24 3.42x0.22 3.90x0.15 3.64+0.31
Seed weight (g) 516+2.10 5.15+143 7.96+1.35 14.78+24.30
Leaf length 17.44+1.97 17.73+£1.94 14.89 + 5.67 18.03 + 2.04
Leaf width 10.80+1.11 10.64 +1.18 11.37 + 2.00 10.32 +1.53
Leaf shape 163+0.14 1.68+0.13 1.30+0.38 1.78+0.19
Fresh leaf weight (g) 540+1.04 4.08+0.78 6.50+1.46 4.93+1.20
Dry leaf weight (g) Z'San 206+042 1.62+038 2.38+071 1.55%0.40
Mass loss by desiccation ( 3.34+£086 245%0.74 4.12+0.83 3.38x0.84
Leaf water content (%) 61.33£6.96 59.09 £ 9.67 63.25 +5.27 68.22 £ 3.24
Basal Diameter 24.05+9.50 21.28 +6.23 24.40 +6.17 36.31 + 16.70
DBH 21.26 +7.86 19.19+£5.25 21.85 + 5.18 32.07 + 14.60
Total height (m) 6.51+2.63 7.31+1.16 11.68+4.35 9.88 + 2.63
Bole height (m) 262+135 359+1.76 2.83+154 3.74+1.67
Height of canopy (m) 390+£185 3.72+2.17 8.84+393 6.13+251
Mean canopy diameter (m 7.01+£153 6.77+245 8.84+2.60 8.24+324
Canopy shape 0.58+028 0.60+0.38 1.10+0.57 0.80+0.34
Number of branches 3.83+1.27 3.42+1.47 3.17+0.94 3.581.68

4.3.7 Phenotypic plasticity ofU. kirkiana trees in Malawi

The results showed differences in the phenotypic plasticity index (PPI) valliekokianatree

among the geographical regions. In particular, the PPI values of CS and HC were higher for central
vs. north and central vs. south population compared to north vs. soutite(Ely. We also
observed that the morphological and functional traits associdgtiedrewthrelated traits, such as

DBH, BD, and TH, exhibited the highest levels of phenotypic plasticity (> 0.2). In contrast, NB,

MDC, and BH showed the lowest levels of plasticity (fFeg21). Moreover, the range of
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phenotypic plasticity varied by regis. The highest plasticity values for BH and MDC were
observed between north and south populations. The same trends were observed between centra
and north populations for NB. Conversely, the lowest degree of phenotypic plasticity was recorded

between cem&l and north populations, except BD, CS, HC, TH, and DBH (Figut&l).
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Figure 21 Variation of the phenotypic plasticity of the discriminant morphological and functional
traits ofU. kirkianaamong the geographical regions in Malawi

Key: The index varies between 0 and 1, with values closer to 1 indicating greater phenotypic plasticity. BD=Basal
Diameter, DBH=Diameter at Breast Height, TH=Total height, BH=Bole height, HC=Height of canopy, MDC=Mean
diameter of canopy, CS=Canopy shape, NB=Number ochem
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4.4 Population ecology and carbon storage dfapaca kirkianaMull. Arg. across regions

4.4.1. Floristic composition and diversity pattern

A total of 5706 individuals belonging to 124 species distributed in 89 genera and 39 botanical
families weranventoried Appendix §. The most representative families were Fabaceae (42 spp.),
Phyllanthaceae (9 spp.), Rubiaceae (8 spp.) and Anacardiaceae (5 spp.), accounting for 51.61 % of
the total (Figure22, and Appendix §. Specific frequencies revealed thihe vegetation ofJ.
kirkiana habitats was predominantly dominated Wgpaca sansibaricdax (12.49%), followed

by Brachystegia spiciformigenth. (6.98%)Brachystegia taxifoliaHarms (6.84%),Parinari
curatellifolia Planch. ex Benth. (5.63%julbernarda paniculata(Benth.) Troupin (4.14%),
Combretum moll&. Br. ex G. Don (3.56%Brachystegia longifolidenth. (3.20%)Brachystegia
floribunda Benth. (3.17%), andSyzygium guineens@Villd.) DC. (3.01%) Appendix 6.
According to the IUCN categories, @vspecies are considered vulneralf\é&z¢lia quanzensis
Welw., Albizia tanganyicensi8aker f.,Khaya anthothecgWelw.) C. DC.,Ozoroa reticulata
(Baker f.) R. Fern. & A. Fern., aréterocarpus angolensiBC.), and two are classified as near
threatenedHigure 22). Twentyfive have not yet been evaluated, nirehe are of least concern,

and one species is listed as data deficidppéndix 7.

Analysis of the importance value indices (IVI) in the six forests studied shows a marked
predominance df. kirkiana(Table30). In Zomba Forest, the species has the highest VI (220.73),
indicating absolute dominance in the forest structure. It is followed by its strong representation in
Mangochi Forest (IVI = 209.85), where it far surpasses the other speciestphesghongoni
Forest,U. kirkianaremains the dominant species (VI = 191.4), althoBgdchystegia floribunda

also has a high value (IVI = 154.6), reflecting floristicdmminance. In Kaning'ina Foresi,
kirkiana retains a central position (IVI = 1Z8.), followed byU. sansibarica(119.09) andB.
spiciformis(92.08), highlighting a more diverse composition. In Perekezi Forest, the species also
dominates with an IVl of 151.96, but it is closely followed By taxifolia (124.23) andB.

spiciformis (11539), revealing a high species richness. Finally, in Dzalanyama Forest has a
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moderate VI (147.1), competing with sansibaricg123.9) andlulbernardia paniculat£105.8),

reflecting a balance in the floristic composition.

ardiaceae

Pinaceae DD

Apecynaceae
Boraginaceae
Olaeaceae
irkiaceae
onnaraceae
~Bignoniaceae
~Loganiaceae
henaceas \
uphorbiaceae
Burseraceae
Hamamelidaceae

NT
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~Ericaceae
Verbenaceae

NE

Melastomataceae
Achariaceae
Oleaceae
Anisophylleaceae

Figure 22 Distribution of sgcies families across the phytogeographic regions in Malawi

Key: Least concern (LC); Near threatened (NT); Vulnerable (VU); Data deficient (DD); and not evaluated (NE);
International Union for Conservation of Nature (IUCN).
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Table 30: ImportanceValue Index

Regions Forests Species RD RDo RF VI
Uapaca kirkiana 59.6 31.8 100 1914
Brachystegia floribunda 224 322 100 154.6
Chongoni Bridelia micrantha 7.1 4.3 56 67.4
Brachystegia taxifolia 5.7 14.6 76 96.3
Brachystegia spicifanis 53 17.1 68 90.4
Central
Uapaca kirkiana 334 13.7 100 1471
Uapaca sansibarica 143 21.6 88 123.9
Dzalanyama Julbernardia paniculata 7.8 50 48 105.8
Parinari curatellifolia 41 127 32 48.8
Pericopsis angolensis 3.3 2 28 33.3
Uapaca kirkana 3341 399 100 173.31
Uapaca sansibarica 20.89 30.2 68 119.09
Kan'ingnina Brachystegia spiciformis 5.33 10.75 76 92.08
Syzygium guineense 5.93 9.6 68 83.53
Parinari curatellifolia 548 954 60 75.02
North
Uapaca kirkiana 29.73 22.23 100 151.96
Brachystegia spiciformis 11.63 23.76 80 115.39
Perekezi Brachystegia taxifolia 13.12 19.11 92 124.23
Brachystegia longifolia 8.56 18.94 68 95.5
Combretum molle 7.81 15.95 56 79.76
Uapaca kirkiana 46.99 62.86 100 209.85
Parinari curagllifolia 3.41 13.53 72 88.94
Mangochi Brachystegia utilis 6.35 12.46 68 86.81
Uapaca nitida 3.29 7.88 60 71.17
Pseudolachnostylis maprouneifolia 3.29 3.24 52 58.53
south Uapaca kirkiana 36.75 83.98 100 220.73
Annona senegalensis 745 473 79.17 9135
Zomba Burkea africana 315 6.21 625 71.86
Lannea discolor 3.97 223 5417 60.37
Eucalyptus camaldulensis 48 285 375 4515

Key: RDo, relative dominance, RF, Relative frequency, RD relative density, IVl importance value index; the
completedchame of species is showing idgpendix §.
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The Tukey post hoc test for the Species Richness, Shannon Index, Simpson Index and Hill Indix
in Table 31,reveal notable differences among the communities. The central region community
exhibits a significantljnigher mean Species Richness (82+1.37) compared to noatte southern
regions Central region community exhibits a significantly higher mean Shannon diversity
(2.96+0.04) compared to the northern region. The southern region community also showed a
significantly higher Shannon diversity (2.80+0.09) compared to the northern region. We found that
north region community has the lowest Shannon diversity (2.63+0.02). For the Simpson Index,
significant differences were observed among the regions (Bapl@he northern community has

a significantly higher Simpson diversity (0.86+0.004) than the southern region and the central.
Central region (0.84+0.01) shows significantly higher Simpson diversity than southern region, but
is not significantly different fromhie northern region. The Southern region has the lowest Simpson
diversity (0.81+0.01), significantly lower than the other two regions (T8k)e The Pielou
Evenness indicated no significant differences in variations between regions §Tahlaccard
similarity index between the northern and the southern regions (0.73+0.08) has shown significantly

higher dominance than centralorth and central south.

Table 31: Variation in diversity indices amorig. kirkianahabitats across the regions in Malawi

Jaccard
Index Similarity
Index
Hill (Nq) index
Species Pielau 6 ¢
Richness Shannon Simpson Evenness Hill (g=0) Hill (g=1) Hill (g=2)
Regbns (S) Index (H') Index (D) Index (J')
Central 82+1.37 2.96t0.04 0.84t0.01 0.640.01 4.41+0.04 2.94+0.02 1.84+08
North 54+1.12 2.63t0.02 0.86t0.004 0.66t00 3.99+0.02 2.63t0.02 1.98t0.01
South  66+£1.05 2.80:0.09 0.81+0.01 0.6A#00 4.190.18 2.79t0.04 1.64t0.02
Central- North 0.65:0.02
Central- South 0.56t0.01
Comparison North - South 0.73t0.08
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4.4.2Structural, demographic, and dendrometric characteristics otJ. kirkiana populations

along Malawi regions
An increasing relative frequency of higher mingling classes (Mi = 0.50 and 0.75) was observed in
all three regionsHigure 23). The high proportions in mitigg (Mi = 0.5) were found in the
southern region (44%). In contrast, extreme mingling classes (Mi = 0.00 or 1.00) were rare across
all sites. Although diameter differentiation did not differ significantly between regions (33ble
The mean distance beten trees (Di) was significantly shorterthe southern region (3.4894
m) compared to the centréd.270.90 m) and northern regions (4.09+1.16 m). This spatial
arrangement in the south may reflect lasd pressure and selective retention of mature
individuals, which is consistent with the larger average DBH in that region ¢EB3® cm),
despite lower regeneration rates. Pruning intensity (Pi) was highetite central region
(41.63430.28), with a low density of adult trees (300£97/ha). In contthst,northern region
exhibited thehighest adult tree density (40000/ha) and significdaly greater regeneration
(30.5%£16.25%), even though average tree size was small. These patterns may result from

favorable climatic conditions (higher humidity andaand lower anthropogenic pressures.

Regions
. Centre
B ot
I B south
0 025 0.5 0.75 1

Mingling (Mi) classes

40

w
S

Relative frequency (%)
(=]
=1

=

Figure 23 Mingling of U. kirkianawith neighbouring trees across the regions in Malawi
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Table 32 Demographic, structural and dendrometric parameterb. okirkiana populations
according to Malawian regions

Regions
Structurd parameters

Central North South
Diameter differentiation -1.0(0.76) -0.99(0.95) -1.40*(0.93)
Tree to tree distance (Di) (m) 4.27(0.90) 4.09(1.16) 3.44(0.94)

Pruning intensity o). kirkiarna (Pi) (%) 41.63(30.28) 28.2(16.99) 28.97(24.71)
Density ofU. kirkiana 300 (97) 400° (100)  300*(97)

Regeneration ratio (Rr) &f. kirkiana (%) 21.00:(22.18) 30.5%(16.25) 18.06'(15.25)

Mean diameter (Dg) 15.8G:(4.71) 16.78(4.96) 18.79 (5.95)
Key: Within the same row, valuegi t h di fferent | etters significantly di
Pearsonds correlation analysis highlighted s

and dendrometric variables. Across all regions, diameter at breast height (DBH) displayed strong
posiive correlations with the species quotient (Qs) and the average distance between trees (Di) in
the northern (a) and southern (b) regioRgre 24ac). Conversely, DBH showed a significant
negative correlation with the diameter differentiation index. Bipatly, the diameter
differentiation index exhibited a significant negative correlation with the averag¢oines
distance (Di) in both the northerkigure24a) and southerri={gure 24c) regions. In these same
regions, the densitof adultof U. kirkianaindividuals showed a low positive correlation with DD,

and a stronger positive correlation with the mean diameter (Dg) in the southern regioaZ4ag.

This result showed that, population with high densitiesl.ofirkianatend to be associatewdth

greater structural heterogeneity, moderate levels of pruning, and larger average tree size. In the
southern regionHigure 24c), Dg showed significant negative correlations with Di, DBH, and the
guotients (Qs). In contrast, the opposite trend wasrebdan the northern regiorFigure 24a).

This contrast suggested regional differences in how mean tree diameter relates to spacing and
dominance. Across all regions, Qs was consistently and significantly positively correlated with Di

(Figure24ac).
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Across most altitudinal ranges, DBH exhibited a strong positive correlation with the qu@gnt (
Figure25af). Conversely, DBH showed a consistent negative correlation with the DDI across all
altitude classes (Fige 25af). At the altitudinal ranges [1150295], and [706880[, DDi was
negatively correlated with Di (Fige 25a, f). In contrast, Mi displayed negative correlations with
DDi, NPE, and Dg in some mid and low altitude classesu(gigsb, e, f), while it showed a
positive correlation with DDi at A50-1370[(Figure 25c). Furthermore, NPE was negatively
correlated with Dg (Figre 25c) and Di Figure25d). Lastly, Pi was positively correlated with Qs

and negatively correlated with DDi d@t]501295[, and [8550], (Figure25a, €).

Figure 24: Correldaion matrix between structural, demographic, and dendrometric parameters of
U. kirkianapopulations in Malawi

Key: (a) Central region, (b) Northern region, and (c) Southern region. The size of the circles denotes the strength of
the correlation, where lagg circles represent higher correlations, and smaller circles demonstrate weaker correlations.
Blue colour indicates positive correlations and red colour indicates negative ones) NiRKianaadult density; Dg:

Mean diameter; Di: Tret-tree distancepPDi: DBH differentiation; Mi: Mingling; Pi: Pruning intensity of).

kirkiana; Qs: QuotientChongoni forest= 166Q@770m, Dzalanyama forest= 11502 9 5 m, Kaningéina f
1370m, Malosa forest= 85860m, Mangochi forest= 76800m, and Perekezi forest5001600m
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Figure 25 Correlation matrix between structural, demographic, and dendrometric parameters of
U. kirkianapopulations in Malawi across altitude.

Key: The size of the circles denotes the strength of the correlation, where larger circlesnteigkeer correlations,

and smaller circles demonstrate weaker correlations. Blue colour indicates positive correlations and red colour
indicates negative ones. NPH: kirkiana adult density; Dg: Mean diameter; Di: Tre®tree distance; DDi: bdh
differentiation; Mi: Mingling; Pi: Pruning intensity ob). kirkiang Qs: Quotient Chongoni forest= 166Q770m,
Dzalanyama forest=115D2 9 5 m, Kani n g élB70m, Mdlosa faestt 8806ANnE, Mahgochi forest= 700

800m, and Perekezi forest= 150600m

Popuation structures df). kirkianavaried significantly among the different regions (F = 7.30; p <
0.001). In the Central RegioRifure26a), the DBH class distribution showed a positively skewed
pattern (Skewness = 1.28), dominated by individuals in thedl size (16020 cm) classes. Large
individuals in the > 45m classes were largely missing the northern regiorF{gure 26b), the

size classes distribution was also positively skewed (Skewness = 1.36), with a pronounced
accumulation in the @0 cm clases, moderate presence in the320cm classes, and a near

absence of individuals beyond 50 cm. Conversely, the southern régiong(Bc) exhibited a less
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pronounced skewness (Skewness = 0.86), showing a slightly more balanced distribution. Although
the 10-20 cm classes remained dominant, larger individuals (> 50 cm) were marginally more
present than in the other regions. Tingividuals in the 80 cm classes dominated the stt@ss
distribution The populations in the northern region had more ssmdl individuals than those in

the central and southern regions. In contrast, the populations in the north and south had more large
size individuals compared to the populations in the central regiomuré$). Overall, the
permutation index for the wholepulation as well as for the populations in the differegions

were greater than zerdhe highest Pl was observed in the central regtayu(e26a).
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Figure 26: Size (dbh) class distribution &f. kirkianapopulations in each region in Malawi

Key: (a): Central Region; (b): NortherreBion; (c): Souther Region; PI: Permutation Index

Additionally, the DBH sizeclass distribution otJ. kirkiana varied across different altitudinal
gradients Figure 27). Smaltsized individuals (120 cm) fFigure 27ae) dominated most
popul ationsd struct ur e39)was oharaceersbyg populationshwvieh a | t

a bel-shaped structurelominated by individuals in the BD cm DBH size classeFifure27f).
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Large trees (>40 cm) were rare in all altitudes. The altitudear@2gac) had the highest numbers

of small trees.
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Figure 27: Size(dbh) class distribution dfl. kirkianapopulations across altitude in Malawi

Key: Chongoni forest= 1660770m, Dzalanyama forest= 11302 9 5 m, Kani ng 6-13A0an, Malosa e st =
forest= 856950m, Mangochi forest= 76800m, and Perekezi forest= 150600

The quotient (Qs) indicated that the species populationd. dfirkiana were not uniformly
distributed, across DBH classes, with marked fluctuations between size classes, regardless of the
region Eigure28). HoweverU. kirkianatrees were more unifodyndistributed in the smaller size
classes than in the large size classes where large fluctuations indicating uneven distribution
observed across regiorisidure 28). In contrast, the greatest fluctuation of large size individuals
was observed in the ceatregion (3840 cm) class population§igure 28a). Additionally, the
quotient (Qs) across altitude indicated that the species populatiobs kifkiana were not
uniformly distributed, across DBH classes, with marked fluctuations between size classes,
regardless of altitude (Fige28b). However, across altitudd, kirkianatrees were more uniformly

distributed in the smaller size classes than in the large size classes where large fluctuations were

122



observed, indicating uneven distribution (Hig28b). In contrast, the greatest fluctuation of large

size individuals was observed in the altitude (:&0@0m) (3640) class populations (Rige 28b).

’ ,
15 a . b h Alttude
Regions by ¥ (1501205
0 & Contl ) Iy o (1250- 370
dlot |, o ¥ 504600
E] [4
: LET I Foy 0y (1600- 1770
$ 210
S 3 ! & [700- 0
g° %
. & [850- 950
5 T
25
) U/~ L
) 5 N S N $ o P $ $
¢ N & ¢ & ¢ ¢ § ¢ ¢ ¢ ¢
DBH size-class (cm) DBH size-class (cm)

Figure 28: Quotients betweed. kirkiana density in successive dbh sizgkasses (in 10 cm
intervals)

Key: for each region in Malawi (a), and (b) for each altitude in Maal@th@ngoni forest= 166Q770m, Dzalanyama
forest=11501 2 95 m, Kani n g 61870m, Mélasa ferestt= 85860n2, Bldhgochi forest= 700
800m, and Perekezi forest= 150600m

4.4.3Natural regeneration and tree branches o). kirkiana across the region

Overall, there was a variation in the number of regenerations based on the DBH of adult trees. In
the Central RegiorF{gure29A), a notable concentration UOf kirkianaregeneration was cerded

under trees belonging to the diameter class4@@m), while the extreme classes, namehL@0

cm), (4660 cm), showed very little regeneration. In the northezgion (Figure29B), the
distribution ofU. kirkianaregeneration appears more balanaeith a notable density under trees

in the size (2840 cm) and (5860 cm) classes, while the @D cm) class was almost absent. Unlike

the central and northern regions, the southern regiorur@i@9G exhibited a decreasing
distribution ofU. kirkiana regenerations with increasing tree diameter. The highest densities of

regeneration were observed under small treel0(6m). Finally, apart from the northern region,
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where significant regeneration was observed under large diameter tre@3 ¢59), the otér

regions showed almost an absencesgkneration in this class.

