D)<
PRI

UNIVERSIDADE
EDUARDO
MONDILANE

FACULTY OF AGRONOMY AND FORESTRY ENGINEERING,
DEPARTMENT OF ECONOMY AND AGRARIAN DEVELOPMENT

MASTER'S DEGREE IN CLIMATE CHANGE IN AGRICULTURAL SYSTEMS

EFFECTS OF CLIMATE VARIABILITY ON RICE PRODUCTION AND
FARMERS’ RESILIENCE IN LIBERIA

AUTHOR
Bondo T. Simpson

SUPERVISED BY:
Dr. Celsa Mondlane Macandza, PhD

dr. Jone L. Medja Ussalu, MSc.
Dr. Arsénio Daniel Ndeve, PhD
A Dissertation
Submitted to the Department of Economy and Agrarian Development in Partial
Fulfillment of the Requirements for the Degree of Master (MSc.) in Climate Change in

Agricultural Systems

Maputo, June 2026



DECLARATION AND RECOMMENDATION

Declaration

I, Bondo T. Simpson hereby declare that this dissertation is my original work and has never been

presented for conferment of any degree in any University.

Signature Date

Name: Bondo T. Simpson

Registration Number: 20235564

Recommendation

This dissertation has been submitted for examination with our approval as University and

Technical supervisors.

Dr. Celsa Mondlane Macandza, PhD
Faculty of Agronomy and Forestry Engineering, Eduardo Mondlane University, Mozambique

Signature Date

dr. Jone. L. Medja Ussalu, MSc.
Faculty of Agronomy and Forestry Engineering, Eduardo Mondlane University, Mozambique

Signature Date

Dr. Arsénio Daniel Ndeve, PhD
Faculty of Agronomy and Forestry Engineering, Eduardo Mondlane University, Mozambique

Signature Date

il



DEDICATION

This dissertation is dedicated to my Heavenly creator, God Almighty for his protection and
provision; to my late father, Mr. George M. Simpson, who passed away in February 2026, in loving
memory of his guidance and inspiration; to my beloved mother, Mrs. Mary B. Simpson, and my
sisters, Gloria M. Simpson and Karleoptria B. Simpson for their unconditional support since the
beginning of this achievement. May this work motivate and inspire my siblings and children to

aim higher.

il



ACKNOWLEDGEMENT

I would like to express my profound gratitude to God Almighty to whom I serve, praise is due for
making this dream come true, seeing me through this chapter of life and providing me with

supportive people.

The completion of this dissertation would not have been possible without the priceless support of
my supervisors: Dr. Celsa Macandza, dr. Jone L. Medja Ussalu, and Dr. Arsénio Daniel Ndeve. I
extend my sincere appreciation to them for their prompt review of this work and for their
constructive feedback. I am also deeply grateful to my mentor, Dr. Henry T. Nyuma, for his
tireless support from the beginning through the completion of the study. Your guidance meant a
lot to me. To all the staff of the Faculty of Agronomy and Forestry Engineering who contributed

to this work in one form or the other, your support will always be remembered.
To my parents, Mr. and Mrs. Simpson, and siblings, you are so loving for your supportive arms.

I will always be indebted to you, my love, Shanell F. Rogers, for your patience and encouragement

throughout this journey.

Finally, I want to thank the Center of Excellence in Agri-Food System and Nutrition (CE-ASFN)
who made this programme possible, and 1 am truly grateful for the opportunity given me to
complete my master’s programme via this initiative. My heartfelt appreciation also goes to the

World Bank for their support, funding this project.