504 Skewness =0.72 Skewness =1.04 Skewness = 0.5
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40
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Figure 29 Number of trees regenerated distributiorJofkirkiana populations in each region in
Malawi.

Key: (A): Central Region; (B): Northern Region;){Gouthern Region

Regardinghe average number of branches per tree, a general trend of increase was observed with
the growth of the tree diameter, and this was consistent across all the studied regions (Figure 30).
This positive relationship indicated that trees with larger diasméted to develop more branches.

In the central and southern regions, the highest average number of branches was recorded in tree:
with a diameter between 30 and 40 cm. Conversely, in the northern region, the peak branching was
observed in trees with a dieeter between 50 and 60 cm. We also observed that the highest number
of branchess shown in the north region (Figure 30b) and the smallest number of branches was

observed in the central region.
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Figure 30 Number of tree branches distribution 0f kirkiana populations in each region in
Malawi

Key: (a): Central Region; (b): Northern Region; (c): Southern Region

4.4.4Biomass, carbon potential and ecological value of carbon storage by kirkiana across
regions in Malawi

The biomass and carbon sequestdygd). kirkiana per hectare in the Central, Northern, and
Southern regions of Malawi highlighted variation in carbon storage potential (38pldhe
Northern Region exhibited the highest total biomass (31,496.13 kg/ha), representing a living carbon
stockof 15, 748. 07 kgC/ ha, approximately 57.80 t
region followed with 27,929.11 kg/ ha of bio
recorded the | owest values ( 2 atst@allylsignffiGantkpg/ h a ,
0.05). From an economic perspective, the valuation of sequestered carbon was estimated in
Malawian kwacha, using a benchmark rate based on voluntary carbon markets. Thus, the northern
region displayed an average economic valug,011,997.57 MKW/ha, followed by the Southern

Region (897,385.99 MKW/ha) and the Central Region (767,020.44 MKW/ha).
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Table 33: Estimation per hectare of living biomass, sequestered carbon, and the ecological value
of carbon storage hy. kirkianaacrosgegions in Malawi

Regions Aboveground Below Total Total Carbon Economic Pvalue
biomass (KG) ground living living dioxide Value of

carbon biomass carbon ( CO Sequestered

(KG) (KG) (KG) (ton) Carbon (MKW)
Central 19759.16 4112.61 23871.78 11935.89 43.80 767 020.44
North  26095.20 5400.94 31496.13 15748.07 57.80 1011997.57
South 23168.94 4760.17 27929.11 13964.55 51.25 897 385.99

< 0.05 ***

Key. MKW = Malawian kwacha; 1 Dollars = 1751Mkw

4.5 Shifts in suitable habitats ofU. kirkiana under climate change in Malawi
4.5.1. Model performance and relative importance of environmental variables
The Area Under Curveraluewas0.93 (Figire 31).Indicatingthat the model had an esltent

performance.

Sensitivity vs. 1 - Specificity for Uapaca_kirkiana_9
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Figure 31 Area Urder Curveshowing the performance &f. kirkiana distribution model based
on the training and test data

Similarly, the mean values of TSS and SEDI were 0.86 and 0.9 tegbe(Table 31), indicating

a very good predictive capability of the model.
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Table 34 Performance statistics bf kirkianadistribution model

Performance Index Value
T 0.32
AUC 0.93
Omission rate 0.05
H 0.95
S 0.91
F 0.09
TSS 0.86
K 0.77
SEDI 0.95

Key: T = Threshold, AUC = Area Under Curve, H = sensitivity, S = specificity, F = False positive rate, TSS = True
Skill Statistic, K = Kappa, SEDI = Synetric Extremal Dependence Index

Based on the permutation importanégg(re 32), the jackknife eést Figure 2) and the partial
dependence curveBigure 3), Isothermally (BIO3) was the most important bioclimatic variable
owing to its substantial contribution to the current potential distribution of the species. The highest
probability of occurrencéor U. kirkiana occurred around a BIO3 value of approximately 5.5%
(Figure33). The mean temperature of the coldest quarter (BIO11) and the mean temperature of the
driest quarter (BIO10) displayed the second and third largest contribution to the potential
distribution of the species with peaks of species occurrence at around 28°C and 27.5°C,

respectively Figure 3).

Jackknife of regularized training gain for Uapaca_kirkiana_ 9
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Figure 32 Receiver Operating Characteristic (ROC) curve showing the performadckidfiana
distribution model based on the trainingdaest data
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Key: For a given predictor variable, the corresponding green bar (without variable) shows how much the total gain is
decreased if this specific variable is excluded from the model. The blue bar (with only variable) shows the obtained
gain if the considered variable is used in isolation and the others are excluded from the model.
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Figure 33 Response curves showing the effectewofironnemental variablen the predicted
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a standard procedure in rastetad@ts to reduce file size and preserve accutadsirkianawas sensitive to changes in the climatic
variables BIO1, BIO3, BIO5, BIO10, and BIO11, as shown by the response curves in Fig. S3. The species occurrence probability
decreased gradually with ir@asing BIO1 values but peaked in the middle range of BIO1 values (highest peak at around 29°C),
suggesting a preference of the species for moderately warm climatic conditions. The species' response to BIO3 (isothermality)
showed a gradual increase, pegkat around 6.5 before abruptly declining afterward, suggesting that relatively high levels of
isothermality are favorable for the species occurrence. The BIOS rose to a maximum before declining, with a peak ihilitg proba

of occurrence at around 30Q. A gradual and consistent decline of probability of occurrence was observed with increasing BIO10,
suggestion that lower values of BIO10 are the most suitable for the species survival. A trend similar to that of BIOd4€rveas ob

for BIO11, with low suability at higher BIO11 values. These variations highlighted bokirkianaresponded to tempature and
seasonality changes.
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The mean maximum temperature of the warmest month (BIO5) and the annual mean temperature
(BIO1) also contributed significantlyotthe species distributiord. kirkiana had the highest
probability of occurrence at high BIO5 values around 31°C, with moderately favorable and
fluctuating conditions between 29.5°C and 30.5°C. The highest probability of occurrence was
observed around 2B°C for BIO1. Elevation (percent contribution of 5.8%) was also considered

as an important contribution given it high importance in predicting the species distribution when
used in isolation in the jackknife test. The contribution of the remaining vasiatde minimal

(Figure 34).
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Figure 34: Contribution (%) of the environmental variables to the potential distributidd. of
kirkianain Malawi

Key: HWSD = Soil types; BIO1 = annual mean temperature; BIO2 = mean diurnal range; BIO3 = isothermality; BIO4
= temperature seasonality; BIO5 = maximum temperature of warmest month; BIO6 = minimum temperature of coldest
month; BIO7 = Temperature Annual Range (BKIEHO6); BIO8 = Mean Temperature of the Wettest Quarter; BIO9

= Mean Temperature of the Warmest QuarBif)10 = Mean Temperature of the Driest Quarter; BIO11 = Mean
Temperature of the Coldest Quarter; BIO12 = Annual Precipitation; BIO13 = Precipitation of Wettest Month; BIO14
= Precipitation of the Driest Month; BIO15 = Precipitation Seasonality (CoeffiadénVariation); BIO16 =
Precipitation of Wettest Quarter; BIO17 = Precipitation of the Driest Quarter; BIO18 = Precipitation of the Warmest
Quarter; BIO19 = Precipitation of the Coldest Quarter.
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4.5.2. Suitable habitats for U. kirkiana in Malawi

The predictedtable area for the species occurrence under the three scenarios (i.e., current, SSP3
7.0 and SSPB.5) is shown irfFigure35 and 36 Under the current climate, 9.29% of Malawi's land

was classified as very suitable, 17.39% moderately suitable, 25.20% pottable and around
48.12% of the land was predicted as unsuitdfitpufe35). There was a reduction in highly suitable
areas in the future climate scenarios, decreasing from 9.29% under the current conditions to 8.01%
under the SSR3.0 scenario antb 6.21% under the SSFB5 scenario. A similar trend was
observed for the moderately suitable areas, which declined from 17.39% to 16.83% under SSP3
7.0. Conversely, the moderately suitable areas slightly increased from 17.39% to 17.73% under the
SSP58.5scenario. The poorly suitable areas increased under all future scenarios (from 25.20% to
26.97% under SSPB0 and from 25.20% to 29.73% under SS5. Consequently, the
percentage of unsuitable land increased from 48.12% under the current climatEtd 48der

the SSP3.0 scenario but decreased to 46.33% under the-8SP&enario (Figure 35).
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Figure 36: Predicted distribution o). kirkiana under the current climate and the future climate

scenarios (SSP-3.0 and SSP-8.5)

Key: Future projections wagrojeded to 20402060. SSP37.0: Socioeconomic Pathwayharacterize byHigh
emissions, difficultmitigation & adaptationSSP48.5: Socioeconomic Pathwaygharacterize byery

high emissions, extreme warming, severe impacts

These results were confirmed by the patterns of the rate of changes observed across the future
scenarios (Fgure 37). Notably, ahigher decrease rate in highly suitable areas was observed for
SSP58.5 (1.80%) compared to SSH30 (1.28%). A large rate of decrease in unsuitable areas

was predicted under SSIB% whereas a posigwate of changeas recorded for unsuitable areas

under SSPJ.0 (Figure 37).
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Figure 37: Rate ofchangen potential habitats dfi. kirkianain Malawi under SSR3.0 and SSR5
8.5 scenarios

The findings orhabitatprojection of change dynamiag U. kirkianaunder SSP¥.0 and SSR5

8.5 scenarioss presented in Figure 3&-depth analyses of habitat range shifts indicated different
change dynamics fdd. kirkiana in terms of habitat loss (areas that transitioned from a more
suitable category e.g., highly or moderately suitable under the currentisdenaress suitable
categorye.g., poorly suitable or unsuitable the future scenarios), stability (areas where the
suitability category remains unchanged across scenarios), and gain (areas that trafrsittoaed
less suitable categoeyg.unsuitabé or poorly suitablender the current scenaitio a more suitable
categorye.g.,moderately or highly suitabie the future scenarios) under future scenarogure

38). In the SSPJ.0 scenario, there was a moderate gain (12.09%) and a slight |52
74.06% of the habitats. Under the current climate, unsuitable areas comprised 61.58% of stable
areas. As opposed to this, the SS>Xpscenario resulted in habitat gain of 18.18% and habitat loss
of 53.88% with more noticeable losses in poorlyahlé (9.77%) and moderately suitable (2%)

areas (Figre 38).
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Figure 38 Projection of habitat change dynamics tarkirkianaunder SSPJ.0 and SSRB.5
scenarios

Key: The categorical color scheme directly maps these expected dynamics: Dark Gremnteareas of Projected
Habitat Gain, indicating regions where future climatic conditions are anticipated to become significantly
more suitable for the species' survival and expansion. Conversely, Red denotes Projected Habitat Loss,
identifying current siiable areas that are expected to become climatically unfavorable, marking regions
highly vulnerable to extirpation under these severe future conditions. Finally, Light Green signifies
Constant Habitat, representing those areas projected to maintaitetamglimatic stability and suitability
for the species, which are crucial for establishing conservation strongholds against climate change impacts.

4.5.3. Priority conservation and cultivation area ofU. kirkiana in Malawi

The geographical distribution of prityiareas for the protection and cultivatioriokirkianaalong
Malawi's three economic Regions is shown in T&@leNotably, the very higher priority classes
(>75%) exhibited a higher proportion of priority areas in the iNort and Central regions (Figu
39). With 35.64% of its territory falling within the 7800% priority class, the Northern region
emerged as a very important region for the conservatith kirkiana The Southern region only

contributed 16.39% to the very high priority areas, dedmaténg a considerable share in the
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middle priority areas (205%). Furthermore, the proportion of high priority areas{2%) was

higher than that of very gh priority habitats (78.00%).

Table 36 Regional variation in priority levels (%) fat. kirkianain Malawi

Priority level (%) 07 20% 207 50% 5071 75% 751 100%
Northern 21.99 21.84 20.53 35.64
Regions Central 25.06 19.04 27.45 28.45
Southern 25.69 30.84 27.08 16.39
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Figure 39 Priority areas for the conservationWwf kirkianain Malawi
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CHAPTER 5: DISCUSSION

5.0 Introduction

This chapter discusses tlimdings presented in Chapteour, integrating insights on local
ecological knowledge, ethnobotanical uses, and commbaggd conservation strategieslbf

kirkiana in Malawi. The discusen situates these results within the broader literature on the
Sspeciesod ecology, functi onal-driven distribgion shpfte. ft u | a t
highlights points of convergence and divergence with previous studies and explores the

implications for sustainable management, conservation, and the livelihoods of local communities.

5.1 A Combined SocieEcological Perspective ofJ. kirkiana Health and Productivity
5.1.1Local perception on the dynamics ofJ. kirkiana Population: Insights for awareness

raising
The study revealed that local communities are aware of the dedlinkickianapopulations in all
regions of Malawi(Figure 3. This result indicates a high level of ecological knowledge among
community members regarding species statusichwcan be leveraged for conservation and
management initiativeThe majority of elderly and adult individuals reporting declining in the
specieqTable 11)suggest that they have personally experienced declining populations over time
This trend highligks the significant ecological knowledge held by local communities, which is
crucial for developing effective conservation and management strategies. Interestingly, younger
respondents also recognized the decline, suggesting that environmental educatiwaranéss
initiatives have enhanced the understanding of natural resource dynamics among the youth
Regional differences in perception were evid@&articipants from the Northeregions reported
higher species abundance, reflecting more favorable pedd conditions folJ. kirkiana In
contrast, conservation efforts in agroforestry systems were more commonly reported in the
Southern Region, despite lower species availability. This pattern may indicate that scarcity in

certain areas stimulates loc#oets to manage and conserve the species.
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The study also identified key human and environmental factors contributing to population decline.
Activities such as deforestation, charcoal production, population growth, and agricultural
expansion were recogniz@s primary drivers, alongside climate change and weak enforcement of
forestry laws. The recognition of both anthropogenic and climatic threats by respondents suggests
a nuanced understanding of the pressures affetlingirkiana which can inform targetd
conservation interventionslThese results have significant implications for conservation and
sustainable management. The awareness of species decline across all age groups underscores tt
potential for engaging entire communities in participatory dewcisiaking and ecological
restoration. Moreover, the observed regional variation in perceptions points to the need for locally
tailored strategies that consider differences in species abundance and environmental conditions.
When compared with other studiéisese findings are largely consistent with previous research in
SubSaharan AfricaNtupanyama et al. (2008gported that anthropogenic pressures on customary
lands contrilote to declines iiJ. kirkiana populations. Similar perceptions of resource decline
were noted for Tamarindus indica in To@amarou et a(2021)and other natural plant resources
(Lokonon et al. 2021Zon et al. 2022Tiétiambou et al202Q Rabiou et al. 201)7 The regional
differences in coservation effort reflect patterns observed for Pseudocedrela kotschyi in Benin,

where species abundance influenced local management prébigpsgenonvo et aR023)

In contrast,Biaou et al.(2023h, showed that respondents in Benin had limited awareness of
climate change impacts on Pterocarpus erinaceus, suggesting that knowledge gaps can constrair
the adoption of sustainable management practices. This is consistent with earlier studies indicating
tha climate change perception varies significantly across African regions, influenced by education
level, livelihood dependence, and the frequency of climmeltged dsruptions (Deressa et al. 2011
Compared to these contexts, the relatively high clirohtange awareness observed among
Malawian communities may stem frompeated climateelated shocksuch as floodsjroughts,

and erratic rainfall, whichave intensified over the past decade (McSweeney 20H]). Several

studies indicate that populatioegperiencing recurrent climate stresses often develop a stronger
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understanding of environmental change and its impacts on local resddkoeswa et al. 2014).
Additionally, Malawi has benefited from multiple climate adaptation programs and community
basel natural resource management (CBNRM) initiatives that enhance public knowledge about
climate risks and ecosystem conservation (Kamoto et al. 2013). This institutional exposure may
explain why local communities engaged in the managemenU.okirkiana demamstrate

comparatively higher awareness of both species decline and etihvtge impacts.

5.2Local conservation practices ofJ. kirkiana: an opportunity for capacity building

The findings incates thal. kirkiana conservation is actively supported bydb communities
throughout Malawi(Figure 4a and b)primarily through measures like field conservation in
agroforestry systems, preservation of natural regeneration, prevention of cutting, and control
against excessive trimming. According to these metiommunities are motivated to preserve

and protect the species because they believe it to be socially and economically significant. The
close socioeconomic ties between the species and local livelihoods probably explain the high
degree of involvement sa. These practices have two implications: firsthey directly support
biodiversity conservation by lessening the strain on natural populations; sedbeg enhance

local communities' quality of life by ensuring that ecosystem services are contjnacaitable.

These results are consistent with the argument that local knowledge plays a central role in
biodiversity management and rural wie#ing (Galluzzi et al. 2010 The involvement of local
communities in the conservation efforts tbrkirkianain all regions of Malawis likely due to its
sociceconomic importance. This aligns wigawchuk et al. (201%yho support the idea that local
community engagement in wild plant conservation increases when people have greater knowledge

about these plants, wifi also fosters more positive attitudes toward their protection.

Despite these positive practices, techniques such as deliberate plantipgracigantsrarely
mentioned assisted natural regeneration. This limited adoption may be due to gaps in knowledge
or lack of awareness regarding propagation and management of the species. The absence of activi

planting practices suggests that without external interventions, communities tend to rely primarily
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on passive forms of conservation. To address this, potitedormally recognize the ecological

and economic value of native species, coupled with training programs on propagation and
management, could encourage stronger community engagement. Such interventions would not
only enhance local conservation effdoist also shift perceptions towards proactive preservation
and restoration of the speciédhese findings align withothers studies conducted on neglected
indigenous trees. For instandétellaria ParadoxaC.F. Gaertn.Parkia. biglobosaJacg.) R.Br.

ex GDon andAdansonia. digitatd. have been conserveég communitiesising similar measures

of onfarm protection, natural regeneration, and cutting restricti@@kiror et al. 2012
Teklehaimano2004 Chawafambira et aR020. Furthermore, Sawchuk et al. (20Ehphasise

that when communities haygeater knowledge about wild plants, their willingness to engage in
conservation increases, and their attitudes toward species protection become more favorable. This

confirms that awareness and knowledge enhancement are central drivers of consenaation beh

Age and profession have an impact on the adoption of conservation measurdgriaana(Table

12). Professionabrgangationsthat have demonstrated limited involvement in conservation efforts
include hunters, state authorities, and dealerser@Gikat, their primary professions are unrelated;

this might be the result of their ignorance of how their actions affect the species' ability to survive.
To helpU. kirkianaconservation in Malawi, our research empsasthe necessity of concentrated
ecdogical education on how different uses affect the spédigsamics. The seniors, the majority

of whom work as farmers, thought that these measures were suitable for conservation. Conservation
practices may be more likely to be adopted by those who depematural resources or are directly
involved in their management, such as farmers. This finding was supported by the fact that
respondents who are not involved in managing natural resources tended to have lower conservation
attitudes than farmers. Thrdugheir delayed interactions with agricultural landscapes and
ecosystems, as well as their cultural or traditional attachment to natural resources, farmers often
have strong ties to natu(@ouwakinnou et al. 201Biaou et al. 2023 Their understanding of

the importance of protecting ecosystems for their livelihoods, cultural heritage, and the
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sustainabilly of their farming practices can be enhanced through this randgperiencéGilbert

2018

The study revealed that participants receguhia broad spectrum of ecosystem services provided

by U. kirkiana and its habitats. Specifically, three provisioning sevievereemphasise food,

energy, timber, and mediciredong with two supporting services, namely pollination and water
cycling, and one cultural service, represented by the perceived importance of landscapes for shade
and tranquility (Figure 5). These rdtsuhighlight the multifunctional role ob). kirkiana in
sustaining rural livelihoodd he implications of these findings are significant. The prominence of
provisioning services in local perceptions underscores the direct dependence of rural households
on natural resources for daily subsistence. Food, fuelwood and medicinal uses contribute to both
nutritional security and household health, while timber provides essential material for construction.
Supporting services such as pollination and water cydluggriate that communities also recognize

the ecological functions that maintain agricultural productivity and ecosystem resilience.
Meanwhil e, the cultural valwue attributed to
well-being beyond matial benefits These perceptions reveal an important difference between
rural and urban communities. Whereas urban populations often prioritize cultural, recreational, and
aesthetic aspects of landscafidartin-Lopez et al. 201;2Hartel et al. 201% rural communities

attach greater importance to the direct provisioning benefits. This divergence réfiects
socioeconomic context: in rural Malawi, households remain highly reliant on ecosystem services
to meet basic needs, as also emgeddby(Hartel et al. 2014Fischer et al. 2092 The continued
reliance on these services at the household level illustrates both their irreplaceable role in sustaining

livelihoods and the pettial vulnerability of communities to resource degradation.

5.2.1 Uses of plant parts ofU. kirkiana and ecological vulnerability
The findings indicates thaspecies plant parts are more valued for food, therapeutic, fodder,
artisanal, energy, and timber purpséFigure 6).The fruits are the parts of thé kirkianamost

familiar toalmost all respondent§he valorization of the plant partsdf kirkianacould contribute
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to the improvement of human livelihood and provide a different perspective for thanablgta
management of the species. These findings were consistent with those rep&aedaoyu et al.
(2021)and Garba et al. (2019n T. indicatrees in the West African sulegion. However, the

cosmetic uses reported f@arba et al2019 were unimportant in the present study.

Differences in the use of the species by ethnicity could be due to cultural hEFaaige16) where
knowledge is passed down from generation to generation within the same ethni¢(Gpdugp et

al. 2019 Samarou et aR021). Diversity in plant parts of use, the type of use, and the specific uses
were found to explain ethnic differences. The convergence of use knowbedgeen the
Mang'anja and the Yao (IS = 0.55) indicates that each ethnic group knows more than half of the
uses known by the other ethnic group. These results are similar to those rep&aedkbyu et al.

(2021)in Togo andGarba et al. (2019 Niger.

The reported use &d. kirkianaby men and women is clog€able 17) which may be due to the
frequent and daily consumption bf. kirkiana fruits. However, the usage score is significantly
different, showing that men have more knowledge of use than women do. Similar studies by
AvocévouAyisso et al. (201Rconducted ofPentadesma butyracéa Benin and byAtakpama et

al. (2012)on Sterculia setigeran the Sudanese zone of Togo, as welby Samarou et al. (2023)

in the northern region of Togo, confirm that men have a better knowledge of uses than women.
This result contrasts with studies conductedPobiglobosan Benin and orAdansonia digitata

L. in Togo, where the authors reportedt usage values were not statistically influenced by gender
(Kébenzikato et al. 201Koura et al2011;, Padakale et al. 20)1.8Similarly, the study bysarba et

al. (2019)on T. indicain Niger reports that the use of plant parts was not influenced by gender.
Although the use ofJ. kirkiana was not significantly different according to a@Eable 16)
participantsunder 30 years, old have less knowledge than those over 30 years old. Conversely,
Ayantunde et al. (2008)jemonstrated that older individuals have more knowledge than the young.
Age is a factor of knowledge, as the experegenf using plants increases with age and frequency

of use(Atakpama et al. 2031
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The study revealed significant variation in local knowledg¥ okirkianaaccording to the level

of education attained bparticipants (Table 18)This result suggests that education plays an
important role in shapg the depth and transmission of ethnobotanical knowledge within
communities. The implication of this finding is twofold: first, it indicates that formal education
may enhance the ability of individuals to acquire, interpret, and retain knowledge arutsas;
second, it highlights the potential of integrating local ecological knowledge into educational
curricula to strengthen conservation awareness among future gemeratispattern points to the

fact that education provides broader exposureftonmation sources and can improve awareness

of the ecological and soceconomic value of native species. At the same time, formal education
may contribute to changes in perceptions and attitudes towards biodiversity, influencing how
individuals engage wht conservation initiativesWhen compared with previous studies, these
results present both similarities and contradictions. Unéik#ou et al. (2018)who reported no
significant effect of education level on local knowledge Khaya senegalensism Togo, our
findings demonstrate a clear link between educational attainment and ethnobotanical knowledge.
However, the restd are consistent with those $amarou eal. (2021) who found that education

level significantly influenced local knowledge of plant species in Togo. This comparison suggests
that the influence of education may vary depending on the species studied, theukocid

context, and the type &howledge being assessed.

The results of this study indicate that the useJofkirkiana strongly influences its level of
vulnerability (Figure 8) The relatively high demand for v
sociceconomic importance for locaommunities, confirming itstatus as a multipurpose plant
(Chawafambira et al. 2020This multifunctionality, while beneficial for livelihoods, also places
considerable pressure on the species, particularly in areas where natural populations are already
declining.The vulnerabiliy index ofU. kirkianawas estimated at 2.25, suggesting that the species

is moderately vulnerable. This finding implies that although the species is still present across

Malawi, the combined pressures of intensive use, habitat degradation, and thé flackab
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conservation strategi€duluneh 2021, could accelerate its decline in the absence of intervention.
The recognition of this moderateulnerability underscores the urgent need for proactive
management measures to safeguard the species and ensure its sustainabéepusgng these
results further, the moderate vulnerability score highlights a precarious balancdJwhildana
cortinues to provide essential ecosystem services and -eocimmic benefits, ongoing
anthropogenic pressures threaten its {@rgn viability. The absence of structured conservation
policies, coupled with habitat conversion, suggests that vulnerabilitgt coerease over time if no
action is takenWhen compared with other studies, the present findings partially contradict those
of Samarou et al. (2022\ho reported a higher vulnerability index (2.5) for Tamarindus indica in
Togo, classifying it as vulnéoée. This discrepancy may be explained by differences in ecological
distribution, regeneration capacity, and cultural use between the two species. Nevertheless, the
vulnerability index reported here is consistent with the broader literature indicating thidiana

populations are undergoing significant decline across their range.

5.3Woody species composition and phylogenetic structure along elevation gradients

5.3.1Floristic composition and demographic structure in different elevation areas

The resuls demonstrate théat. kirkianahabitats across the elevational gradient in Malawi support

a remarkable floristic richness, with a particularly strong representation of Fabaceae (42 species)
(Table 19; Appendix 5)This highlights the ecological significe@ of these habitats, since
Fabaceae are widely recognized for their symbiotic role in nitrogen fixation, which enhances soil
fertility and sustains woodland productivity. Such patterns are consistent with other studies in
African savanna ecosystems, whe&@abaceae dominance is often linked to ecosysésifiance

and nutrient cycling(Swap et al.2023. Beyond Fabaceae, the consistent presence of
Phyllanthaceae, Rubiaceae, and Anacardiaceae in the study area underscores the multifunctional
role of these forests as resergowof biodiversity. These families not only provide ecological
stability, buttheyalso support diverse fauna, thus reinforcing the notionuhétrkianahabitats

function as biodiversity hotspots.
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Similar trends have been reported in other miombo lapds; where tree community assemblages
exhibit a convergence around these familiggs trendeflects their adaptive success under semi

arid and seasonal climatéShorrocks and Bates 201B8loura et al. 201y The dominance of

gerera such afrachystegia, Julbernardia, Uapacand Parinari further characteses these
ecosystems as typical miombo woodlands. This observation aligns with the findings of Campbell
et al. (2007) and Frost (1996), who empkashat the prevalence of Cagsnioideae in miombo

is a defining feature of these ecosystems, although their relative abundance may fluctuate across
sites due to differences in disturbance regimes, soil conditions, and climatic variability. The
variability observed in this study beten and within stands therefore suggests that local
environmental filters and anthropogenic pressures play a crucial role in shaping demographic
structure and floristic assemblagésom an ecological perspective, the-axxurrence ofU.

kirkiana with indicator species of savanna woodlands suggests niche complementarity and
potential facilitation processes. Such associations may enhance natural regeneration by creating
microhabitats favorable for seedling establishment and by maintaining functional glivEnsit

finding resonates with the interpretat of Chidumayo and Gubo (2010, who showed that
species interactions in miombo woodlands underpin regeneration dynamics and contribute to

woodland persistence under both natural and disturbed conditions.

Vegetation Importance Frequencies (VIF) across the sites also highegldminance of Fabaceae

and Phyllanthacedg@able 19) both families known for broad ecological tolerance. Fabaceae, with
nitrogenfixing capacity, thrive in degraded or secondary ford®eid et al.2024), while
Phyllanthaceae are wedldapted to serarid zones and poor so{fErotter et al., 2022 This pattern

aligns with findings from Tanzania and Angola, where these families exhibit strong structural roles
in Miombo woodlandShirima et al. 201; Ryan et al.2011). These results affirm . kirkian
dual ecological and soceconomic importance as a keystone species for forest structure and as a

provisioning species through its fruit, crudiat rural livelihoods(Ngulube 2002Ngulube200Q
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Dewess et al. 201 However, its elevaticdependent variability in abundance highlights the need

for sitespecific conservation strategies, particularly in zones subject to intensesampdessure.

The observed structural values highlighfferentiated tates of forest development according to
the studied site¢Table 20) The positive skewness (skewness > 1) observed in all forests can
reflects a dominance of juvenile or sradidmeter individuals, a typical signature of stands in
regeneration or in edibrium, where the distribution has not yet reached a stable strhasma

et al. 2020. This is often a sign of recent disturbances, whether natural or anthropogenic, or of
active forest dynamics. The high kurtosis, particularly in Perekezi (10.30), indicates a significant
concentration around a central diameter, withow representation of individuals with large
diameters Thisreveakd a lack of adult strata, possibly caused by selective harvesting or forest

poaching(Laurance et al. 20}4

The Gini index, although moderate acrsgss, may reflects disparities in diameter distribution.

The highest value observed at Malosa (0.32) suggests an uneven structure likely resulting from
selective anthropogenic pressures such as timber extraction, similar to findings in tropical forests
under logging regime¢Gadow et al. 2012Metz et al.2023. In contrast, lower Gini values in
Mangochi and Perekezi forest (0.22) may indicate a moiferm structure; however, this could

reflect the historical loss of large individuals due to overexploitation, a pattern also reported by
(Zhang et al. 2024 The Shannon index, which captures structural diversity, mgisest at
Chongoni (1.11) and Kani n gdratifiedand leeter6geneous forese s t
stand, conditions favorable to resilience and regeneréfaha et al. 20165hell et al. 20211
Conversely, lower values at Mangochi (0.64) and Reriglh).73) point to structural homogeneity,

often associated with degraded or recovering forests, as observed in secondary woodlands of East
Africa (Ochollaetal. 20283 These results indicate that Chic
complex and ecologically stablesttures, whereas Mangochi and Perekezi show signs of past

disturbances and reduced structural complexity.

144



The threeparameter Weibull function effectively described the diameter at breast height (DBH)
distributions across six forested sites distributeh@lan altitudinal gradient in Malawi, ranging
from 700800m to 160aL770m(Figure 9) This model captured sispecific variations in forest
structure while enablingtandardsed comparisons. In all elevation bands, the DBH distributions
were rightskewed indicating a progressive decline in stem density across increasing diameter
classes, a pattern consistent with tropical forests and miombo ecosystems under natural
regeneration or disturban¢kalaba 2013Banda et al2006. Across the gradient, the Weibull
shape parameter (c) remained consistently b&hawy signifying a structural dominance of small
diameter individuals and an absence of symmetry indicative of uragesh standsr disturbed
conditions. Similar patterns were noted in the miombo regions of Mozambique and Tanzania,
where anthropogenic pressures maintain forests in an early esucodssional sta{®yan et al.

2011 Syampungani et aR016. The fact that ¢ values remained low and similar across the
altitudinal range suggests that elevation alone may not be the primary driveesf $tructure;

rather, disturbance regimes and lars# histories likely play a dominant role.

In contrast, differences emerged in the scale (b) and position (a) parameters across elevation
classes. Sites at 118@370m and 160Q2770m showed higher b vals, reflecting broader DBH

size class distributions and potentially more complex structural layers. This may reflect local
factors such as regeneration dynamics, site fertility, or legacy effects from past logging. These
observations align with findingsdm tropical montane forests, where elevation interacts with
environmental filtering and anthropogenic effects to shape stand comp{Bitioh e § a2022et a l
Baezet al. 2022 Comparatively(Liu et al.2020 showed that forests with higher c values tend to

be more mature and less disturbed, whereas those with low c values indicate early successional
stages supporting the idea that the studied Malawian sites are largelgriegoor managed
woodlands. This is further supported fyalaba2013, who linked DBH structural shifts in

Zambian forests to fire frequency and lamgk conversion, both of which are relevant across the
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Malawian gradient especially in lower elevations like 700 950m, where pressures sucle@ea char

production and agricultural expansion are more intense.

5.3.2Phylogenetic community composition in different elevation areas

The decline in Phylogenetic Diversity Wwiincreasing elevatiosupports a widely documented
pattern in montane ecosystemdjere harsher abiotic conditions such as reduced temperature,
lower productivity, and shorter growing seasons lead to reduced species richness and evolutionary
diversity(Qian et al2014 Jin and Qiar2022. Strong environmental filters may limit community
assembly to species witinslar traits and evolutionary historat high elevationsThis condition

often resuls in phylogenetic clusteringCisneros et al. 2021In contrast, the nehnear trend
observed in the Standardiz&ffect Size of Phylogenetic Diversity (SES.PD) aldahe elevation
gradient (Figure 10 with high values at both low and high altitudes and a dip atehenation,
suggests variable community assembly processes. High SES.PD values at low and highslevat
may reflect strong environmental filtering that favors distantly related yet ecologically similar
species capable of surviving in extreme conditions. Theatedation dip, where SES.PD values

are lower and this can be attributed to increased congpetit neutral processes that promote the
coexistence of closely related spec{@venson2011). Comparable humphaped patterns of
SES.PD have been observed in other mountaitropgal and subtropical regions, including the
Andes(GonzalezCaroet al.2014), the HimalayagLiu et al.2020, and East African highlands
(Onditi et al., 202 where turnover in species and functional traits is pronounced over short
elevational distances. These patterns highlight the complex interplay of biotic and abiotic drivers
in shaping communytstructure. Notably, the increase in SES.PD at high elevations despite the
overall decline in PD indicates that species present in these habitats are more phylogenetically over
dispersed than expected by chance. This may be the result of historicataligwents, local
adaptation, or ecological niche differentiation under strong selection preSaucksr et al. 201)7
Importantly, the divergece between raw PD and SES.PD underscores the need to use sathdardi

metrics in community phylogenetic analyses, as raw metrics can obscure underlying patterns driven
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by nonrandom processes. These results suggest that elevation acts not only ascamenta
gradient but also as an evolutionary filter, shaping the phylogenetic structure of woody species

communities through both deterministic and stochastic processes.

Our findings provide robust evidence that temperatel&ted climatic variables sigicantly
structure the phylogenetic composition of woody plant communities along elevation gradients in
Malawi (Table 21) Specifically, the dominant influence of mean annual temperasoteermality

and temperature seasonalisyconsistent with earliestudies demonstrating the central role of
temperature in shaping community assembly and phylogenetic turnover across tropical ecosystems
(Kraft et al.2015 Ringelberg et al. 2033 Amongthese, temperature seasonaéityerges as a
particularly strong erivonmental filter, known to influence phenological patterns, trait divergence,

and niche conservatism in montane forest sys{@adullés Cubino et a022).

The PCoA ordination revealed clear segregation of communities across elevatiorjHigunds

11), suggesting a gradual phylogenetic turnover@agad with climatic variation. Such elevation
linked stratification of evolutionary lineages has been previously documented in Afromontane and
tropical systems, where differences in climatic conditions across elevation are associated with shifts
in dominant clades and trait assemblad&sddique2017 Jin et al. 2015Romdal and Rahbek
2009. Phylogenetic niche conservatism in thermal tolerances likely underlies those patterns,
explaining the restricted elevation ranges of certain evolutionary g(Bupslay et al. 2009The
findings support the emerging consensus that temperature, particularly metrics reflecting its
variability andseasonality, plays an important role in driving phylogenetic differentiation at small
spatial scales. This aligns with findings from other tropical and subtropical regions, where
temperature regimes consistently emerge as key axes of environmentagfatedirevolutionary
structuring(GonzéalezCaro et al. 2014Tucker et al. 201,7Chapman et al. 20)6Integrating
environmental vectors into ordinations of phylogenetic community strutdacds to aclearer
understanding of how climate gradients influence biodiversity patterns. The significant

associatbns between the three temperattelated variables and the major ordination axes
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underscore their role in shaping the ecological and evolutionary assembly of plant communities,

with implications for biodiversity responses under ongoing and projectedelainange scenarios.

5.3.3 Phylogenetic community structure in different elevation areas

The observed variations in phylogenetic diversity indices along the elevational g(adjent 12)

offer critical insights into the mechanisms shaping the assembly ofywaladt communities in

Mal awi 6s forest ecosyst e (haithl9RanhithlgudastifieRthetdtab g e n
evolutionary history represented by a community, exhibited higher values at both low and high
elevations. This bimodal pattern supports previous hypotheses suggesting that em¢abnme
extremes either through niche differentiation, reduced competition, or historical biogeographic
contingencies can harbor lineages with divergent evolutionary hist(@es et al. 2014
GonzalezCaro et al. 2014 In contrast, the relatively stable values of Mean Pairwise Distance
(MPD) and Mean Nearest Taxon Distance (MNTD) asr@levation suggest that average
phylogenetic distances betweenaaxurring species remain consistent. This may indicate either
ecological convergence on functional traits or a saturation of functional niches, resulting in
apparent redundancy across @iéint elevationgSwenson 2011 However, locabed deviations

such as a dip in MPD at melevation could reflect selective environmental filtering or the

presence of unique ewdionary lineages constrained to intermediate climatic conditions.

The analysis of phylogenetic structure metrics Net Relatedness Index (NRI) and Nearest Taxon
Index (NTI) revealed divergent patterns of community assembly along the elevation gradient. At
low elevations (70®@50m), both NRI and NTI exhibited significantly negative values, indicating
phylogenetic over dispersion. This pattern suggests that competitive exclusion or limiting similarity
among distantly related species likely drives communityerab$y under relatively benign
environmental conditionfWebb et al. 2002 In contrast, mid ah high-elevation communities
(above 1250m) showed positive NRI and NTI values, reflecting phylogenetic clustering. Such
clustering are commonly interpreted as the result of strong environmental filtering, where only

closely related, stredslerant taxa wh similar ecological strategies can pergisti et al. 2024
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These patterns support the hypothesis that both deterministic and stochastic processes shapg
community assembly, but their relative importance shifts welagion(Li et al. 2023. In lower

elevation zones, reduced abiotic stress may enhance interspecific competition, favoring niche
differentiation among distantly related species. Conversely, in hajbeation areas, increased
environmental halsess (e.g., lower temperatures, limited resources) may intensify abiotic
filtering, promoting convergence and the persistence of phylogenetically similar sfi@og®t

al. 2019 DominguezAmaya et al. 2025 Interestingly, contrary to findings afiu et al. (2021)

who reported a shift from phylogenetic clustering to over dispersion with increasiagj@ewur

study showed the opposite trend over dispersion at low elevation and clustering at higher
elevations. This may be attributed to the relative strength of facilitative interactions at high
elevations, where stress amelioration can promote thesteese of ecologically similar taxa

(Qian and Ricklefs 2096 The observed clustering of species at higher elevations could indeed be
due to evolutionary convergence, where uneelapecies independently evolve similar traits in
response to comparable environmental pressures like cold or limited resources. This is a well
documented phenomenon in evolutionary biolfigysos 2011 Cadotte et al. 20080verall, our

findings suggest that community assembly across the elevation gradient is governed by a balance
between competition and facilitation, chdated by the degree of environmental stress, and further
influenced by evolutionary processes such as niche conservatism and convéBgeneaeet al.