v



TABLE OF CONTENTS

DECLARATION AND RECOMMENDATION ......ooctiiiiiiiiieieeieetesiteieniee ettt i
DEDICATION ...ttt ettt ettt ettt et ea e e bt et e et e s bt e bt estesbeenbeeneesaeenseenees il
ACKNOWLEDGEMENT ...ttt sttt e s e e enaeeneenseeneas v
TABLE OF CONTENTS ..ottt ettt ettt sttt este e s e teensessaenseenseeneenseeneenns v
LIST OF TABLES ... .ottt sttt sttt et sb et st e b e e saeens viii
LIST OF FIGURES ...ttt sttt sttt et sttt e bt e saeens viii
ACRONYMS AND ABBREVIATIONS ......ooioieeeee ettt ix
ABSTRACT ...ttt ettt ettt et sttt et e et e st e essesstesseesseesaesseenseessesseenseessenseensenssenseensens X
RESUMO ...ttt ettt ettt et s e et e et e e b et e et e s et e bt entesaeenteeneesaeenbeeneas xi
CHAPTER I: INTRODUCTION ......coutiiiiitiiiietenieeiesitenit ettt sttt ettt et see bt esnee e snee e 1
1.1. Background of the Study ......c.ccoiiiiiiiii e 1
| 0 1] 15107 5 OO UUPUOUUSUPRRTSO 4
L2010 GONEIAL..c.iiiiiiice et ettt et et st 4

L. 2.2, SPECITICS. c.uviieiieeiie ettt ettt et et et e et e et e s ebe e bt eesbe e seeesbaesaessseenssesnsaessseenseensnas 4

1.3. Research QUESTIONS ......c..eeuiiiiieiieeiie ettt ettt ettt et e et e seaeenteesnteenseesnnas 4
1.4, Problem Statement ..........ccceiiiiiiiiiieeie ettt ettt ettt sneas 4
1.5. Justification 0f the StUAY .......cc.eeeiiiieiiieeee e e e e 6
1.6. Brief Methodological OVEIVIEW........c.iviiiiieiiieiieeciieeee et 7
1.7. Structure of the DISSEITation.........cceuieiiieriieiieiie ettt ettt et aee b e e 8
CHAPTERE II: LITERATURE REVIEW ....cciiiiiiiiiiiiiitcteeceeee et 10
2.1 Definition of Terms and CONCEPL.......cc.eievuieeriieeiiieeiiie ettt ereeeeree e e 10
2.2. Climate Variability and Change...........cccccuvveiiiiiiiieeiiieeiee et e 11
2.3. Relationship Between Climate and Rice Production ............ccccceceveiiiniinenninicnicncnnne. 13
2.4. Climate Variability Impact on Rice Production............cceceeveriiinieniniinieniiiecienccenn 14
2.5. Liberia’s Agriculture Sector and Rice Production .............ccecvveviiienciiiiciecciie e 16
2.5.1. Trends in Rice Production ..........coceoiiiiiiiiiiiiiieeeeee e 17

2.6. Farmers’ Perception of Climate Risk and Adaptation Strategies to Climate Change........ 19
2.7. Agroecological Suitability Mapping for Rice Production............cceceevverveneinciicniencnnne 20
B TR 10 1 BRSSP 21



2.7.2. TOPOZIaphy FaCLOTS .....ccvviieiiiiciie ettt ettt e e e e eeaaeeenaeeenneeas 22

2.7.3. CHMALIC FACTOTS ...ccutiiiiiiiiieiie ettt ettt ettt ettt e saee e 23
2.7.4. Land Use and Land COVET .........ccceriiriiiiiieniiesieeie sttt 23

2.8. Policies and Strategies on Climate Change in Liberia...........ccccevvieiiiinieeciienieciiesieeiene 24
2.9. Conceptual FTameWOTK .........ccuiiiiuiiiiiiieeiie ettt e sare e e ereeeaaeeeaes 24
CHAPTER III: METHODOLOGICAL FRAMEWORK ........ccciiiiiiiieieiececee e 27
3.1. Overall Research DESIZN.......c.ccoiiiiuiiiiieiieeiieieeeie ettt be et esba e 27
3.2, STUAY SENG ....eiiniieeiieeiieeie ettt ettt et st e et e et e e bt eseaeesbeesabeesseesssesaseesaseenseessseenseensseenns 28
3.3. Data Collection MeEthOds.........coouiiiiiiiiiiieiie ettt et 29
3.4. Data Analysis TEChNIQUES .......ccoouiiiiiiiieiie ettt et 30
3.5. Ethical ConSiderations..........cooueiiirieriieieiieie ettt sttt ettt et saeeneeeneeeneeees 31
3.6. Limitations of the StUAY .......ccceeeiiiiiiiiiiciee e 31
CHAPTER IV: RESEARCH ARTICLE L.....ooiiiiiiieiecieeeeeee e 33
Title: Effect of Climate Variability on Rice Production in Liberia...........cccceeeeeeiienieniiiennnne 33
ADSETACT ...t et ettt e b e et b e st e bt e et e bt sateens 34
L. INEEOAUCTION 1.ttt ettt et et et et esee e be et e eneenees 35

2. Materials and MethodS ........coouioiiiiiiiieeee ettt 37
B RESUIES .ttt ettt ettt et e et e aee et e e eaee e 45
4. DISCUSSION ...ttt ettt ettt et e st et e it e et e e st e e bt e esbe e bt e sabe e bt e eabe e beesabee bt e esbeenbeesaneens 54
5. Conclusions and Policy Recommendations ...........c.cceecuveeriieeniieeniie e e 61
0. PALENILS ...ttt ettt e et e st e s e s ee e 63
T RETEICIICES ...ttt ettt et sttt e st e et e s st e eabeesaeeenbeesseeenbeenaeeenne 65
CHAPTER V: RESEARCH ARTICLE IL.....oooiiiiiiiieiiieeeeeee et 76
Title: Geospatial Multi-Criteria Decision-Making for Land Suitability Analysis for Rice
Cultivation 10 LIDETIA ....cc..eeiiiiiiiiieiie ettt sttt sttt et e s 76
ADSITACE ..ttt ettt b et sh e bt et e et e b et eaee e 77
L INEEOAUCTION ..ttt ettt et st e bt e st e sbeeeaneens 78

2. Materials and Methods ........coc.oouiiiiiii e 79
B RESUIS .ttt ettt et sae s 93
4. DISCUSSION ...cvtenteeiieeiteteeite ettt ettt sb et ettt e bt e st e e bt e bt eatesa e et e eabeeb e e bt eatesbeenbeenteeaeenbeennenaeenee 99
5. Conclusions and reCOMMENAAtIONS .........cccueiiiiiriiiriieiiie ettt 104

Vi



6. RETEIEIICES ..o et e e e e e e e e e e e e e e e e e e e e aaeeeeeeeaae s 106

CHAPTER VI: INTEGRATIVE DISCUSSION.......cootiiiiieiteieeiteie ettt 115
CHAPTER VII: GENERAL CONCLUSION ....ccoooitiiiiiieieieieiesteeiesieeieeeeee e 118
REFERENCES ...ttt ettt ettt b et st esbe bt et e bt entesaeenbeentens 120
APPENDICES ... ettt ettt ettt et ettt et e e e s s e e entesseebeeseesseenseeneenseentens 135
Appendix 1. Ethical CIearance............cceevcuiiiiiiiieiiiieciieeciee ettt sree e e e seveeesneeens 135
Appendix 2. Data Collection TOOl .........cccecciiiiiiiriiiieiiieieeee e 135
Appendix 3. Supplementary MaterialS...........cccveevierieriieiiieniieieecie et 136

Appendix 3.1. Supplementary Materials (Figure S1. Spatial variability of precipitation and
temperature with major and minor rice production areas). ...........cecceeveveereeereeesieesieeenieennes 136
Appendix 3.2. Supplementary Materials (Figure S2. Liberia climate classes based on Képpen
ClASSTIICALION ). ..eeviieiieeiiieciee ettt ettt ettt et e e e e et e e tee e s e esseeenseesaeesbeesaeensaessseenseensnas 136
Appendix 3.3. Supplementary Materials (Figure S3. Climate projection of Precipitation). 137
Appendix 3.4. Supplementary Materials (Figure S4. Climate projection of temperature). 137
Appendix 4. Proof of Acceptance/Publication............ccceevvieriieiiieniieeiiienieeeesee e 138
Appendix 4.1. Certificate of publication of the article titled: Effect of Climate Variability on
Rice Production in LiDeria. .........c.ceouiiiiiiiiiiiiieiieeieee et 138
Appendix 4.2. Letter of acceptance of the manuscript titled: Geospatial Multi-Criteria
Decision-Making for Land Suitability Analysis for Rice Cultivation in Liberia. ............... 139

vii



LIST OF TABLES

Table 2-1. Calendar of rice production in LiDeria...........ccceevvreiiienieiiiieniieiienie e 17
LIST OF FIGURES