2022).

These interpretations are supported by the starsardeffect size mats (SES_MPD and
SES_MNTD), which account for species richness differences and improve the detection of non
random phylogenetic patterns. The observed variation in SES values along the elevational gradient
suggests thdioth deterministic and stochastimpesses, including environmental filtering, biotic
interactions, dispersal limitation, and historical legacies influence plant community assémbly

is consistent with the findings &fraft et al. (2015)who show that both nicheased environmental

filtering and neutral dispersal dynamics contribuggsicantly to ecological assembly in tropical
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forests, and.l et al. (2014) who show that filtering plays an increasing role as elevation rises in
montane ecosystemgachac et al. (201Tpund predictable shifts in phylogenetic structure in ant
communities across elevational gradients, Baflaresde-Dios et al. (2024jound similar trends

in tropical tree assemblages in the Andes. By combining multiple phylogenetic diversity and
structure metrics, this study reveals the intricate interplay between ecological processes and
evolutionary history across environmental gradieatsphasing the importance of elevation in
informing conservation strategies and biodiversity management in the face of ongoing climate

change.

5.3.4 The relationship between phylogenetic community structure and the environmental
factors

Analysis of the relatinships between elevation and phylogenetic structure indices, namely the Net

Relatedness Index (NRI) and the Nearest Taxon Index (NTI), revealed no significant structuring of

woody communities along the altitudinal gradient in Mal@vigure 13) The very bw coefficients

of determination (R2 = 0.01 for NRI and R2 = 0 for NTI) and-s@nificant pvalues (p = 0.3 and

p = 0.4, respectively) suggest that elevation alone does not have a marked influence on the

phylogenetic assembly of plant communities. Thesellts are comparable to those obtained by

Zhang et al. (2016)in subtropical ecosystems, where no significant trend in phylogenetic

structuring was observed in relation to altitude. Simila@ign et al. (2014pointed out that, in

some tropical regions, phylogenetic patterns are often shaped more by regional biogeographic

history than by environmeritgradients. However, these observations contrast with findings from

mountainous regions such as the tropical Andes, where increasing elevation has been associatec

with stronger phylogenetic clustering due to intensified environmental filtering. For gestan

Dehling et al. (2014)eported that frugivorous bird communities exhibited increased phylogenetic

and functional clustering at higher elevations, suggesting that harsher abiotic conditions act as

strong environmental filters, favogrclosely related species with similar traits.
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The absence of a significant signal in our study can be explained by several factors. First, the
structural heterogeneity of landscapes in Malawi, including a mosaic of dry forests, wooded
savannas, and raimfests, could favor the eoccurrence of species from highly diverse
evolutionary lineages, diluting the effects of strict phylogenetic filtering. Second, widespread
anthropogenic pressure (fires, agriculture and fragmentation) could lead to floristic
homogenisation, masking natural assembly processes. Finally, it is possible that the altitudinal
range studied (75@750m) is not sufficient to generate abiotic variations strong enough to
significantly filter certain lineages. It is therefore possible thatjatawian ecosystems, edaphic
factors act in synergy or compensation with climatic gradients, modulating assembly processes in
a more complex way than is revealed by NRI and NTI indices alone. Thisnsibnment
interaction could blur the expected phyémetic trends, particularly in highly anthrsgad contexts

where community resilience may rely on diversified functional strategies that are not necessarily

phylogenetically related.

Phylogenetic diversity measured by the Faith_PD index was found tciteqly correlated with

certain seasonal climate variables, notably temperature variation (BIO03) and precipitation in wet
and dry quarters (BIO16 and BIO18), indicating that watnaual climate fluctuations strongly
influence the evolutionary diversitf woody communities. These results are consistent with those

of Jin and Qian (2022and Qian and Sandel (201, Avho highlighted the importance of thermal

and water gradients in the phylogenetic structuring of regidmal. fin contrast, the NRI and NTI
indices showed no significant relationship with environmental variables, suggesting an absence of
clear phylogenetic structuring, contrary to the observatiohsmet al. (2023)n temperate forests.

The negative correlation between SES_MPD and precipitation in the coldest month (BIO19)
indicates a loss of phylogenetic divergence under extreme climatic conditions, which is consistent
with the results ofQian et al. (2021)The weak correlations between phylogenetic indices and
edaphic variables (nitrogen, phosphorus, soil deptiyest that seasonal climatic factors have a

more decisive influence in this context. Thus, although seasonal climatic conditions appear to be
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the main drivers of phylogenetic diversity, the lack of strong structuring of the NRI and NTI indices
suggests thmvolvement of stochastic or historical mechanisms in community assembly, requiring

further study.

5.3.5 Phylogenetic structure of plant communities

The phylogenetic tree constructed from data collected in Malawi revealsramaom structure

of woody communigs, illustrated by the grouping of species belonging to the same clades such as
Uapaca, Brachystegia, and Parin@igure 15) This grouping suggests environmental filtering,
where only species sharing functional and ecological traits adapted to lochlicss (soil,
altitude, and climate) persist in a commurfityebb et al. 2002 embel et al. 2010 This filtering

tends to reduce localelutionary diversity and promotes phylogenetic proximity among species.
The dominance of the genera Brachystegia, Julbernardia, and Uapaca confirms their key role in the
miombo ecosystems of southern Afr{€@ondwe et al. 202 Dewees et al. 201@kinnifesi et al.

2008 Prinzing et al. 2001)

However, the presence of certain phylogenetically distant taxa suéficas spp, Annona
senegalesis andEucalyptus camaldulens&so suggests trends of phylogenetic over dispersion

at certain sites. This could reflect limiting competition processes or local environmental
heterogeneity favoring the coexistence of ecologically divergent spgti@asy e nder Bar e ¢
2009 Swenson 2011 Similar observations have been reported in the dry forests in @Pamaet

al., 2014, the Afromontane forests of Tzania(Lyaruu et al. 200)) and the forests of southern
Africa (Ryan et al. 201)1 where woody communities are structured by both abiotic constraints
(climate, soil, altude) and biotic interactions (competition, dispersal, disturbance). The
phylogenetic approach adopted here, using a fully resolved tree, allows for a robust estimation of
phylogenetic diversitystandardied indices such as SES.PD, and clustering or dispersdices

such as NRI and NT(Swenson 20L1Tucker et al. 201)/ These indices are essential for
interpreting community structuréfom an evolutionary and ecological perspective and for

identifying the dominant processes structuring plant diversity.
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5.3.6 Conservation advice

Our study revealed that the phylogenetic structure of woody communities associatedpeita
kirkiana varies cosiderably between natural forests along an altitudinal gradient in Malawi. This
variation reflects the combined influence of evolutionary history, species interactions, and local
environmental conditions. Forests located at higher altitudes {(I'l600M, ad 12501370m)
exhibited phylogenetic over dispersion, suggesting that coexisting species tend to be
phylogenetically distant, likely due to environmental heterogeneity or competitive exclusion. In
contrast, mid to low-elevation forests (1150295m and 70@00m) showed phylogenetic
clustering patterns, dominated by closely related species with similar ecological characteristics,
likely due to strong habitat filtering. These results highlight the need to integrate evolutionary and
ecological dimensions intoconservation planning. Maintaining phylogenetically diverse
communities can enhance ecosystem resilience and stability, particularly in the context of
increasing climate pressures. Conservation and restoration strategies should therefose prioriti
areas WereU. kirkiana coexists with evolutionarily distinct taxa to ensure the protection of both
the species and its broader ecological network. Furthermore, it is resth¢fmat climatic variables

such as temperature and precipitation structure speciestdagemalong altitudinal and spatial
gradientgRahbek et al. 20)9Functional traits, such as specific leaf area, wood density, and leaf
nitrogen catent, also influence plant responses to environmental stress and determine community
assemblyWang et al. 2022)Although our current study focused on phylogenetic structure at the
local scale, future research should incorporate these functional and climatic dimensions to better
predct how U. kirkiana and its associated woody communities might respond to environmental
change. Furthermore, consideration of spatial scale is essential for understanding community
assembly mechanisn{fashirzad et al. 201L8Extending analyses to broader spatialdgrats,
incorporating functional trait data, will provide more comprehensive information for biodiversity

conservation in Malai's mid-canopy Miombo forests.
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5.4 Intraspecific functional trait variation of U. kirkiana across ecegeographical regions

5.4.1 Morphological and functional traits variation across geographical regions

The results revealed a great variability of morphological and functional traits of. tkiekiana

tree across biogeographical regigmable 23) Comparing the population from the Cexhtregion

to the North and South, growtklated morphological traits like total height and canopy height
were significantly lowerThis comparisomndicatesthat the conditions for vertical development

may not be ideal for individuals in this area. Thiling suggested that climatic conditions in
central Malawi limited plant height development compared to northern and southern regions.
Central Malawi experiences a prolonged dry seasonerloainfall (approximately 76Q,000
mm/year), and higher tempéunges(FAO 2020) which may inhibit hght growth. In contrast, the

north has a more humid and mountainous climate, while the south benefits from a more stable
climate. These disparities directly influence the morphological traits of plant species, particularly
total height and canopy heighgignificant variability in morphological characteristics was
observed in the central and southern regions, particularly in terms of desiccation, seed weight, fruit
shape, and structural size. This variability could result from a mix of the individieaédopmental

stages and environmental differen¢kalinganire et al. 2008 Morphological traits such as fruit

and seed weights showed significant regional variations concerning reproductive traits, with the
Central region population showing lower average values than the North and South. This suggests
thatU. kirkianain the Central region devotes less energy to fruit and seed development, perhaps
as a means of adapting to local resource limitations (DaiZ@24). Leaf traits showed significant
variations among geographic regions, with the highest value of fresh leaf weight and water content
in Northern population, indicating improved water retention or more conducive leaf development
conditions.Similarly, Chaffey (2009¥ound that tree populations in wetter or cooler environments
exhibited greater leaf water content and biomass, suggesting that environmental conditions

significantly influence leaf morphogical traits.
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However, the mean leaf shape differed by region, with the South recording intermediate values,
which suggests that environmental variations influence leaf morphology. Leaf shape is often a
response to climatic factors such as temperatgtg,ihtensity and water availability. Intermediate

leaf shapes in southern populations may reflect a balance between extremes, perhaps an adaptatio
to moderate environmental pressures versus more stressful conditions in the North or more
favorable condibns in the South. Studies Mates et al. (201(ad shown that by charactng

leaf morphology, leaf shape, and size of Protea species varied with climatic conditions, with
intermediate leaf shapes in transitional climate regions reflecting adaptive strategies topeoptimi
water use and temperature regulation in environments that are neither too dry nor too humid.
Overall, the diversity of leaf morphology and functional among the regions could emanate from
the adaptive response of the species to interactions betweenymenobmposition and
environmental factorgAtkins and Travis 2010Leakey et al. 2005PerezHarguindeguy et al.

2016.

5.4.2Pairwise correlation between morphological traits

Our funding showed a positive correlation between basal diameter, diameter at breast height, and
total height(Figure 16) This suggests that tree diameter can be used as an indicator of the growth
in height of the tree. This confirms a typical morphological coordination of woody species, where
vertical growth is generally accompanied by trunk widening to ensure mechaniskiystend

water conductivityBrose et al. 200@iaz et al. 2016 This pattern is characteristic of resource
acquisition strategies in environments where competition for light is in{®eseie et al. 2026
Similarly, the relationship between canopy shape and canopy height, as well as total height, may
reflect a greater physiological efficiency in wdiveloped individuals, linked to enteed

resource use strategies.

The correlations between leaf water (LWC), leaf length (LL), and height showed functional trade
offs, particularly a differential allocation between leaf area and tissue density. A negative

correlation between LL and LWC couladicate a tendency to produce longer but thinner leaves,
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which is often observed in species adapted to dry conditions or low nutrient availkdbeith

2014. These tradeffs reflect the environmentgressures that constrain growth and survival
strategies. Moreover, the significant relationships between reproductive traits such as seed number
and seed mass illustrate a reproductive strategy where an increase in seed number also increase
the total frut mass. This link is often observed in anirdedpersed seed species, where fruit size

can influence dispersal succef8loles and Westoby2009. Additionally, nonsignificant
relationships between certanaits (for example, between leaf width and height or between fruit
length and basal diameter) also suggest that some characters are modulated independently, whict
IS common in species with a wide ecological distribution and high functional plagdaitgdares

et al. 2007. This may reflect local adaptation or differentiated selective pressures according to the

study area.

5.4.2 Discriminant morphological and functional traits and regional differentiation

patterns of U. kirkiana
Our study highlights the significant role of morphological and functional traits in differentidting
kirkiana populations across the distinct geographical and ecological regions of Niaédhk 24)
Traits such as leaf water content (LWC), mean leaf diameter (MLD), seed weight (SW), canopy
shape (CS) and basal diameter (BD) emerged as the most discriminant variables, suggesting strong
selective pressures linked to regional environmental comdifMcGill et al. 2006 Diaz et al.
2016. These findings are consistent with Diaz et al. (2016) and McGill et @06)2who
emphasisg the ecological relevance of functional traits in shaping plant responses to
environmental heterogeneity. Individuals from the central region exhibited the most distinctive
combinations of traits, including compact canopy structuresaamer values of LWC and MDC.
These patterns reflect possible adaptations to the region's harsher conditions, characterized by
prolonged dry seasons, erratic rainfall, and poorer g6/K0O 2020) The lower vertical
development observed here, compared to northern and southern populations)ditate

ecological constraints that inhibit full expression of growth potential. The strong association
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between LWC and the first canonical axis (Canl) reinforces the role of foliar hydration as a key
adaptive trai{Figure 17) Its covariation with seewveight suggests a coordinated strategy between
water use and reproductive investment, possibly driven by moisture stress and edaphic
limitationgViolle et al. 2007 Albert et al. 2011 Similarly, differences in canopy shape and
diameter between regions may reflect light competition and resaseceefficiency along

environmental gradien(&alladares et al. 2007

Individuals from the central region showed the most significant difference compared to those from
the northern and southern regiofigable 25) Trees fron the central region showed distinct
combinations of traits, particularly SF, LWC, NB, MDC, and BD, which emerged as key
discriminators. These patterns indicate that central populations may be subject to distinct ecological
constraints or have unique genatompositions that influence their phenotypic expreséitile

et al. 2007 Albert et al. 201). Significantly, LWC and MLD were the traits most strongly
associated with the first canonical axis (CafTgble 26) showing that foliar hydration and leaf
dimensions were the primary drivers of integional trait differentiation. This axis alsbosved

positive SW loadings, suggesting that foliar waise traits and reproductive investment vary in
tandem. Such integration of physiological and reproductive characteristics may reflect adaptations
to moisture availability and edaphic heterogengiticotra et al. 2010PerezHarguindeguy et al.

20169. Furthermore, CS and MDC contributed sfguaintly to regional separation. Individuals

from the north and south had higher CS and MLD values, whereas trees in the center had more
compact canopy forms. These differences could be attributed to structural changes in regional

gradients in light avaalbility (Valladares et al. 2007

Environmental drivers, particularly climate and soil, appear central in shaping this morphological
diversity (Figure 18 and 19)Fa example, forests such as Chongoni and Perekezi, chasadteri

by shallow soils, steeper slopes, and higher altitudes, exhibited traits indicative of water stress
tolerance: thicker, heavier leaves and greater seed production. These findings al{@heaxts

et al. 2003 who noted that in drougiprone environments, plants often develop morpho
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physiological traits thatduce dehydration and promote reproductive resilidrnbart and Grant
1996. Conversely, forests like Dzalanyanshowed strong associations with thernzend
precipitation variablesBIO3, BIO12, BIO16), pointing to adaptations to warm, humid climates
and confirming patterns of thermal plasticity reportedNipyotra et al(2010. In southern regions
like Malosa and Mangochi, deeper, nitrogeh soils combined with arid conditions were linked
to greater height, canopy spread, and biomass accumulation, sugtestswgl fertility modulates

the impact of climate stress on grow@omita and Engelbrec009.

These findings underscor®. kirkiands phenotypic plasticity and its capacity to adapt
morphologically and functionally to a complex interplay of climatic and edaphic variables. Similar
climatic effects on morphological variation have been reported in speciégddea africanaSm.,
(Houehanou et ak019, Uvaria chamadP. Beauv.(Dai et al. 2024), an€ynodon dactylomn..

Pers (Wang et al.2020 reinforcing the broader ecolmgl principle that environmental

heterogeneity drives trait variation and, ultimately, adaptdBagliucci et al.2006.

5.4.3 Morphotypesidentified across the geographic region in Malawi

Four morphotypes distinct from each other were identified frontHerkianatrees(Figure 20)

This variability could result from a combination of envinoental factors (edaphic, climatic
conditions) and anthropogenic factors (selective harvesting, fires, agricultural practices)
influencing the growth and reproduction of individu@dBoffa 200Q Kalinganire et al. 2008
Similar results were obtained PAadamou et al(2013 on A. Africanaand by Dai et al. (2024), on

U. chamaseshrubs in BeninThe identification of these four morphotypes and the difference in their
distribution could have resulted from the adaptation of the species to local envirahment
conditions (Gandji et al. 2020) These observed morphotypes could reflect a high rate of

polymorphism within the species Malawi.

The first morphotype was composed of a high number of branches and largeshiaaeal fruits

and or i gi natnmbBorektinthennokharn liegiog with an annual rainfall of 230D
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mm (Haghtalab et aR019 (Table 30) This indicates adaptation to potentially more competitive
understory light environments, where higher branching may impriéva¢ogynthetic capture
(Garnier et al. 2001 The larger fruit base might also indicate a locally selected trait for fruit
persistene in that region. However, morphotype 2, consisting of trees from Chongoni (Central)
and Perekezi (North), was composed of low fresh and dry leaf mass, as well as minimal water loss
by desiccation. This may reflect an ecological strategy for droughtaitmey as lower leaf mass

and reduced water loss are adaptive under viiatéed conditions (Wright et al. 2004).
Interestingly, this morphotype shows relatively tall boles, which may represent a grateigst

for light competition in forested ecosystems. Additiondflighest fruit traits, including weight,

width, and seed number characted Morphotype 3, from Malosa Forest (South)

These traits suggest that this morphotype might possess genotypssdes&br domestication and
selection programs aimed at enhancing fruit yield, consistent with previous findings in other
priority indigenous fruit speciggkinnifesi et al.2008. The high leaf water content and significant
mass loss by desiccation further indicate high water uptake capacity, which may be associated with
favorable soil and moisture conditions in Malosa. Moreover, Morphotype 4, formed by individuals
from Dzalanyana (Central) and Mangochi (South), stands out with the largest basal diameter,
DBH, and tallest mean canopy diameter. These traits imply vigorous growth, possibly linked to
better soil fertility or reduced anthropogenic disturbance in these regions. Dnghatype
exhibited the highest leaf water content, underscoring its capacity for maintaining hydration and
possibly enhanced photosynthetic efficiency under varying condit{@sapin 11l et al.
1993.These observed differences between the morphological traits of the species would provide
ecotypes as sources of genetic pool selection. Further research to distinguish the relativ
importance of edaphic factors and genetics on the observed variation of these four morphotypes

would be an asset in the domestication and sustainable conservation of the species.
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5.4.4Interactions between environmental factors andUJ. kirkiana traits

The redundancy analysis indicated a strong link between environmental factors and morphological
or functional trait variation itJ. kirkianaindividuals. The most important environmental factors
influencing trait composition were altitude, aridity indexdamoil type(Table 27) Altitude was

found to be positively associated with key discriminant morphological traits such as BD, DBH,
LWC, and SW(Table 28) indicating that individuals at higher elevations have larger stems,

increased foliar hydration, andegter reproductive allocatigBinter et al.2025)

These tradenvironment relationships are consistent with previous findings, which show that higher
altitudes frequently favor slowgrowing individuals with increased investment in structural and
storage traits due tmfder temperatures and shorter growing sea@§amer 2007 Fyllas et al.

2009. Fruit weight, on the other hand, showed a negative atisocgong both axes, particularly

on Leaf water content, Basal Diameter and Diameter at Breast Height, suggesting that this
reproductive trait responds differently to environmental variation, possibly due tcoffade
between fruit size and other fitnesdated trait§ZhangZheng et al. 2024 Specifc canopy height

(CH), with a negative loading on Leaf water content, Basal Diameter, and Diameter at Breast
Height, appears to be more sensitive to unmeasured environmental variation or microclimatic
factors. This pattern could indicate adaptive canophitecure in response to locadd light

availability or competitive interactior(¥alladares and Niinemets 2008

5.4.5 Plasticity in the morphological and functional traits of U. kirkiana

The results showed distinct variation in phenotypic plasticity (PPI) across the regions, highlighting
the species' ability to adapt to enviromtad aridity. The highest PPI value observed for grewth
related traits, such as DBH, BD, and TH, indicating that these traits are particularly sensitive to
environmental variations, allowing individuals to modulate their development according to local
condtions (Sultan 200QAnderson T e i x e i r 3. Speties with a wi@eBpPedd distribution
demonstrate adjustments in their performance in response to changes induced by climatic variations

(Nicotra et al. 2010valladares Ros and Araujo 201®nestrategy often adopted by these species
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to cope with these environmental changes is phenotypic plagtiaityand EtKassaby 2010 In
contrast, traits such as the NB, MDC, and BH exhibited low plasticity, suggesting that they may be
more strongly canaded genetically or subject to functional constraints that limit their phenotypic

variation(Bradshaw 1965Sdlichting 198§.

The regional distribution of plasticity, particularly the marked values of BH and MDC between the
north and the south, as well as the variation in NB between the center and the north, reflects
differential adaptations to local environntal gradients, particularly climatic and edapfamp

and Pefuelas 20D5The low plasticity between the center and the north for the majority o, trait
except for BD, CS, HC, TH, and DBH, suggests a relative environmental homogeneity or
stabilising selection in these areéShalambor et al. 2007 This differentiated plasticity reflects

U. kirkiana'sability to adjust certain functional traits in response to local variability, a key factor
for its resilience to climate chan@¥dicotra et & 201Q Valladares Ros and AraugD14). Genetic
diversity, physiological adaptations and environmental conditions may play a crucial role in
shaping the observed PPI variations. Further research into the utaolemd physiological
mechanisms underlying phenotypic plasticity may provide valuable insights into the species'

resilience to aridityrelated stresses.

5.4.6 Implications of the findings for U. kirkiana conservation and domestication

Understanding the relatiships between environmental conditions and plant traits can inform
conservation policies and strategies aimed at species' domestiéaadoudjo et al2021; Balima

et al. 2018; Shin et ak019) The variation in morphological and functional traits within
populations ofJ. kirkianaacross different regions underscores that there is, to some exteti; gen
diversity that needs conservation efforts. These efforts should focus on maintaining populations
across various regions, since each population may harbor unique adaptive traits that contribute to
the species' resilience and survival in specific emvitents( Qui nt er o ZR24) mi s e
addition, the observed correlations between the climatic yasi@md specific traits can serve as a

basis for selecting a genetic diversity pool for conservation and potential domesticationredforts.
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example Jump et al. (20099emonstrated that populationskdgus sylvaticg European beech)
located at the ecological margins (drier southern populations) expressed distinct physiological and

morphologi@l adaptations that were absent in core populations.

Preserving this regional variation is critical for the species-teng adaptability under changing
climates. In addition, the observed correlations between climatic variables and specific traits can
guide the selection of populations with desirable characteristics for conservation or domestication.
This approach aligns with findings #iberto et al. (2013)who emphased the importance of
climatetrait associations for assisted gene flow and breeding programs, especially under projected

climate scearios.

Findings on the specific climatic conditions that promote optimal growth of desirable traits can
guide decisions on where to establish plantations or restoration projects. In the context of
domestication, the plasticity exhibited by kirkianain response to different climatic conditions
presents opportunities for selective breeding and cultivatidentifying characteristics that
enhance survival and productivity in different environmestaseful to informeffort towards
selecting elite individals that are weladapted to specific ecological regions. This could enhance
the speciesbd economic potenti al and contri b
(Kumar 2015; Leakey and Simons 1998)Jhe observed variation in leaf traits, reflecting an
adaptation to water stress, can also inform strategies for selecting uradsvidith desirable

characteristics for arid regions.

5.5 Population ecology and carbon storage potential d. kirkiana in Malawi

5.5.1Floristic composition and diversity ofU. kirkiana habitat

The floristic richness ofJ. kirkiana habitats across Malawi cbmnms the ecological value of
miombo woodlands as biodiversity hotspots in Southern AffWhite, 1983. The recorded
richness of 124 species across 39 families reflects the functional complexity and structural diversity

of these habitat§Appendix 5) The predominance of the Fabaceae family (42 species) reflects a
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typical pattern observed in tropical dry forests and savannahs ecosystems, where-iniragen
species enhance soil fertility and facilitate the regeneration sbceded woody species
(Chidumayo and Gumbo 20)L0n addition to Fabaceae, the frequent occurrence of Phyllanthaceae,
Rubiaceae, and Anacardiaceae in the sampled plots indicates structural complexity and functional
diversity in these woodlands (Gondwe et al. 2021). The dominBnaehystegia, Uapaca,
Julbernardia and Parinari genera confirms the typical floristic composition of miombo
ecosystems. These ecosystems are globally ressapfor their distinct community structure and
socicecological importance and the genera are widely reported as eeblagiicators in
Tanzania, Mozambique, and Zamidi@ampbell 199% Their dominance suggests thhatkirkiana

thrives in ceexistence with key structural species and potentially benefits from facilitative
interactions that enhance its regeneration and establishment. This has been observed previously ir
other parts of the Zambezian phytoregion (Campbell 1996; Ryaln 2012). This could lead to
favourable ecological interactions for the natural regeneratiad. ddirkiana (Chidumayo and

Gumbo 201D

The presence of five IUCN Red List vulnerable speciedirkirkiana habitats(Figure 22)
highlights the importance of conserving these areas, especially imfigitreasing threats such

as shifting cultivation, charcoal production, and illegal timber extra¢fionberlake et al201Q

Sosef et al. 200)7Furthermore, the identification of 25 species not yet assessed by the IUCN points
to critical gaps in botanical knowledge and underscores the urgency for updated taxonomic and

conservation assessments (Mazikakd Changadeya 2024).

The result alsoreeel ed signi fi cant regi onalTabtki32) iher enc
central region recorded higher species richness, possibly due to lower levels of disturbance or
greater environmental heterogeneity. In contrast, the southern region exhibisesterdly low
diversity across all indices, likely reflecting high anthropogenic pressures such as fire,
overharvesting, and agricultural encroachmé&mwees et al2010) Interestingly, the northern

region had lower species richness but higher Simpson diversity, suggesting floristic dominance by
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a few species likely due to past logging or regeneration stages favoring pioneer or generalist species
(Nyirenda 2022). fie high Jaccard similarity between northern and southern communities may
reflect shared disturbance histories, such as widespread fire regimes, or similar ecological filters
(Chapagain et al. 202Bieng et al., 2021 This pattern is characteristic of environments that have
been disturbed by human activity or are in the process of regeneration, where such influences or
early successional phases favor the prevalence of certain opportunistic or pioneer(Bpadi&s

et al.20096.

The results confirm the importance &f kirkiana within Malawi's @ntral miombo forest
formations. Its high IVI value in the study area highlights its ecological importance as a dominant
or codominant specieglTable 31) As Ngulube (1998) points out, the dominancéJokirkiana
reflects its ability to establish itsali natural stands, making it a structuring species in miombo
ecosystems. This role is all the more relevant akirkianais also recogsed for its ecosystem
services, particularly in terms of carbon storage (Shirima et al. 2011), forest regenerdtiocabn
subsistence through its fruits. The use of IVI here makes it possible to assess not only the density
and dominance dfl. kirkiana, but also its frequency in the plots, providing a complete insight into

its spatial distribution. This approach alsghiights its coexistence with other key species such as
Brachystegia spiciformiBenth. (Fabaceae)ulbernardia paniculatgBenth.) Troupin (Fabaceae),
andUapaca sansibariciill.Arg. (Phyllanthaceaghich, in certain forests such as Dzalanyama
and Peekezi, play a significant role in population dynamics. These results showéd didiana

should be considered an ecological and secanomic priority species in conservation strategies.
However, the variability of its indices across forests suggéstsneed to adapt management
measures to each local context for the sustainable and effective conservation of miombo
ecosystems. They alsmphasis@he conservation potential of these habitats and their role in

maintaining ecological function under chamgland use and climatic pressu(Bgeng et al. 2021L
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5.5.2 Structural diversity of U. kirkiana stand: insight for ecosystem sustainable
management
The structural diversity ofJ. kirkiana stands across Malawi showed a dmminance of
intermediate mingling classes (Mi = 0.50 and 0.75) in all reg{éigure 23) This indicates
moderate spatial mixing betwedh kirkiana and associated species, a condition that is often
beneficial for enhancing stafevel ecological stabtly, light utilisation, and resilience against
biotic and abiotic stressor&Gadow et al. 2012Pommerening, 2002 Conversely, the low
representation of extreme mingling values (Mi = 0 or 1) suggests that pure stands or monospecific
dominance is rare, reinforcing thele of U. kirkianaas part of mixegpecies woodland systems
(Kalaba et al. 2013). Similar observations were made in West Africa \Ren@carpus erinaceus
Poir. had lower Mi values in drier zones with higher anthropogenic disturbances in Biaan (

et al. (2028).

Diameter differentiationdid not vary significantly across regions, suggesting structural
homogeneity, possibly due to similar management history or ecological {fEgiele 33)
However, the southern region displayed significantly lower 4trear distance (Di), indicating
higher tree density and potentially stronger interspecific compe(Rimizsch 2000 This pattern

Is consistent with protected forest reserves in southern Malawi, where reduced human access favors
natural regeneration but also increases competioshowed strong regional contrasts and was
highest in the central region, likely due to more intensivadrutilisation (branch harvesting for

fuel or fodder). Frequent pruning can modify vertical structure and influence carbon allocation,
often reducing growth potential if excessif{#&erts and Honnay 20)1NPE was significantly
higher in he northern region. This corresponds with higher regeneration rates in this region and
aligns with earlier findings that seed source proximity, canopy cover, and moisture availability
support natural recruitment in seneciduous forest&Chidumayo and Gumbo 2018waine and
Whitmore 1988 These rsults are contrary to those obtained Byou et al. (2023h)on

Pterocarpus erinaceuBoir. in Benin, showing that the lowest density of adult trees was observed
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in the Sudandsuinean zone despite the highest regeneration. This disparity could probably be due
to the highly illegal cutting and harvesting of the species because of the seasonal movements of

livestock(Houehanou et al. 201 8insin et al. 2004

Such results were also observed in the same arddobgtchégnon et al. (2015)r Prosopis
africana (Guill. & Perr.). Taub. Reporting that the tree density was low in the most arstutopi
areas in Benin. This discreparughlights the role of protection status and anthropogenic intensity
in shaping demographic structufighe Dg was significantly higher in the northern and southern
regions than in the central region. This suggests that cooler, wetter, or more statmjecaicol
conditions may favor tree longevity and growiensah et al2014. Such patterns were also
reported forVitellaria paradoxaCF Gaertn. and\fzelia africanaSm. ex pers. In West Africa,

where climatic stability and protection policies promoted basal area incré@leld et al. 20111

The analysis also revealed significant correlations among structural attribigess 24) DBH

showed a strong positive correlation with Qs and Di in northern and southern regions, reflecting
dominance by larger trees occupyinglei growing spaces, a common pattern in-geifning or
semiclimax systemgZianis et al. 2005Pommerening 2002 A negative correlation between

DBH and DDi further indicated lower size heterogeneity in stands dominated by older, larger
individuals. Notably, a neg&e correlation between DDi and Di in northern and southern regions
suggests a more aggregated distribution in size heterogeneous stands, possibly due to regeneratio
pulses or gayphase dynamicd/iljur et al. 2022 Li et al. 2024). In contrast, in West Africa, Biaou

et al. (2023) reported a positive correlation between these variables, likely due to differences in
rainfall seasnality and fire regimes. This trend could be explained by competition for essential
resources such as light, water, and nutrients, which are important for tree growth and development
(Fandohan et al. 201Boulékoun et al. 2037In the southern region, positive correlationssen

NPE, Pi, DDi and Dg suggest a natural $kihning dynamic, possibly humassisted selection.

This might result from management practices such as selective pruning or assisted regeneration in

fenced reserves, which were reportedly more regulatednh@her zones. These findings support
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the hypothesis that light anthropogenic management can facilitate structural complexity and
regeneration Ghidumayo and Gumbo 201Geliger et al. 2024). Thisesult is contrary to the
paradigm ofYoda (1963) which stipulates that increases in stationary biomass, linked to tree
development, are offset by s#ifinning dynamics atitouted to space filling and the subsequent
scarcity of resources. These divergences could be due to differences in disturbance practices or the
resource use strategy by local communi{®segawa and Nkuutu 2006howing the spatial

distribution and structuring of the populations.

Altitudinal gradients further shaped structural pattg€figure 25) At higher elevations (1150

1370), DBH msitively correlated with Qs and Di, consistent with the idea that dominant
individuals emerge in less disturbed, stable condiffdrfeiner 1990. Conversely, lower elevations
showed negative correlatis between Dg, Di, and Qs, likely reflecting pressure from human land
use, grazing, or droughélated stress (Agea et al. 2010). Additionally, Mi exhibited variable
correlations with other indices across altitudes, suggestingsptgfic processes inwohg
edaphic and climatic filter§Seydack 1995Geldenhuys 2005 Finally, the observed positive
correlation between Pi and Qs in ratlitude zones (95@100 m) implies that selective human
interventions may have initially supported tree growth by redpuaciterindividual competition.
However, the concurrent negative correlation with DDi suggests that intensive pruning could
reduce horizontal heterogeneity, especially when it becomes recurrent or spatially selective. These
results, consistent with studién tropical dry forests of East and West Africa, by highlighting the
structural variation and ecological responsel dtirkianapopulations to regional and altitudinal
gradients. They emphasi the influence of human disturbance, ecological conditiand, site

specific management on demographic structure, and call for conservation strategies tailored to

regional pressures and ecological contexts.

5.53 Variation in diameter class structure ofU. kirkiana populations across regions
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The diameter class$raicture ofU. kirkianaacross the three regions of Malawi showed strong spatial
variation, with patterns closely reflecting levels of disturbance, ecological conditions, and
protection status. Overall, the dominance of small diameter class&9 (&) inall regions
indicates a population biased toward young individuals and active regeneration. However, the
limited presence of larger diameter classes (>30 cm), particularly in the central and northern
regions, suggests regeneration bottlenecks and patdetizographic instabilitfLeakey et al.

2005. In the central region, the pronounced asymmetry in diameter class distribution and the
higher Pi point to substantial anthropogenic disturbahicese structural imbalances likekflect
selective logging, fuelwood collection, and land use conversion, which disproportionately affect
mature treesSimilar patterns were reported in West Africa, whé&trocarpus erinaceus
populations in the Sudanian and Sud&wnean zones exhileid truncated structures due to heavy
harvesting and insufficient recruitment into larger claggesahowe et al. 2039Biaou et al.
2023b) In contrast, the southern gien displayed a comparatively less skewed diameter
distribution, suggesting relatively better conservation of mature individealsre 26) While

small diameter classes still dominated, a greater proportion of individuals in mid to large diameter
classe was recorded, likely due to the location of most plots within protected forest reserves with
restricted access. Such patterns highlight the importance of effective forest protection in
maintaining population structure and letegm viability (Nacoulma eal. 2011). The relatively
stable structure in the south may also be influenced by favorable edaphic and climatic conditions,
which support tree longevity and growBirhane et al. 202QbThe northern region, despite high
regeneration rates, also lacked individuals igdadiameter classes. This trend could be attributed

to historical overexploitation, compourdleby climate variability low rainfall and soil

degradation), which limits the transition from sapling to adult stages (Nyirenda 2022).

In contrast, the southenegion displayed a comparatively less skewed diameter distribution,
suggesting relatively better conservation of mature individi@dgire 26) While small diameter

classes still dominated, a greater proportion of individuals in mid to large diametsgsclaas
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recorded, likely due to the location of most plots within protected forest reserves with restricted
access. Such patterns highlight the importance of effective forest protection in maintaining
population structure and lostgrm viability (Nacoulmaet al. 2011). The relatively stable structure

in the south may also be influenced by favorable edaphic and climatic conditions, which support
tree longevity and growt(Birhane et al2020b. The northern region, despite high regeneration
rates, also lacked individualslarger diameter classes. This trend could be attributed to historical
overexploitation, compounded by climate variability (e.g., low rainfall and soil degradation), which
limits the transition from sapling to adult stages (Nyirenda 2022). Studies iptathied the Sahel

have shown similar regeneration constraints under increasing aridity, where moisture stress
impedes diameter growth even in the presence of successful seedling establishment (Birhane et al.

2020).

Across all regions, the scarcity of lardiameterU. kirkiana individuals raises concerns about
population aging, reproductive potential, and lbegn sustainabilityFigure 27) Large trees often

serve as key seed sources and contribute disproportionately to ecosystem functions, including
caibon sequestration and microhabitat provisionfdgidgumayo and Gumbo 20L0rheir absence

may thus compromise both the ecological role and regeneration dynamics of the species. These
findings highlightthe need for targeted conservation actions such as enforcing cutting bans,
promoting enrichment planting, and enhancing commtbaged protection, particularly outside
protected areas. Moreover, integrating traditional ecological knowledge with scidotist
monitoring could facilitate the restoration bf kirkiana population structures across Malawi
(Kalaba et al. 2013; Gouwakinnou et al. 2009). Ultimately, the observed variation in diameter class
structures emphasng spatial disparities in popuian demographics and identifying key drivers

of structural degradation and resilience. It underscores the urgency of espeexic management
strategies to ensure the sustainable conservatidnlafkianaunder mounting anthropogenic and

climatic pressures.
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5.5.4Diameter structure of U. kirkiana populations variation across the altitudinal gradient

Diameter class distributions &f. kirkiana shifted notably with altitude. Across most altitudinal
ranges, populations were skewed towards small rt#@2 0 c¢cm DBH) , i ndi cat
regeneratiorfFigure 28) However, at85®@ 59 m, t he DBH di st sshagedt i or
curve, characteristic of structurally mature and balanced communities likely due to optimal soil
moisture, moderate climatand limited anthropogenic pressures (Mensah et al. 2016; Brienen et

al. 2015). At high elevations (1607 70 m) , t here was a cl ear def
and irregular class representation. This pattern is often linked to selective remmnediicd trees

for timber or fuel, a phenomenon documented in miombo woodlands facing pressure (Ronoh et al.

2018) and in other dry African forests (Biaou et al. 2023; Vroh et al. 2022).

The consistency of smadtitee presence across altitudes suggeststiefiaegeneration, yet the lack

of larger classes highlights a developmental bottleneck likely due to combined effects of
harvesting, slow growth under stress, or limited site resources (Ritsche Katzensteiner & Acacio
2021). Similar structural fragmentatidivas been observed in West African speciesVikallaria
paradoxa and Afzelia africanawhen mature trees were removed (Gléle Kakai et al. 2011,
Gouwakinnou et al. 2009). Analysis of the structural quotient (Qs) showed pronounced
heterogeneity at highezlevations and in the central region, indicating gaps in stand structure
caused by loss of older trees. These gaps can affect canopy continuity, ecosystem function, and
carbon storage (Geldenhuys 2005; Brancalion et al. 2019). These findings highlimgide-alti
mediated impacts on population structure. In kagitude zones lacking mature trees, urgent
conservation measures such as harvesting restrictions, enrichment planting, and cetethunity
forest stewardship are critical to ensure sustainable ecdlegidaocieeconomic functions dfl.

kirkiana populations.