Figure 2-1. Conceptual frameWOrK ...........cccieiiiiiiieiieeiieie ettt ere e 26

Figure 3-1. Map of Africa with the Study area. ........c...ocooiiiiniiniie 29

viii



ACRONYMS AND ABBREVIATIONS

AHP Analytical Hierarchy Process

CARD Competitiveness Analysis of Local Rice to Imported Rice
CBL Central Bank of Liberia

CCKP Climate Change Knowledge Portal

CHIRPS Climate Hazards Group InfraRed Precipitation with Station
DEM Digital Elevation Model

EPA Environmental Protection Agency

FAO Food Agricultural Organization

FAOSTAT Food Agricultural Organization Statistics

GDP Gross Domestic Product

GIS Geographic Information System

IPCC Intergovernmental Panel for Climate Change

LAC Liberia Agriculture Census

LASIP Liberia Agriculture Sector Investment Program

LIBSIS Liberia Soil Information System

LISGIS Liberia Institute of Statistics and Geo-Information Services
LULC Land Used and Land Cover

MLR Multiple Linear Regression

MOA Ministry of Agriculture

NAPA National Adaptation Programme of Action

NPRSCC National Policy and Response Strategy on Climate Change
PAPD Pro-Poor Agenda for Prosperity and Development

SDGs Sustainable Development Goals

SLF Sustainable Livelihood Framework

SRTM Shuttle Radar Topography Mission

UNDP United Nations Development Programme

UNFCCC United Nations Framework Convention on Climate Change
USGS United States Geographical Survey

WB World Bank

X



ABSTRACT

Climate variability poses major challenges to agriculture worldwide amid increasing population
growth and rising food demand. In Liberia, rice is a staple crop, however, its production remains
low and highly vulnerable to changing climate conditions. This study evaluates the impact of
climate variability on rice production while identifying suitable areas for sustainable rice
cultivation in Liberia. Rice production and yield data were obtained from the Food and Agriculture
Organization Statistics (FAOSTAT) database, while climate variables (temperature and
precipitation) were sourced from ERAS Agrometeorological Indicators and Climate Hazards
Group InfraRed Precipitation with Station (CHIRPS), for the period of 1990-2023. Climate trends
and relationships with rice production were examined using the Mann—Kendall test, Sen’s slope
estimator, and Spearman’s rank correlation, while Multiple Linear Regression was applied to
estimate climate impacts on rice productivity. In addition, a GIS-based Multi-Criteria Decision-
Making approach using the Analytic Hierarchy Process was employed to map rice suitability.
Results indicate that mean, minimum, and maximum temperatures increased by 0.57 °C, 0.55 °C,
and 0.55 °C, with a strong variability in precipitation, reaching 180.31 mm. Production observed
a total increase of 76,200 tons, while yield remained relative stable at 1.2 tone/hectare. Regression
results revealed a significant negative impact of minimum temperature (p = 0.015) on rice
production and a positive effect of precipitation on yield (p = 0.036). Suitability analysis shows
that 5.57% of Liberia is highly suitable, 44.57% suitable, 42.41% moderately suitable, and 7.45%
unsuitable for rice cultivation, with soil pH, slope, and soil texture identified as key limiting
factors. Highly suitable areas are found in the central, northern, and southeastern counties,
including Lofa, Bong, Nimba, Gbarpolu, Grand Gedeh, and River Gee. Overall, the findings
highlight the sensitivity of rice production to climate variability and demonstrate significant
potential for expanding rice cultivation through strategic land-use planning, improved

technologies, and institutional support to strengthen farmer resilience and national food security.

Keywords: rice production; rainfall variability; farmer adaptation strategies; multi-criteria

decision-making; land suitability; GIS; Liberia



RESUMO

A variabilidade climatica impde grandes desafios a pratica agricola ao nivel mundial, aliada ao
aumento populacional e da demanda alimentar. Na Libéria, o arroz ¢ um alimento basico, no
entanto a sua producdo continua baixa e altamente vulneravel as alteragdes climaticas. Este estudo
avalia o impacto da variabilidade climatica na producdo de arroz, identificando areas adequadas
para o seu cultivo sustentavel. Os dados de producao e rendimento do arroz foram obtidos a partir
da base de dados da FAOSTAT (Organizagdo das Nagdes Unidas para a Alimentagdo ¢ a
Agricultura), e foram utilizados os dados de alteragdes climaticas (temperatura e alteracdes),
constituidos por dados de reanélise do ERAS e do CHIRPS (Climate Hazards Group InfraRed
Precipitation with Station), do periodo de 1990 a 2023.Tendéncia das variaveis climaticas e suas
correlagdes com a produgdo de arroz foram examinadas através do teste de Mann-Kendall,
tendéncia de Sen e pela correlagdo de Spearman, enquanto a Regressdo Linear Multipla foi
aplicada para estimar os impactos climaticos na produtividade do arroz. Por outro lado, a aptidao
para o cultivo do arroz foi examinada ¢ mapeada a partir do método de Tomada de Decisdao
Multicritério baseado em SIG, e utilizando o Processo de Hierarquia Analitica. Os resultados
indicam que as temperaturas média, minima ¢ maxima aumentaram 0,57 °C, 0,55 °C ¢ 0,55 °C,
respetivamente, com uma grande variabilidade na precipitagdo. A producdo apresentou um
aumento total de 76.200 toneladas, enquanto o rendimento se manteve relativa mente
estavel na 1.2 toneladas por hectare. Os resultados da regressdo revelaram um impacto negativo
significativo da temperatura minima (p = 0,015) na produgdo de arroz e um efeito positivo da
precipitacdo na produtividade (p = 0,036). A andlise de aptidao mostrou que 5,57% de Libéria €
muito apta, 44,57% apta, 42,41% moderadamente apta, e 7,45% inadequada para o cultivo do
arroz. Foram identificados como limitantes para a aptidao os seguintes factores: o pH do solo, o
declive do terreno e a textura do solo. As éreas altamente adequadas encontram-se nas zonas
centro, norte e sudeste, incluindo Lofa, Bong, Nimba, Gbarpolu, Grand Gedeh e River Gee. De
um modo geral, os resultados destacam a sensibilidade da produgdo de arroz a variabilidade
climatica e demonstram um potencial significativo para a expansao da cultura do arroz através de
um planeamento estratégico do uso da terra, tecnologias melhoradas e apoio institucional para
reforcar a resiliéncia dos agricultores e a seguranca alimentar nacional.

Palavras-chave: producdo de arroz; variabilidade das chuvas; estratégias de adaptacdo dos
‘agricultores; tomada de decisdo multicritério; Aptiddo da terra; SIG; Libéria

xi



CHAPTER I: INTRODUCTION

1.1. Background of the Study

Climate variability, including changes in rainfall patterns, temperature, and the frequency of
extreme weather events, poses significant challenges to climate-sensitive sectors such as
agriculture (IPCC, 2023b; Mulungu & Kangogo, 2022; Reyes et al., 2021; Yuan et al., 2024).
Agriculture is particularly vulnerable because crop growth and productivity depend strongly on
climatic conditions. Among major food crops, rice plays a crucial role in global food security and
rural livelihoods. However, rice production is highly sensitive to fluctuations in temperature and
precipitation, which influence crop growth, phenology, and yield outcomes (Ayanlade et al., 2018;
Adjah et al., 2022). As a result, understanding the relationship between climate variability and rice

production has become increasingly important for sustainable agricultural development.