5.5.5Natural regeneration and branching dynamics olU. kirkiana across different regions
U. kirkiana species in the miombo woodland has shown successful regeneration across various

regions of Malwi, particularly within specific diameter classes of tr@égure 29).Ecological,
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demographic, and anthropogenic factors may probably influence the regeneration processes
(Ngulube 200D In the central region, the concentration of regeneration under trees within a
diameter of 3840 cm could indicate that this size represents an ecological or physiological
optimum for U. kirkiana recruitment. Intermediatsized trees are often associated with a
moderately dense canopies that provide partial shade, which is favourable for germination and
seedling establishmeniChidumayo and Gumbo 201CChidumayo 199¥ To inform the
conservation and magement efforts of a plant in its habitat, it is important to gain better
understanding of the factors that influence tree regeneration pdttgkke et al. 2025Schumann

et al. 201Q0Sabo et al. 2093

The absence of regeneration under very small tre&® ) suggests that these individuals are
probablyst i | 1 juvenile and have not yet reached
40 cm) could create too dense a shade or accumulate litter that is unfavorable to regeneration
(Ngulube200Q Ngulube et al1998. Several studies have highlighted that the extracting hardwood
and nortimber forest products can lead to a decline in tree populatibjsssa et al. 2008
Fandohan et aR01Q Idrissa et al. 2023,8urisch et al. 20)3In northern region, the more balanced
distribution of U. kirkianap opul ati onsd® st r uctions & recratmdntd r e
potentially linked to selective anthropogenic pressure on meslizead trees. Several studies have
shown that selective logging of trees based on their diameter can alter population structures and
hinder regeneration dynami¢sykke 1998 Lykke et al. 2025 Teketay 200% In contrast, the
southern region exhibited a different configuration, with regeneration decreasing as the tree
diameter increased. The high regeneratiorlJofkirkiana individuals under trees with small
diameters (8.0 cm) can be explained by a recobaion process in degded or disturbed habitats,
where young individuals develop without direct competition with mature tteega et al. 2004

This can also be interpreted as a sign of exploitation or mortality of large individuals, which allows
for dense regeneration but is potentially not viable in the long term if the young plants do not reach

adulthad.

171



5.5.6Biomass capture and carbon sequestered ky. kirkiana across regions in Malawi

Carbon stock estimates for kirkianareveal significant regional disparities that are closely linked

to dendrometric traits, stand density, and disturbance redifabte 34) The northern region, in
particular, exhibits a markedly higher carbon sequestration potential, which may be attributed to
the presence of less degraded miombo ecosystems, chaealchgrimature trees, deeper soils, and
reduced anthropogenic pire. Similar patterns have been reported in structurally intact
woodlands of Mozambique and Zambia, where carbon stocks exceeded 70 MgC/ha due to limited
logging and fire influencéBastias et al202Q Gu et al.2019 Kokou et al.20230. Our results
confirm that stand structure, specifically tree diameter agighk directly influences carbon
accumulation, as shown by a study of African savannahs and dry forests (Brancalion et al. 2019).
The structural composition of forest stands is crucial for determining carbon storage capacity, as it
reflects competition itensity, species dominance, and spatial osgdion (Gu et al.2019 Li et al.

2021 Bastias et al2020.

Yang et al. (2024)demonstrated that the spatial structure of the stand positively affects the
ecological system's carbon storage capacitnsequently, this capacity increases with spatial
optimisation. Other authorbave shown that biomass and carbon storage capacity depend on
various factors, such us the diameter and height of the trees, stand density, and pedoclimatic
conditions(Setyasih et al2025 Brown 1997 Kokou et al.20239. High carbon sequestration
reflects denser, wefireserved forests with deeper soils aaduced disturbance, which supports
greater biomass accumulati@have et al. 203Ryan et al. 201;1Kalaba 2013 In contrast, the

lower carbon values observed in the southern and centrahsegioMalawi may reflect more
intense land use, uncontrolled fire regimes and reduced basal area resulting from selective
harvesting and slow natural regenerat{okou et al. 2023pShirima et al. 20L,1Yang et al.

2024. These observations echo findings in the samna zones of Benin where degraded stands

exhibited lower biomass and higher structural instability (Biaou et al. 2023).
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Beyond providing ecological insights, the economic valuation of sequestered carbon illustrates the
substantial potential dfi. kirkianain climatesmart forestry. In the northeregion, an estimated
income of over one million Malawian Kwacha per hectare underscores the viability of integrating
U. kirkianainto REDD+ and payment for ecosystem services (PES) schemes. Such strategies are
becoming increasingly promoted across-Sathaan Africa as a means of enhancing livelihoods

and fostering landscagseale restoratiofiMbow et al. 2014 Pistorius et al. 2031Vagen et al.

2016 Place et al. 2006 The dual benefits of carbon storage and secienomic value niae U.

kirkianaa compelling candidate for communitpased forestry and agroforestry interventions.

5.6 Implications of climate change on habitat suitability and altitudinal shifts olU. kirkiana

5.6.1 Overview of the choice of methodological approach

In this stuly, we used the MaxEnt algorithm to model the distributiok) okirkianain Malawi
(Figure 31) MaxEnt demonstrated excellent performance in predicting the current potential
distribution of the species, given the AUC value of > 0.9. The AUC value obtaired study
(Table 35)is comparable to that reported bipga et al. (2020 their study which evaluated the
impact of climate change on the distributionlbfkirkianain Southern Africa (Zimbabwe). We

also obtained values close to one for both SEDI (0.95) &%l (0.86), indicating the robustness
and reliability of the employed model. This finding is similar to thaftakpama et al. (2023)

who reported similar values for SED (0.98) and TSS (0.93) in their study of the impact of climate
change on the distribution of baobab in West Africa. MaxEnt is frequently regarded as the most
reliable model for species distributiorodelling due to its ability to handle preseiwcdy data and

small sample size®bdelaal et al. 203;XKaky et al. 202D The consistent results obtained prove

the model 6s i mproved performance.

Nonetheless, the modelling approach exhibited somealilmns worth mentioningFigure 32)
These included the omissi@f demographic parameters (exanfpldility, mortality, growth) and
popubtion dynamics indicatorglispersal rate, population density, death rate and birth rate). For

example, the dispensability of species and their structure are critical factors influencing the
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potential impact of climate change on their habifAtakpama et al. 2033Yet, integrating these
parameters into the modelling framework appears to be more arduous and complex, especially on

a large scale.

5.6.2 Temperature-related climatic variables determine the current potential distribution

of U. kirkianain Malawi
We found that temperaturelated variables including average (BIO1, BIO10 and BIO11) and
extreme (BIO5) values, and amplitude of variability (BIO3) were the most important variables that
determined the current potential distribution of tpeaes(Figure 34) This finding aligns with
previous studies demonstrating the significance of temperature for the dynamics of plant species
distribution(Lenoir et al., 2008 Annual mean temperatu(BIO1) is a crucial variable because it
indicates the areas in whith kirkianacan survive at a temperature tinaets its physiological
requirements. Rising temperatures may limit a species' ability to germinate and grow, which in
turn, may affect its distribution in warmer climates. Therefore, information on the annual
temperature range of the potential distribatiof the species is of paramount importance. Our
findings indicate thatU. kirkiana was primarily found in warm areas with mean annual
temperatures around 29°BIO3 reflects the degree to which daily temperature variations compare
to overall annual tempature rang€Figure 33) Higher BIO3 values indicate more consistent daily
temperature patterns throughout the year, while lower values suggest greater contrasts between
daily and seasonal temperature fluctuations. A consistent temperature may redueé dtress
on species, potentially promoting stable growth and development.Harkiana, regions with
higher isotherms may be more favorable for growth because they provide a stable thermal
environment that mitigates extreme temperature variationshvdain be stressful to plarfishan
and Verma2022. BIO3 was the most important variable deterimy the current potential
distribution of the speciesl. kirkianais adapted to relatively high daily temperature fluctuations
(Fig. S3). Our results are reminiscent of the findings of previous studies that reported isothermality

and annual temperatures ahe most important determinant of the distributionAofdigitata
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(Atakpama et al., 2023okou et al., 2024pSanchez et al., 20),0Borassus aethiopurilart.
(Salako et al., 20)8Pterocarpus erinaceuBoir. (Biaou et al2023a Adjonou et al. 2020Saliou

et al.2015 in West Africa.The importance of temperature for the distribution of the species in
Malawi, which was charactead by a semarid climate with relatively high temperatures, may be
attributed to the sensitivitpf flowering species to low temperatures, particularly during the
reproduction and seedling development phases (Huggett 2004). It is likely.thkakiana is
vulnerable to prolonged intervals of inconsistent or fluctuating temperatures in colder €limate

temperature variabilitfO'Donnel and Ignizio 2032

Conversely, elevated maximum temperatures, especially in the warmest month (BIO5), can cause
heat exhaustion, increased evagiora and decreased photosynthdBlarthasarathi et a2022).

These factors have an adverse effect on species' plgysibitaiting their occurrence in overly hot
regions (Jing&tal. 2020). Accordingly, we found that. kirkianahad a high occurrence in areas

with moderate BIO5. Lastly, BIO11 illustrates the species' resilience to low temperatures where
the coldest quaet reaches temperatures that are dangerogpdoiessurvival, especially for
seedlings. According tdhang et al. (2019pareas with milder winter temperatuege better suited

for the species' existence. Jingial. (2020) also observed that the distributionlbfkirkiana

extends to regions with colder winters. These findings suggest that the species may exhibit greater
adaptability to lower temperatures thadicated by the results of our study. Moreover, we found

that precipitation and altitude were less influential for the species distribution. Disparity in the
geographic coverage of the studies and the representativeness of the occurrence data may accour
for the discrepancies between our findings and those of previous gtlidges et al202Q Zhang

et al. 2019. The sensitivity of flowering species to low temperatures, especiallingdur
reproductive and seedling development stages, underscores the importance of temperature in

species distributiofHuggett2004).
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5.6.3 Climate changereduces the suitable habitats obU. kirkiana

The climate projections indicate that the coverage of habitats currently suitableikianawill

not remain stable in the futu¢gigure 35 and 360verall, the highly suitable areas fdrkirkiana

under the current climate will strongly decline and be replaced by moderately suitable, poorly
suitable, and unsuitable habitats under the future climate scenarios. Compared to the current
scenario, the percentage of highly suitable and moderately suitabke substantially decreased
under the SSR3.0 and SSPB.5 scenariogFigure 37) This reduction highlights the negative
impacts of increasing greenhouse gas emissions and temperature rise on the ecological niches of
the species (Jingat al. 2020). Consguently, the proportion of unsuitable areas significantly
expanded under the future climate, suggestinguh&irkianawill face a dramatic loss of habitats
conducive to its growth and survival. The increase in unsuitable areas underscores the
intensifiation of environmental stressors, such t@snperature extremgesreduced water
availability, and habitat degradation, which are likely to hinder the species' regeneration and
persistence. This is supported by the significant increase (BIO11, BIO10 and 8@5yease

(BIO 3) in the values of the determining temperat@lated variables between the current climate

and future scenario¥hese projections align with the findingsJafga et al. (2020)who reported

a contraction in the potential rangelbfkirkianadueto climate change in southern Africa. Similar
patterns of habitat reduction were also reported for other species, stamasndus indicd.. in
Togo(Samarou et ak023 andDetarium microcarpun®Guill. & Perr. in Benin(Agbo et al. 2019

The significant decrease in suitable areas, as shown in Fig. 3, could have profound implications for

local communities relying od. kirkianafor food, income, and medicinal purposes.

5.6.4 Prioriti sation and conservation zone ob. kirkiana in Malawi

This study forecasts the northern and central regions as priority zones for conserving and
cultivating U. kirkianain Malawi (Table 39 and Figure 39T onversely, the central area of the
Southern Region remair of very low priority. This finding indicates that, the northern and central

regions of Malawi, along with certain areas in the south, harbor most of the very high priority areas
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for U. kirkiana conservation (78.00%). Very high priorityareas in the northern region included

the Rumphi, Mzimba, and Chitipa districts, as well as Nyika and Viphya highlands and plateaus.
The high isothermality and moderate mean annual temperatures prevailing in these regions likely
create favorable conditioriier the species survival, highlighting their importance as priority areas
for conservation (Table S4). As a result, these regions offer a favorable environnueidifiiana

to survive and ought to be given priority in conservation planning for theesp&ur findings

align with previous research showing that species of tropical dry forests favor regions with lower
seasonal temperature fluctuations, promoting a more expansive and stabléBellagd et al.

2012).

Priority areas irthe central region are those that are adjacent to the Dowa Mountains and the
Kasungu plain. These regions are distinguished by moderate maximum tempéardhe&srmer

months which supports the species' continued growth. According to previous redeapatsl

forests benefit from moderate maximum temperatures that create favorable microclimatic
conditions that promote seedling germination and establishment by reducing heat stress and
supporting optimal growth (Lenoet al. 2008). Strengthening consation efforts in these areas

while considering regional approaches to natural resource management is crucial for ensuring the
sustainable preservation &f. kirkiana populations and their associated ecosystem services.
Although there are fewer high pritriareas in the southern region, the villages surrounding the
Mulanje and Zomba mountains stood out due to their unique climate, which is favorable for
kirkiana occurrenceLower temperatures during the coldest quarter (BIO 11) have an impact on
these eeas, which were situated in the Mulanje and Zomba districts in the localities of Nkanda
(Mulanje) and Mwambo (Zomba). This reduces the species' exposure to heat stress. Tlkdompson
al. (2010) confirmed the thermal regulation of these regions by demamgtita¢ critical role that
mountain regions, which are known for their lower temperatures, play in the survival of species
that are vulnerable to climate change. In cooperation with local communities and traditional

authorities, biodiversity managementtivese areas could be improved. Additionally, the suitable
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areas obJ. kirkianawill subtly increase in the southern region of Malawi, even though this region
remains the least suitable considering both scenarios. Unsuitable habitats for the specied are fou
in the southwestern and centealstern parts of the country, where prevailing temperatures are less

suitable.

Under the two future scenarios, the results showed that some districts that were suitable under the
current climate would remain the favoralaeeas ér the species occurrenckldimba District,
Nkhatabay, Rumphi, KarongaKasungu, Dowaand Dedza)(Figure 39) Conversely, some
unsuitable areas under the current climate such as the Balaka district will become poorly suitable
areas in the futurenladdition, a large part of the districts of Neno, Blantyre, Mwanza, Chikwawa
and Nsanji that were not suitable for the occurrence of the species under the current climate
conditions would become suitable for the species under the future climate scesmradso
observed by\Nouvellet et al. (2006%pr the shea butter tre¥itellaria paradoxa C. F. GaerjnWe

also found that some current suitable habitats corresponded to places where the species is not
actually present, indicating that the fundamental niche of the species extends beyondzdtk real
niche considered in this study, as also reported in previous s{idiasson and Dawson 2Q03

Atakpameet al. 2022 Gouwakinnou 2013van Dyke 2008

Apart from assessing zone viability rankings, this information enables us to better lassesd t
benefit ratio of conservation/ushtion. Such data are crucial for making informed decisions
regarding species conservation, séition, and cultivation areas. Overall, the proportion of
predicted highly suitable habitats is higher than thosewf highpriority habitats. This indicates
that a suitable zone may not always be a priority zone for conservation satiotilj a trend
justified by habitat dynamics resulting from future climate variability. These results are in line with
those ofKokou et al. (2024bpn baobab in MalawiAtakpama et al. (2022)n V. paradoxa and
Samarou et al. (2028nT. indicain Togo, demonstrating th#te area where a species is present

may not necessarily be the priority zone for its conservation.
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5.6.5 Implications of the findings for the conservation ofU. kirkiana

Climate change has raised unprecedented attention on the conservation of vulneralde specie
(Muluneh 2021 Mooney et al. 2009Moritz and Agudo 203; Robbins 201k Our study showed

that the population df). kirkianawould move to higher elevations (Northern Region of Malawi)

in the face of global warming. Implementing arsitu conservationteategy for these populations

will be ineffective, as most of the currently suitable areas will become unsuitable in the future.
Therefore, it would be ideal to pursue bottsitu conservation in areas projected to remain suitable
under future climate anek-situ conservation strategies combined with assisted migration to ensure
the survival ofU. kirkiana under changing climatic condition®otter et al. 2017 Ex-situ
conservation strategies may encompass establishment of the species in botanical gardens anc
germplasm collections. In addition to considering the predictions from SDMs, it is necessary to
take into account the perception of local communities in me&magt activities for the successful
conservation oU. kirkiana, as illustrated byAgbo et al. (2019andBiaou et al. (2023aEnsuring
appropriate management of the species and promoting the production of nursery seedlings will
facilitate the relocation and integration of the species into agroforestry systems. Due to increasing
human pressures on forest resources in the southern and central regions, promoting beekeepinc
could enhance genetic flow between species populations to matinédi viability (Salako et al.

2019.

The typical conservation approach for plant species often revolves areatidgiprotected zones
charactesed by expectedly stable environmental conditig@anchez 20)1 Conservation
initiatives beyond these protected zones may encounter obstaclasrsgenom human activities,

such as the exploitation of ndimber forest product¢Ball and Brancabn 2016§. With the
anticipated shrinking of the natural habitat rangeUofkirkiana the critical importance of
establishing the species in protected areas featuring favorable environmental conditions becomes

evident to ensure its survival.
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5.7 Chapte Summary

This chapter discussed the main findings of the study in the context of existing literature, providing
an integrated interpretation &fa p a c a  k @coldgicabhanc sb@economic dimensions in
Malawi. The results revealed that local ecologic@wledge and communilyased practices
remain central to understanding how rural populations perceive, manage and sustain this species.
However, the persistence of unsustainable harvesting, limited regeneration and weak policy
integration indicates thatraditional knowledge alone is insufficient without ecological and

institutional support.

The analysis of morphfunctional traits demonstrated significant regional differentiation,
suggesting local adaptation to environmental gradients and highligltieg ts peci esd p
resilience to moderate climatic variability. This variation also unders¢bres k i rkkeyiraen a 6 s
in ecosystem functioning and carbon storage, particularly inattitdde zones. Yet, species
distribution modelling revealed a progsive contraction and upward shift of suitable habitats
under future climate scenarios (SSPB and SSR8B.5), aligning with regional studeon montane

species shifts in@ithern Africa but contrasting with some reports of broader ecological tolerance.

These findings advance understanding of how climate and anthropogenic pressures interact to
shape the spatial ecology of a multipurpose indigenous tree. They demonstrate the necessity of
coupling functional ecology, local knowledge and predictive modethniglentify conservation
priorities and restoration zones. Overall, this chapter underscores that the sustainable future of
kirkiana depends on integrated strategoesnbining scientific evidence, community stedship

and adaptive managemetat reconde ecological resilience with rural livelihoods in a rapidly

changing environment.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.0 Introduction

This chapter presents the conclusions derived from the results of the study, highlighting how both
the main andecific research objectives were addressed. It further demonstrates the contribution
of the findings to the conservation and sustainable manageméapata kirkianan Malawi. In
addition, the chapter outlines the implicationsttod study for policy, @cticeand scholarship,
particularly in relation to biodiversity conseriat, communitybased managemeand climate
change adaptation. Finally, recommendations are provided to guide future research and to inform

conservation strategies, based on theghisidiscussed in Chapter

6.1. Conclusion

This study demonstrates that an integrated ecological andesmaimgical approach is essential for
understanding and conserving multifunctional indigenous species sudapasa kirkiana By
combining local ealogical knowledge, functional trait ecology, population structure analysis, and
climatebased species distribution modelling, the research provides a holistic framework that
captures both the biological and human dimensions of species persiderideg on this
foundation, the study addressed five interconnected research objectives to generate a
comprehensive wterstanding of the ecology, us@d conservation of). kirkiana in Malawi.
Together, these objectives eixedraits, pattans of maturas p e c
regeneration, ethnobotanical significance, spatial distribution under current and future climates and

the implications for sustainable management.

Firstly, analysis of local ecological knowledge revealed that communitiesipera decline itJ.

kirkiana populations, with conservation awareness shaped by sociodemographic factors such as
education level and profession. Despite the decline, local communities are engaging in
conservation strategies, including agroforestry irgegn and the protection of natural

regeneration. Ethnobotanical data confirmed the multipurpose role of the species, particularly for
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food and therapeutic uses, while also showing that these uses contribute to its ecological

vulnerability (vulnerability ndex = 2.25).

Secondly, ecological assessments of species composition and phylogenetic structure along
altitudinal gradients demonstrated that kirkiana coexists within diverse woody communities
(Fabaceae, Phyllantaceatiaped by climatic, edaphamd bpographic factors. The phylogenetic
structure shifted from clustering to overdispersion across elevations, with temperature and
seasonality emerging as key drivers. These findings highlight the role of both environmental

filtering and neutral processesstructuring Miombo woodland biodiversity.

Thirdly, morphological and functional trait analysis revealed strong regional differentiation and
high intraspecific polymighism in leaves, fruits, seedsd growth traitsElevation and aridity
were key driverSi gni fi cant trait plasticity reflecte
climatic and edaphic conditions across Malawi. Four morphotypes were identified, underscoring
the importance of distinguishing genetic versus environmental contributtonshenotypic
variability. These results point to the potential for targeted domestication and breeding programs

to enhance resilience.

FourtHy, population ecology analysis showed structural imbalances, with dominance of small
diameter classes and abseatkrge trees despite high regeneration rates, particularly in the north.
This pattern, together with significant carbon storage potential, illustrates both the ecological value
of U. kirkiana and the risks posed by anthropogenic disturbances sucleasvargrazing and
pruning. These findings highlight the urgent need for integrated, comrrhasgd management
combining ecological insights with traditional practices to restore population stability while

maximising ecosystem services.

Fifthly, climate ©dange modelling indicated severe range contractiond. ddirkiana by 2055

(shifting from 9% to 6%)with suitable habitats shifting toward higher altitudes in northern and
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central Malawi. Isothermality and temperatuetdated variables were the main deterants of
habitat suitability. Conservation priority areas were identified in these regions, underscoring the
need for proactive strategies such as assisted migration, domestication -spedfte planting

programs.

Overall, this study demonstratesttiize sustainability ob). kirkianadepends on integrating local
knowledge, ecological and functional trait variability, population structure and climate projections
into holistic management approaches. Future research should explore genetic diversity and
adaptive traits using molecular tools, coupled with participatory conservation models that
strengthen community engagement. Such efforts will not only safedliakitkiana but also
provide broader lessons for the conservation of indigenous fruit treess &wuthern Africa under
changing climate condition§hese findings highlight how the ecological status and sustainable
use ofUapaca kirkianadirectly support adaptive livélbods by providing food, incomend
resources that enhance community resilierRcethermore, local knowledge and commuitiised
management practices empower rural populations to make informed decisions, demonstrating the
role of conservation in strengthening community capacity and fostering transformative

development.

6.2 Recommendatons
This study aimed to assess the ecologicalctional and socieeconomic dimensions dJapaca
kirkianain Malawi, with the goal of informing susteble conservation, restoratiand livelihood

enhancement strategies. Based on the findings, the folawcommendations are proposed:

6.2.1.Practice-Oriented / Community-Level recommendations
1. Onfarm domestication and enrichment planting: Promote the cultivatidd. ddrkiana in
degraded Miombo landscapes and farming systems to improve regenaratiogduce pressure

on wild populations.
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2. Farmer training and capacity building: Support local communities with training in propagation
techniques, nursery establishment, and silvicultural practices to enhance sustainable harvesting and

tree growth.

3. Agroforestry integration: Encourage the inclusionWofkirkiana in agroforestry systems to

diversify houghold nutrition, income sourcasd reduce reliance on wild trees.

4. Communitybased conservation initiatives: Strengthseed banks, village nurseriand

participatory forest monitoring to ensure collective stewardship and resilience of local populations.

5. Value addition and economic empowerment: Provide training in fruit processing, storage and
market access to transforoh kirkiana from a subsistece resource into a commercially viable

commodity while maintaining sustainability.

6.2.2.Research recommendations
6. Genetic vs. environmental determinants: Conduct molecular and genomic studies to disentangle
the genetic and environmental contributiaies morphological and functional trait variation,

informing targeted domestication and selective breeding.

7. Adaptive trait plasticity under climate change: Assess how functional traits respond to projected

climate scenarios to predict species resiliearte guide restoration strategies.

8. Socicecological research: Expand studies on interactions between local eddtagieéedge,
cultural practicesand scientific evidence to ensure conservation strategies are socially and

culturally acceptable.

9. Ecolagical modelling at ecosystem scale: Extend modelling beyokékianato include multi

species interactions and broader ecosystem dynamics in Miombo woodlands.
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6.2.3.Policy recommendations
10. National recognition and integration: Elevatekirkianaas a priority indigenous fruit tree in

Mal awi 0s N#aPolicyp AgeforeskyoStrateggnd climate change adaptation programs.

11. Conservation zones and regulations: Establish protected otpsetected areas in northern
and central regions whetbe species shows high resilience and carftonage potentiahnd

develop guidelines regulaty harvesting of fruits, timbemd medicinal products.

12.Incentives for communitypased management: Promote community forest management through
financial and mstitutional support, including mechanisms for private sector engagement in value

chain development.

6.3. Chapter Summary

This chapter presented the key conclusions drawn from this thesis on the egltmlotignal traits,

local usesand conservation dfl. kirkianain Malawi. The findings revealed significant regional

and altitudinal differences in population structure, morphological and functional traits, and local
knowl edge, highlighting the speciesbod ecol o
widespread recognition of population decline, local communities are actively implementing
conservation strategies, including protection of regeneration and integratibnkokiana into

agroforestry systems.

The study further demonstrated that sesmnogaphic factors such as education, profession, and
local cultural practices stngly influence perceptions, usand commitment to conservation.

|l mportantl vy, the speciesbdéd ecological and eco
and multipurpo® uses, underscores the need for targeted conservation interventions. However,
ongoing anthropogenic pressures sucbvesharvesting, land conversiand bushfires pose risks

to population stability, particularly in regions with lower regeneration andrféawge trees.
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Overall, the thesiemphasisg that sustainable managementJofkirkianarequires an integrated
approach combining scientific evidence, local ecological knowledge, comnrhasgd
conservation and policy support. The conclusions callfgionspecific strategies, domestication
progr ams, and adaptive management to ensur e

socioeconomic scenarios in Malawi.
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APPENDIX

Appendix 1: Interviewer Administered Data Collection of Uapaca kirkianain MALAWI
(research objective 1)

Generality on study Area

Characteristic Answers

District

TA

Locality/Village

Characteristics of the respondent (household)

headings Codes Answers
1-Farmer; 2Hunter; 3Housewife; 4Merchant; 6 Retailer; 7
Professional
Civil servant; 8 Traditional practitioner; 9Phytopharmacist; 1Q
Group(s)
Others (specify)
Main Activity
Secadary
Activity(ies)
Gender 1- Male / 2 Female
A Chewa
A Lomwe
A Yao
Ethnic group | A Ngoni
A Tumbuka
A Sena
A Mang'anja
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A Tonga

A Nyanja

A Nyakyusa

A Other
Religion -Animist; 2-Christian; 3Muslim; 4-Others
Age Youth (19-29 years), aduf3059 years) and
Academic 3 3

None | Primary | High scho
level

Marital status| Si ngl e I Married [T Widow I

KNOWLEDGE OF USE AND VULNERABILITY OF Uapaca kirkiana
1. Do you know the speciet)( kirkiana)? Yes / No
2. Do you know any plants that accompany or are associatedJajiaca kirkian&
- N o
-T Yes
If yes, which ones?
S o =T o3 =TS S
] 1= o = TSP PPPUPUOPRRPS
TS o= Toa =TS SRS
SPECIES 4 oot a e e aaan
SP IS B i e ee————————— et aaaaaaa
3. Does it exist in this localityYes / No
4. Field ............... Habitat: 1 = Courtyard garden; 2 = Field; 3 = Fallow land; 4 = Forest; 5 =
Wetl and. 6. Others (please specify): éééé.
6. How often: 1. scarce, 2. moderately abundant, 3. abundant, 4. very abundant

7.1f the species is prest in your field, will you spare it? Yes / No
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8. If yes, why..
9. Do you plan to conserve this plant?
-T Yes
-1 N o

If yes, what are the reaSONS? ........cciiiiiiiii e
10.What do you think of the availability of U. kirkiana plant? Av ai | abl e
-T More or llesbseavad\l a&Rialraeyery rare

B =3 (= TS0 1SR
11. Does this plant influence the productivity of your crops?
-T Positively
-T Negatively
-T Neutral
12. What are other uses Ofapaca kirkian&
-l Erosion control
-l Habitat for certain wildlife species

- FIl ood contr ol

- Local <climate regul ati on
-T Cultural value
-T Biological restoration

- Ot hers (pl ease..speci fy):
13.How many times does the species produce in a year? .........ccccceeeeeeeevieviiiieeeennnnns
14.What are the months of fruit production for the species? .....
15.How doedJapacaregenerate: 1. natural regeneration; 2. Plantations

If it is by plantation, is it by: 1. Seedling; 2. Sapling; 3. cutting planting
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Plant part, use and vulnerability of Uapaca kirkiana
1. What are the parts of theapaca kirkianaand others plant that you use or exploit?

Characterization of trees plant organs or pfarts.

Types of Use
(1. Food; 2
User: Code: Medicinal;  3[Harvesting
1-Woman; 2| Sociccultural; [Method orlHarvesting Stag
Plants Forest operatol{4. Artisanal; 5| Tool: 1.[of the Organ (1
Organ
names 3-Traditional Cosmetic; 6| Hand; 21Young, 2. Adult
practitioner; 4|Forage; 7|Machete; 3| 3. Old)
Others (specify) Energy Wood|Hoe
8. Servicq
Wood)
Kernel
Fruit
Stem Bark
Flowers
Leaf
u. Seed
kirkiana | Trunk
Branch
Roots
Seed coat
Young
shoots
Sap
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2. What are the preparation methods, the dose to take and the frequency of use of the different

products fromJ. kirkiana?

Products Method of preparation/dose/frequency of use

Local perceptions of Ugpacgpkirdiaaat i ondés dynamics o
1) How Uapacais available in your locality?

Absent in the locality I Rare I Less abunod
2) What is the evolution trend of the species in your locality the last 10 years?

Stabl e I ProgressingRlegressing I

3) What are the reasons that underpin the regressive trend?

<

HarvestingAdriculturedroughPebts Dther
Additional not e: eeééééééeeeecceeeéeeeeececeéd
4) What are the causes of its population decline?

Loggingl Agricul tur e Clhar c o Rdpulation growth
| Deforestationadk of enforcement dfimateehgnges | at
I Ot her 1

Here is the translation:

5. What are the ecosystem services provided by Uapaca kirkiana usingpaifivdikert scale:

(5 = strongly agree, 4 = agree, 3 = undecided/neutral, 2 = disagree, and 1 = strongly disagree)?
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6. To what extent do you agree that Uapaca kirkiana contributes to food provision for local
communities?

7. In your opinion, does Uapaca kirkianayan aesthetic role?

8. To what extent do you think Uapaca kirkiana provides shade in your area?

9. Do you agree that Uapaca kirkiana contributes to environmental cooling?

10. To what extent do you consider Uapaca kirkiana as a source of medicine?

11. Doyou think Uapaca kirkiana is a source of firewood for local households?

12. Does Uapaca kirkiana contribute, in your opinion, to oxygen production or air quality?

13. To what extent do you agree that Uapaca kirkiana serves as a habitat for birds #e@ wildl

14. Do you think Uapaca kirkiana improves air quality in your community?

15. Does Uapaca kirkiana act as a windbreak?

Local conservation practice ofUapaca kirkiana
1) Did you actively practice any conservative actions to maintain the species?Ye s |
No I

2) What are the conservation strategies you practice?

-

Seed collection and storage

-

Replanting and reforestation

I Protection of nat ur al habitats

-

Agroforestry practices

-

Controlled harvesting

I Establi shment of protected areas

-

C o mmu arenesg and &ducation

-

Ot hers (please specify):

REGENERATION AND ECOLOGY OF Uapaca kirkiana

1. Inyour opinion, what influence can fruit harvesting have on the regeneration of tres8peci
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I No significant influence (Harvesting does

—_—

—_—

I Sl owing down of regeneration)

Harvesting slows down the regeneration process.

I | mprovement in regeneration (Harvesting

dispersal).

Di sruption of seed di speeaddseed6.Har vesting

Reduction in regeneration (Harvesting redu

I Depends on the amount h arnmaeydrtiteale hardested). i mp a c

I I'nfluence on young plants (Harvesting c

2. Have you ever planted Uapaca? Yes [/ No

w

. If yes, by what method? Sowing / Cuttings / Grafting

»

How many Uapaca kirkiana plartiave you planted on average over the course ofdste

years?

Years Number of the plants df. kirkianaplanting

2019

2020

2021

2022

2023

5. How important is the fruit of Uapaca kirkiana to your household?
Main source of income 1
Secondarysouec of i ncome I
Only consumed for family food I
Not i mportant I

6. What quantities can you sell during the availability period of the species' fruits?

7.1s the commercialization of fruits profitable? Yes / No
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8. How would you describe the demandUWokirkiana fruits in the market? Very high / Moderately

high / High / Low / Not high

9. What quantity of fruit have you sold in the past and your income?

Years

Quantities of fruit sold

Income

2019

2020

2021

2022

2023

-

-

-

T

10.What are the challenges enctened in the commercialization process of Uapaca kirkiana

fruits?

Difficulty access

Lack of transportation
Low demand in the
Lack of knowl edge

Competition with

|l ssues

Ot her

with fruidt

(pl ease specify):

i ng mar kets

mar ket

on preservation

ot her

fruits

gual ity

11.Which distribution chanrg are used to sell the fruits?

-

-

-

Local

Regi onal

Nati onal

mar ket s

mar ket s

mar ket s

Super mar ket s

Exportation

On |

ne

sal es
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I Other (please specify):
12. What is the current demand for these fruits in the local market?
I Very high

I High

I Moderate

I Low

I Very | ow

13. What methods do you use to increase the value of the fruit?

Processing into derived products

~

Better packaging |
Selling in bulk 1T
No specific method I

Ot her (please specify) I
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Appendix 2: Stand structure to guide conservation actions ofJapaca kirkianain Malawi:

objective 2 and 4

Inventory Data Collection

ECOLOGICAL INVENTORY SHEET
OBSERVER¢éééecééecééeéeéeéeéeéeéNAéeééDateceééeéeée
Longéééééeééé Lat ééééééé El eva
Pl ot size ééé. REGEDNéEéEééééeée Localityeééeeé
Ecology characteristic Information

Types of Parks 1.1. Forest

1.2. Others (Specify)

Topographical Situation 2.1. Plain

2.2. Slope base

2.3. Mid-slope

2.4. Slope top

2.5. Others

Situation in relation tq 3.1. Riverbanks

watercoursg/ponds 3.2. Pond edges

3.3. Marshy area

3.4. Flood zone

3.5. Others

Situation in relation to huma 4.1. Close to settlements (less than 100 m)

settlements 4.2. More or less close to settlements

4.3. Far from settlements (madtean 2 km)

4 .4. Within settlements

4.5. Others

Canopy closure degree < 25%; 251 50%, 50i 80%, > 80%
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Woody population density Low dense, Moderately dense, Very dense

Relief type Plain, Plateau, Undulating, Interfluve, Slope, Vall
Ravine

Weatheing None, Small plates, Large Plates, Continuous

Soil texture Sandy, Loamy, Clayey, Sandlyamy, Sandiclayey,
Clayeyloamy

Signs of erosion None, Weak, Medium, Pronounced

Anthropogenic actions Absent, Low, Medium, Frequent

Vegetation fires Absent, Low Medium, Frequent

Wood cutting Absent, Low, Medium, Frequent

Charcoal burning Absent, Low, Medium, Frequent

Clearance Absent, Low, Medium, Frequent

Fishing Absent, Low, Medium, Frequent

Hunting Absent, Low, Medium, Frequent

Honey collection Absent,Low, Medium, Frequent

Dominant species

U Forest inventory

,,,,,,,,,,,,,,,,,,,,,,,,

Longeeéeéeééé. Lateeeeéeéecé. Al titudeééé.

REGI ONééeééeeéeée. éeeceée

TAééeééeéeéée. Localityeeééeeéée

N scientific DBH Dist_ref [Dist_vi Dis_bas [Dis_ Trunk Height
name Neighborl| Neighbor2| Neighbor3| Neighbor4| height total
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Key: For regeneration, count the individuals considered during inventories that have not been
measured. Health Quality: 1 = healthy; 2 = rot; 3 = broken crown; 4 = bark stripped; 5 = pruned; 6
= more than one defect.

Trunk Quality:1 = straight; 2 = twisted; 3 = candelabra; 4 = more than one defect.

U Regeneration inventory

////////////////////////

/////////////

Longéeéeéeécée. Lat eéeécecé. Altitudeéeéeé.

////////

REGI ONéééeééeéeeéeéé Districtéeéeé. ééeéeeéeecée

////////////////////

Use food,
Speci Basal shooty Rejection  of
local Barrel fruit, fire,
es Sucker| (stems)i Count /| strain (Count Health
name quality habit,
name Number Number)
medicine,

Key: Health quality: 1=healthy; 2=rot; 3= broken crown; 4= Barked; 5=Pruned, 6=more than one
defect.Barrel quality: 1= straight; 2wisted; 3=candlestick; 4= more than one defect
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Appendix 3: Data collection sheet on mrphological and functional traits for research
objective 3
I. General Information

Date

5 yyyy-mm-dd
5 hh:mm
Region

5 North

3 Central

3 South

GPS Coordinates (for each sampled tree)

Latitude (x.y °) :

Longitude (x.y °) :

Altitude (m) :

Précision (m) :

II. Morphological DataTree Level, Canopy Volume)
2.1. Number of Sample (total trees observed):

2.2. Code of Sample (tree code):

2.3. Tree Diameter at Base Level (0.8 m), in cm:
2.4. Tree Diameter at Breast Height (1.30 m), in cm:
2.5. Total Heighof U. kirkiana in m:

2.6. Crown Base Height (Hauteur fat), in m:

2.7. Perpendicular Measured Radius of Crown (m):
Radius 1:

Radius 2:

2.8. Number of Primary Branches per Tree:
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[ll. Fruit Measurement (Weight)
3.1.Number of Fruits per Tree Measured: 10 (fixed)
3.2. Fruit Weight (g):

Fruit 1:

Fruit 2:

Fruit 3:

Fruit 4:

Fruit 5:

Fruit 6:

Fruit 7:

Fruit 8:

Fruit 9:

Fruit 10:

IV. Fruit Measuement (Length)
Fruit 1:

Fruit 2:

Fruit 3:

Fruit 4:

Fruit 5:

Fruit 6:

Fruit 7:

Fruit 8:

Fruit 9:

Fruit 10:

V. Fruit Measurement (Diameter)
Fruit 1:

Fruit 2:
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Fruit 3:
Fruit 4:
Fruit 5:
Fruit 6:
Fruit 7:
Fruit 8:
Fruit 9:
Fruit 10:
VI. Seed Level (Number of Seeds per Fruit)
Fruit 1:
Fruit 2:
Fruit 3:
Fruit 4:
Fruit 5:
Fruit 6:
Fruit 7:
Fruit 8:
Fruit 9:
Fruit 10:
VIl. Seed Level (Weight)
Fruit 1:
Fruit 2:
Fruit 3:
Fruit 4:
Fruit 5:
Fruit 6:

Fruit 7:
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Fruit 8:

Fruit 9:

Fruit 10:

VIIl. Leaf Level (Collected at Levels 1, 3, 5, 7, 9)
Leaf Length(Muyanja et a).:

Leaf 1:

Leaf 3:

Leaf 5:

Leaf 7:

Leaf 9:

Leaf Width(Muyanja et al.