Globally, rice is the primary staple food for more than 60% of the world’s population, with Asia
accounting for over 90% of global production and consumption worldwide (Robertson & Oinam,
2023). Despite its global importance, rice cultivation is increasingly threatened by climate
variability and climate change. Rising temperatures, irregular precipitation patterns, and extreme
weather events have been shown to significantly affect rice productivity (Jagadish et al., 2015;
Song et al., 2022; Wassmann and Dobermann, 2012). Temperature increases during critical growth
stages, particularly panicle initiation, flowering, and fertilization, can substantially reduce grain
yield and quality. For instance, Song ef al. (2022) reported that a 1°C increase above optimal
temperature may reduce rice yield by approximately 8%, while Peng ef al. (2004) found that grain
yield declined by about 10% for every 1°C increase in growing-season minimum temperature.
Precipitation variability also plays an important role in rice productivity. Maiti et al. (2024)
observed that rice yield decreased by about 6.4 kg for every 100 mm increase in rainfall beyond
optimal levels in India. Similarly, Gumel et al. (2017) found that an increase in daily mean rainfall
of +1 mm to +2 mm above the threshold, had a decreased yield of -4.0% to -51.5% in Malaysia.
These findings highlight the strong sensitivity of rice production systems, particularly rain-fed

systems, to climatic fluctuations.



Recent research has also identified threshold effects in the relationship between temperature
increases and crop productivity. Using threshold regression and mixed-effects models, Tran ef al.
(2025) demonstrated that rising temperatures negatively affect crop yields, with impacts becoming
more severe once certain temperature thresholds are exceeded. For rice, yield losses increase
significantly when warming surpasses approximately 3.13°C. Such climatic changes pose serious
risks to global food security and diet quality, particularly among vulnerable populations (Micha et

al., 2020).

In Sub-Saharan Africa (SSA), rice has become an increasingly important staple food and a major
source of calories and income for millions of households (Adjah ef al., 2022; Pope et al., 2023).
Between 2009 and 2019, annual rice consumption in SSA averaged about 27.4 million metric tons,
while production was only around 15.4 million metric tons, resulting in a substantial production
deficit (Ibrahim et al, 2022). Rapid population growth, urbanization, and changing dietary
preferences have further increased rice demand in the region (Daszkiewicz, 2022; Saito et al.,
2023). Despite this rising demand, rice production remains constrained by factors such as limited
access to improved technologies, declining soil fertility, and increasing climate variability, forcing

many countries to rely heavily on imports.

Liberia represents a clear example of this growing dependence on rice. Rice is the dominant staple
food in the country and contributes approximately 50% of the daily caloric intake of adults, with
an estimated annual per capita consumption of about 133 kg (Pope et al., 2023). Approximately
69% of farmers cultivate rice, making it one of the most important crops for food security and rural
livelihoods (MOA, 2018). Despite its importance, domestic rice production remains insufficient
to meet national demand. Rice consumption reached approximately 560,000 metric tons in 2021,
while local production has struggled to keep pace, declining from about 257,995 metric tons in
2018 to approximately 170,000 metric tons in 2021 (Pluato ef al., 2024). Consequently, Liberia
spends over USD 100 million annually on rice imports, placing significant pressure on the national

cconomy.

Rice productivity in Liberia is also relatively low, with average yields ranging between 1.1 and
1.2 tons per hectare—far below the regional average of 4—6 tons per hectare (Pope et al., 2023;

Saysay et al., 2018; Sumo et al., 2023). Several factors contribute to this low productivity, among



which climate variability has become increasingly important. Over the past three decades, Liberia
has experienced noticeable shifts in climate patterns, including rising temperatures, irregular
rainfall distribution, and more frequent extreme events such as floods and droughts (CCKP, 2021;
Funk et al.,2015). Because Liberia’s agricultural system relies predominantly on rain-fed farming,
these climatic changes have direct implications for crop productivity. This challenge is further
intensified by the fact that nearly 70% of the population depends on agriculture and forestry for
their livelihoods (CBL, 2023; Jr & Diallo, 2025).

Although several studies have examined climate change and agriculture in Liberia, most have
focused on localized areas or farmers’ perceptions rather than nationwide empirical analyses. For
instance, Dorbor-soko (2024) examined the impacts of climate variability and change on rice
production in Bong County, while Dorbor Wuokolo (2023) investigated farmers’ perceptions of
climate change and barriers to adaptation among smallholder farmers in Todee District. Similarly,
Sarnoh (2024) assessed climate risks in central and northern Liberia. Although these studies
provide valuable insights, they are limited in geographic scope and do not capture national-scale
dynamics. In contrast, Jr & Diallo (2025) conducted a systematic review focusing on climate
change impacts on Liberia’s agricultural sector and associated adaptation strategies, rather than
empirical analysis of rice production trends. Consequently, there remains a lack of comprehensive,

country-wide studies examining the relationship between climate variability and rice production.