Leaf 1:

Leaf3:

Leaf 5:

Leaf 7:

Leaf 9:

IX. Disturbance Variables (Human Disturbance Indicedfokirkiana)

Oxen Passage (Frequency of oxen passing or grazing drblitianapopulations):

5 Insignificant

5 Minor;® Moderate? Major;% Catastrophic

Pruning Rate (Frequency/intensity of pruning for fruit harvesting or branch management):

5 Never;% Unlikely; ¢ Possibled Likely; ® Always
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Appendix 4: Occurrence data collection for researc objective five

Fiche N°/ / Collection date: / / / /

Name of t he coll ector (s): eEéééeéeéeéecéeé

Region: / / District: / /| TA:/ / Locality:

/ / Ethnic/ /

Scientific name: Uapaca kirkiang Local name: e

Habitat: Forest; fields; Fall ows; Home garde
Observatio

N° Longitude (X) Latitude (Y) Altitude (m)

n

Thank you for sharing your knowledge with us!
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Appendix 5: Species inventoried across study area (89 genera and 39 botanical families)

Species Families Genre
Acacia goetzei Harms. Fabaceae Acacia
Acacia karroo Hayne Fabaceae Acacia
Acacia polyacantha Willd. Fabaceae Acacia
Acacia spirocarpa Hochst. ex A.Rich. Fabaceae Acacia
Adina microcephala (Delile) Hiern Rubiaceae Adina
Afzelia quanzensis Welw. Fabaceae Afzelia
Agauria salicifolia (Comm. ex Lam.) Hook. f. Ericaceae Agauria

Oliv.

Albizia antunesiana Harms Fabaceae Albizia
Albizia gueperei (Benth.) Fabaceae Albizia
Albizia tanganyicensis Baker f. Fabaceae Albizia
Albizia versicolor Welw. ex Oliv. Fabaceae Albizia
Anisophyllea boehmii Engl. Anisophylleaeae Anisophyllea
Annona senegalensis Pers. Annonaceae Annona
Antidesma venosum (Forssk.) M.A. Larsen. Phyllanthaceae  Antidesma
Azanza garckeana (Fresen.) F. Mll. Malvaceae Azanza
Barkea africana (F. Muell.) M. Vahl. Fabaceae Barkea
Bauhinia petersiaa Benth. Fabaceae Bauhinia
Bauhinia thonningii Schumach. Fabaceae Bauhinia
Bobgunnia madagascariensis (Desv.) J.H.Kirl Fabaceae Bobgunnia
& Wiersema.

Brachystegia boehmii (Taub.) Fabaceae Brachystegia
Brachystegia bussei Harms Fabaceae Brachystegia
Brachystegia floribunda Benth. Fabaceae Brachystegia
Brachystegia longifolia (Benth.) Fabaceae Brachystegia
Brachystegia spiciformis (Benth.) Fabaceae Brachystegia
Brachystegia stipulata De Wild. Fabaceae Brachystegia
Brachystegia taxifolia (Benth.) Fabaceae Brachystegia
Brachystegia utilis (S. Moore) Taub. Fabaceae Brachystegia
Bridelia cathartica Bertol. f. Phyllanthaceae Bridelia
Bridelia micrantha (Hochst.) Baill. Phyllanthaceae Bridelia
Burkea africana (J.F. GmelHochst. Fabaceae Burkea
Cassia angolensis Hiern Fabaceae Cassia
Cassia petersiana Bolle Fabaceae Cassia
Catunaregam spinosa (Thunb.) Tirveng. Rubiaceae Catunaregam
Cedrela toona (Roxb. ex Rottler) M.J. Roem. Meliaceae Cedrela
Ceratonia siliqua L. Combretaceae = Combretum
Combretun zeyheri Sond. Combretaceae = Combretum
CombretunmolleR. Br. ex G. Don Burseraceae Commiphora
Commiphora africana (Rich.) Engl. Boraginaceae Cordia
CordiamyxalL. Fabaceae Cordyla
Cordyla africana Lour. Euphorbiaceae  Croton
Croton macrostachyus Hoahex Delile Araliaceae Cusonia
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Species Families Genre
Cusonia arborea (L.) R.Br. ex A.Rich. Fabaceae Dalbergia
Dalbergia arbutifolia Baker Fabaceae Dalbergia
Dalbergia nitidula Welw. ex Baker. Fabaceae Dalbergia
Dichrostachys cinerea (L.) Wight & Arn. Fabaceae Dichrostachys
Diospyros kirkii Hiern Ebenaceae Diospyros
Diplorhynchus condylocarpon (Mull. Arg.) Pichc Apocynaceae Diplorhynchus
Dombeya rotundifolia (Hochst.) Planch. Malvaceae Dombeya
Dombeya torrida (D. goetzenii) Malvaceae Dombeya
Ekebergia benguelensis Welex C.DC Meliaceae Ekebergia
Erica arborea L. Ericaceae Erica
Erythrina abyssinica Lam. ex DC. Fabaceae Erythrina
Eucalyptus camaldulensis Dehnh. Myrtaceae Eucalyptus
Euclea crispa (Thunb.) Sond. ex Girke Ebenaceae Euclea
Faurea rochetiana (A. RichBic.Serm. Proteaceae Faurea
Faurea saligna Harv. Proteaceae Faurea
Ficus capensis Thunb. Moraceae Ficus
Flacourtia indica (Burm. f.) Merr. Salicaceae Flacourtia
Gardenia imperialiK. Schum. Rubiaceae Gardenia
Gmelina arborea Roxb. Lamiaceae Gmelina
Grewia bicolor Juss. Malvaceae Grewia
Harungana madagascariensis Lam. ex Poir. Hypericaceae Harungana

Hippocratea parviflora N.E.Br.
Hymenocardia acida Tul.

Hyparrhenia cymbaria (L.)

Jasminum fluminense Vell.

Julbernardia globiflora (Benth.)
Julbernardia paniculata (Benth.)

Keetia gueinzei (Sond.) Bridson

Khaya anthotheca (Welw.) C. DC.

Kirkia acuminata Oliv.

Lannea discolor (Sond.) Engl.

Lantana camara L.

Mangifera indica L.

Maprounea africana Mull. Arg.
Margaritaria diswidea (Baill.) G.L. Webster
Memecylon flavovirens Baker

Monotes africanus A. DC.

Multidentia crassa (Hiern.) Bridson & Verdc.
Mundulea sericea (WilldA. Chev.

Ochna schweinfurthiana F. Hoffm.

Oncoba spinosa Forsk

Ozoroa insignis Delile

Ozoroa reticulata (Baker f.) R. Fer& A. Fern.
Parinari curatellifolia Planch. ex Benth.
Parinari excelsa Sabine

Celastraceae
Phyllanthaceae
Poaceae
Oleaceae
Fabaceae
Fabaceae
Rubiaceae
Meliaceae
Kirkiaceae
Anacardiaceae
Verbenaceae
Anacardiaceae
Euphorbiaceae
Phyllanthaceae

Melastomataceae
Dipterocarpaceae

Fabaceae
Fabaceae
Ochnaceae
Salicaceae
Anacardiaceae
Anacardiaceae

Hippocratea
Hymenocardia
Hyparrkenia
Jasminum
Julbernardia
Julbernardia
Keetia
Khaya
Kirkia
Lannea
Lantana
Mangifera
Maprounea
Margaritaria
Memecylon
Monotes
Multidentia
Mundulea
Ochna
Oncoba
Ozoroa
Ozoroa

Chrysobalanacear Parinari
Chrysobalanacea« Parinari



Species Families Genre
Pericopsis angolensigyllas et al) Fabaceae Pericopsis
Pinus patula Schitdl. & Cham. Pinaceae Pinus
Protea madiensis Oliv. Proteaceae Protea
Protea nitida Mill. Proteaceae Protea

Pseudolachnostylis maprouneifolia Pax

Psorospermum febrifugu®pach
Pterocarpus angolensis DC.
Pterocarpus rotundifolius (Sond.)
Randia Sp

Rawsonia usambarensis Engl. & Gilg
Rhus longipes Engl.

Rothmannia engleriana (K. Schum.)
Rourea orientalis Baill.

Senna petersiana (Bolle) Lock
Senna singueana (Delile) Lock
Steganotaenia araliacea Hochst.
Stereospermum kunthianum Cham.
Strychnos spinosa Lam.

Swartzia madagascariensis Desv.
Syzygium cordatum Hochst. ex Krauss
Syzygium guineense (Willd.) DC.

Syzygium owariense (P. Beauv.) Benth.

Terminalia sericea Burch. ex DC.
Terminalia stenostachya Engl. & Diels
Themeda triandra Forssk.

Toona ciliata M.Roem.

Trichocladus crinitus (Thunb.) Pers.
Turraea nilotica Kotschy & Peyr.
Uapaca kirkiana Mull. Arg.

Uapaca nitida Mall. Arg.

Uapaca sansibarica Pax

Vachellia hockii (De Wild.) Seigler & Ebinger

Vachellia karroo (Hayne) Banfi & Galasso

Vangueria infausta Burch.
Vitex doniana Sweet.
Vitex mombassae Vatke
Vitex payos (P. Beauv.)
Ximenia americana L.

Phyllanthaceae

Hypericaceae
Fabaceae
Fabaceae
Rubiaceae
Achariaceae
Anacardiaceae
Rubiaceae
Connaraceae
Fabaceae
Fabaceae
Apiaceae
Bignoniaceae
Loganiaceae
Loganiaceae
Fabaceae
Myrtaceae
Myrtaceae
Myrtaceae
Combretaceae
Combretaceae
Poaceae
Meliaceae

Hamamelidaceae

Phyllanthaceae
Phyllanthaceae
Phyllanthaceae
Phyllanthaceae
Fabaceae
Fabaceae
Rubiaceae
Lamiaceae
Lamiaceae
Lamiaceae

Pseudolachnost
lis
Psorospermum
Pterocarpus
Pterocarpus
Randia
Rawsonia
Rhus
Rothmannia
Rourea

Senna

Senna
Steganotaenia
Stereospermum
Strychnos
Swartzia
Syzygium
Syzygium
Syzygium
Terminalia
Terminalia
Themeda
Toona
Trichilia
Turraea
Uapaca
Uapaca
Uapaca
Uapaca
Vachellia
Vangueria
Vitex

Vitex

Vitex

Ximenia
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Appendix 6: Specific frequencies oU. kirkiana habitats across studies areas

Species

number of species

Frequency (%)

Uapaca sansibarica
Brachysegia spiciformis
Brachystegia taxifolia
Parinari curatellifolia
Julbernardia paniculata
Combretunmolle
Brachystegia longifolia
Brachystegia floribunda
Syzygium guineense
Uapaa@ nitida

Parinari excelsa
Annona senegalensis
Brachystegia utilis
Pericopsis angolensis

Pseudolachnostylis maprouneifolia

Agauria salicifolia

Ochna schweinfurthiana
Faurea saligna
Combretum zeyheri
Burkea africana

Lannea discolor
Eucalyptus camaldulensis
Bridelia micrantha
Monotes africanus
Brachystegia bussei
Cusonia arborea
Diplorhynchus condylocarpon
Brachystegia boehmii
Vitex doniana

Syzygium owariense
Syzygium cordatum

Vitex payos

Bobgunnia madagascariensis
Vangueria infausta
Julbernardia globiflora
Pterocarpus angolensis
Bauhinia petersiana
Flacourtia indica
Hymenocardia acida
Pinus patula

Keetia gueinzei

Faurea rochetiana
Strychnos spinosa

453
253
248
204
150
129
116
115
109
104
97
83
68
68
61
60
60
59
54
52
49
47
44
38
37
37
35
33
30
29
28
28
25
24
23
23
19
19
18
18
17
15
15
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12.49
6.98
6.84
5.63
4.14
3.56
3.20
3.17
3.01
2.87
2.68
2.29
1.88
1.88
1.68
1.65
1.65
1.63
1.49
1.43
1.35
1.30
1.21
1.05
1.02
1.02
0.97
0.91
0.83
0.80
0.77
0.77
0.69
0.66
0.63
0.63
0.52
0.52
0.50
0.50
0.47
0.41
0.41



Species

number of species

Frequency (%)

Bauhinia thonningii
Erica arborea

Senna singeana
Margaritaria discoidea
Multidentia crassa
Steganotaenia araliacea
Afzelia quanzensis
Ozoroa insignis
Terminalia stenostachya
Antidesma venosum
Brachystegia stipulata
Bridelia cathartica
Acacia goetzei
Jasminum fluminense
Memecylon flavovirens
Protea nitida
Ceratonia siliqua
Dombeya torrida
Gardenia imperialis
Gmelina arborea
Trichocladus crinitus
Azanza garckeana
Dalbergia nitidula
Ekebergia benguelensis
Rourea orientalis
Anisophyllea boehmii
Diospyros kirkii
Hippocratea parviflora
Mundulea sericea
Rhus longipes
Terminaliasericea
Vachellia karroo

Vitex mombassae
Albizia antunesiana
Dichrostachys cinerea
Erythrina abyssinica
Grewia bicolor

Keetia venosa

Khaya anthotheca
Oncoba spinosa
Themeda iandra
Toona ciliata

Turraea nilotica
Albizia gueperei
Albizia tanganyicensis

13
13
13
12
12
12
11
11
11
10
10

=
o
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0.36
0.36
0.36
0.33
0.33
0.33
0.30
0.30
0.30
0.28
0.28
0.28
0.25
0.25
0.25
0.25
0.22
0.22
0.22
0.22
0.22
0.19
0.19
0.19
0.19
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.17
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.11
0.11



Species

number of species

Frequency (%)

Cordiamyxa

Lantana camara
Maprounea africana
Acacia karroo

Albizia versicolor

Cassia angolensis
Catunaregam spinosa
Cordyla africana

Euclea crispa

Ficus capensis
Hyparrhenia cymbaria
Kirkia acuminata
Mangifera indica

Protea madiensis
Psorospermum febrifugum
Rothmannia engkiana
Senna petersiana

Acacia polyacantha

Adina microcephala
Barkea africana

Cassia petersiana
Commiphora africana
Dalbergia arbutifolia
Ozoroa reticulata
Pterocarpus rotundifolius
Randia Sp

Swartzia madagascariensis
Vachellia hockii

Acacia spirocarpa

Cedrela toona

Croton macrostachyus
Dalbergia melanoxylon
Dombeya rotundifolia
Harungana madagascariensis
Rawsonia usambarensis
Stereospermum kunthianum

P P PFRPRPPEFPRFRPEPDNDNNDNDNDNNMDNDNNNNMNNNNOOWOWWWWWWWWLWWLWWwwrps~rpH

0.11
0.11
0.11
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
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Appendix 7: Species with [UCN status across studies areas

Species IUCN Status
Afzelia quanzensis VU
Albizia tanganyicensis VU
Khaya anthotheca VU
Ozoroa reticulata VU
Pterocarpus angolensi VU
Dalbergia melanoxylon NT
Eucalyptus camaldulensis NT
Acacia spirocarpa NE
Adina microcephala NE
Agauria salicifolia NE
Albizia gueperei NE
Anisophyllea boehmii NE
Azanza garckeana NE
Barkea africana NE
Cassia angolensis NE
Cedrela toona NE
Cusonia arborea NE
Dombeya torrida NE
Ficus capensis NE
Grewia bicolor NE
Hippocratea parviflora NE
Hyparrhenia cymbaria NE
Jasminum fluminense NE
Keetia gueinzei NE
Lantana camara NE
Memecylon flavovirens NE
Randia Sp NE
Rawsonia usambarensis NE
Rhus longipes NE
Swartzia madagascariensis NE
Terminalia stenostachya NE
Themeda triandra NE
Acacia goetzei LC
Acacia karroo LC
Acacia polyacantha LC
Albizia antunesiana LC
Albizia versicolor LC
Annona senegalensis LC
Antidesma venosum LC
Bauhinia petersiana LC
Bauhinia thonningii LC
Bobgunnia madagascariensis LC
Brachystegia boehmii LC



Species IUCN Status
Brachystegia bussei LC
Brachystegia floribunda LC
Brachystegia longifolia LC
Brachystegia spiciformis LC
Brachystegia stipulata LC
Brachystegia taxdlia LC
Brachystegia utilis LC
Bridelia cathartica LC
Bridelia micrantha LC
Burkea africana LC
Cassia petersiana LC
Catunaregam spinosa LC
Combretum zeyheri LC
Combretunmolle LC
Commiphora africana LC
Cordiamyxa LC
Cordyla africana LC
Crotonmacrostachyus LC
Dalbergia arbutifolia LC
Dalbergia nitidula LC
Dichrostachys cinerea LC
Diospyros kirkii LC
Diplorhynchus condylocarpon LC
Dombeya rotundifolia LC
Ekebergia benguelensis LC
Erica arborea LC
Erythrina abyssinica LC
Euclea crispa LC
Faurea rochetiana LC
Faurea saligna LC
Flacourtia indica LC
Gardenia imperialis LC
Gmelina arborea LC
Harungana madagascariensis LC
Hymenocardia acida LC
Julbernardia globiflora LC
Julbernardia paniculata LC
Kirkia acuminata LC
Lannea discolor LC
Maprounea africana LC
Margaritaria discoidea LC
Monotes africanus LC
Multidentia crassa LC
Mundulea sericea LC
Ochna schweinfurthiana LC
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Species IUCN Status
Oncoba spinosa LC
Ozoroa insignis LC
Parinari curatellifolia LC
Parinari excelsa LC
Pericopsis angolensi LC
Pinus patula LC
Protea madiensis LC
Protea nitida LC
Pseudolachnostylis maprouneifolia LC
Psorospermum febrifugum LC
Pterocarpus rotundifolius LC
Rothmannia engleriana LC
Rourea orientalis LC
Senna petersiana LC
Senna singueana LC
Steganotania araliacea LC
Stereospermum kunthianum LC
Strychnos spinosa LC
Syzygium cordatum LC
Syzygium guineense LC
Syzygium owariense LC
Terminalia sericea LC
Toona ciliata LC
Trichocladus crinitus LC
Turraea nilotica LC
Uapaca nitida LC
Uapaca sangiarica LC
Vachellia hockii LC
Vachellia karroo LC
Vangueria infausta LC
Vitex doniana LC
Vitex mombassae LC
Vitex payos LC
Ximenia americana LC
Ximenia caffra LC
Mangifera indica DD

254



Appendix 8: MZUNIREC Ethics and Regulatory Approval

Mzuzu Unarsity

MZUZU UNIVERSITY prpnno o

Mzuzu 2
MALA W I
TEL: 01320722
DIRECTORATE OF RESEARCH FAX: 01320 648

MZUZU UNIVERSITY RESEARCH ETHICS COMMITTEE (MZUNIREC)

Ref No: MZUNIREC/DOR/24/104 14/10/2024.

Kokou Kokouvi Bruno,
Mzuzu University,
P/Bag 201, Luwinga,
Mzuzu 2.

Email: kokoubruno7@gmail.com

Dear Kokou,

RESEARCH ETHICS AND REGULATORY APPROVAL AND PERMIT FOR
PROTOCOL REF NO. MZUNIREC/DOR/24/104: UAPACAKIRKIANA MUELL.
ARG: UTILIZATION UNDER ANTHROPOGENIC THREATS AND CLIMATE
CHANGE IN MALAWI.

Having satisfied all the relevant ethical and regulatory requirements, I am
pleased to inform you that the above referred research protocol has officially
been approved. You are now permitted to proceed with its implementation.
Should there be any amendments to the approved protocol in the course of
implementing it, you shall be required to seek approval of such amendments

before implementation of the same.

This approval is valid for one year from the date of issuance of this approval. If
the study goes beyond one year, an annual approval for continuation shall be
required to be sought from the Mzuzu University Research Ethics Committee

(MZUNIREC) in a format that is available at the Secretariat. Once the study is
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finalised, you are required to furnish the Committee with a final report of the

study.

The Committee reserves the right to carry out compliance inspection of this

approved protocol at any time as may be deemed by it. As such, you are expected

to properly maintain all study decuments including conzent forms.

Wishing you a successful implementation of your study.

Yours Sincerely,

7 o

Wanangwa K. M=zowoya
MZUNIREC Secretariat

FOR: MZUNIREC CHAIRPERSON

PRIVATE BAG 201, LUW

MZLUZN

Mzuzu University Research Ethics Committee

Directorate of Rezsearch

MMzuzu University

P/Bag 201

Luwinga

Lzuzn 2

Email: maunirecfimauni ac mw
Cell: +265 [Ol 99 5 45 32 93

]
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