Given this gap, the present study evaluates the effects of climate variability on rice production in
Liberia using national datasets covering the period 1990-2023. Specifically, it analyzes trends in
rice production and yield, examines temporal patterns in key climate variables, particularly
temperature and precipitation; and assesses their statistical relationships with rice productivity. In
addition, the study incorporates future climate projections under the RCP8.5 scenario to determine
whether current climatic trends are likely to persist. The findings provide important insights for
developing climate-resilient agricultural policies and strengthening food security in Liberia and

across Sub-Saharan Africa.



1.2. Objectives

1.2.1. General

The overall aim of this study is to evaluate the effects of climate variability on rice productivity

and to examine the resilience and adaptive strategies of farmers in Liberia.

1.2.2. Specifics

To determine trends in rice production and yield in Liberia from 1990 to 2023.

To examine patterns and changes in key climate variables (precipitation and temperature)
and trends from 1990 to 2023 in Liberia.

To assess statistical relationship between climate variables and rice production and yield.
To investigate the resilience and adaptation strategies employed by rice farmers in Liberia.
To map the agroecological areas suitable for rice production based on climate variables

(temperature and precipitation), soil type and topography data in Liberia.

1.3. Research Questions

The following research questions are to be addressed.

o o @

o

What are the trends in rice production and yield in Liberia from 1990 to 2023?

How have precipitation and temperature patterns changed in Liberia from 1990 to 2023?
How do temperature and precipitation affect rice yield in Liberia?

What resilience and adaptation strategies do rice farmers employ in response to climate
variability?

Which agroecological areas are suitable for rice production in Liberia based on climate,

soil, and topography factors?

1.4. Problem Statement

In Liberia, rice serves as a key staple food crop and is a primary source of income for smallholder

farmers, who largely rely on rainfed agriculture (Pope et al., 2023). Despite its central role in food

security, rice productivity remains low, averaging 1.2 MT ha™, insufficient to meet national

4



demand (Sumo et al., 2023). Consequently, Liberia imports over 60% of its annual rice
consumption (Pluato et al., 2024), making the country highly vulnerable to external market
fluctuation and global price shocks. Strengthening domestic rice production is therefore essential

to safeguard national food security.

This challenge is compounded by increasing climate variability. Over the past three decades,
Liberia has experienced rising temperatures, irregular rainfall, and a growing frequency of extreme
weather events, including floods and droughts (CCKP, 2021; Funk et al., 2015). Because rice
cultivation is largely rainfed, these changes disrupt planting and harvesting calendars, adversely
affecting yields and highlighting food security (Nelson et al., 2013; Tarway-twalla, 2013; Page et
al., 2023; EPA, 2024). Smallholder farmers, who constitute over 70% of the population, are
particularly vulnerable, often lacking access to irrigation, improved seeds, and modern

technologies that could buffer against climate-related shocks (Sarnoh, 2024; World Bank, 2024).

Despite mounting evidence of climate-related risks, national-level evidence on its long-term
effects on rice production remains limited. Most studies focus on localized areas or specific aspects
of climate impact. For instance, Dorbor-Soko (2024) examined the impacts of climate variability
and change on rice production in Bong County, Dorbor Wuokolo (2023) assessed farmers’
perceptions and adaptation barriers in Todee District, sand Sarnoh (2024) evaluated climate risks
in central and northern Liberia. While informative, these studies do not provide a comprehensive
understanding of climate-rice dynamics across the country. Additionally, systematic reviews (Jr &
Diallo, 2025) did not empirically explore statistical relationships between climate variables and

rice yields.

Another critical gap concerns land suitability. GIS-based Multi-Criteria Decision-Making
(MCDM) integrated with the Analytical Hierarchy Process (AHP) has proven effective for
assessing crop suitability by evaluating climatic, topographic, and soil factors (Ayehu and
Besufekad, 2015; December et al., 2022; Hossen et al., 2021). Applications in Nigeria (Victor and
Samson, 2019), Ghana (December et al., 2022), Kenya (Joseph Kihoro, 2013), and Bangladesh
(Islam et al, 2018) have enhanced evidence-based agricultural planning. While agroecological
zoning is a proven tool for guiding crop suitability, there is a lack of comprehensive national-level
GIS-based assessment to identify areas suitable for rice cultivation under current and future

climatic conditions in Liberia, limiting strategic planning and sustainable production.



Furthermore, resilience-building efforts in the rice sector remain fragmented inadequate. Many
farmers lack access to timely climate information, extension services, credit facilities, and climate-
smart technologies that could enhance their capacity to cope with climate shocks (Asfaw et al.,

2019; Fosu-Mensah et al., 2012; World Bank, 2024).

Given the central role of rice in Liberia’s food system and the increasing risks posed by climate
variability, there is an urgent need for a national-level assessment of climate impacts on rice
production. This study, therefore, seeks to address the existing gaps by analyzing trends in rice
production and yield from 1990 to 2023, determining changes in temperature and precipitation,
assessing statistical relationships of these climatic variables with rice productivity, and mapping
agroecologically suitable areas for rice cultivation using GIS-based MCDM and AHP. The
findings are expected to inform climate-resilient rice production strategies, strengthen farmers’
adaptive capacity, and support sustainable agricultural development and policy planning in

Liberia.

1.5. Justification of the Study

The study holds significance for several interconnected reasons. First, it directly addresses a
critical national priority: enhancing food security and reducing Liberia’s reliance on imported rice
by strengthening domestic production. As the country’s staple crop, rice is not only a vital source
of nutrition but also carries considerable political and economic importance (Pope et al., 2023).
Improving rice productivity requires a comprehensive understanding of multiple constraints

affecting production, particularly the growing impacts of climate variability (NAP, 2020).

Although the global effects of climate change are widely acknowledged, their specific
manifestations are often localized and context-specific (Joseph et al., 2023). In Liberia, empirical
evidence on how climate variables, especially rainfall and temperature affect rice production
remains limited. This study aims to fill this gap by analyzing long-term climatic trends in Liberia
and linking them to observed changes in rice yields. Such evidence is crucial for informing national
climate adaptation planning and for guiding more targeted investments aimed to strengthening in

agricultural resilience (Niang et al., 2014; Bouteska et al., 2024).



This research underscores the importance of farmers’ perceptions and their adaptation behaviors.
Existing literature demonstrates that perception is key driver of adaptation; farmers who recognize
climate risk and understand their implications are more likely to adopt effective coping strategies,
such as changing planting dates, selecting climate-resilient crop varieties, or modifying their
farming systems (Fosu-Mensah et al., 2012). In Liberia, however, many smallholder farmers
continue to rely heavily on traditional knowledge and often limited access to reliable climate
information, thereby constraining the effectiveness of their adaptive responses (World Bank,
2024). Furthermore, the study seeks to identify areas most suitable for rice cultivation,

emphasizing the critical role of land use and land cover in agricultural planning and development.

The study findings are expected to inform evidence-based policy implementation, particularly in
alignment with Liberia’s National Adaptation Plans (NAP) (NAP, 2020), the National Climate
Change Policy and Response Strategy (NPRSCC, 2018), the Climate-Smart Agriculture
Investment Plan (CSAIP), and the Liberia Agricultural Sector Investment Plan (LASIP-II) (EPA,
2018; NAP, 2022). The research also contributes to the broader Sustainable Development Goals
(SDGs), specially SDG 1 (No Poverty), SDG 2 (Zero Hunger), and SDG 13 (Climate Action)
(Grigorieva et al., 2023). By assessing the impact of climate variability on rice production and
integrating remote sensing, GIS-based climate data, and literature-based assessment of farmer
adaptation, this study provides novel, Liberia-specific evidence that enhances understanding of
how climate variability influences agricultural productivity, contributing to the broader literature
on climate impacts in Liberia and across sub-Saharan Africa. Additionally, this study presents a

practical and replicable research model that can be applied and scaled in other data-scarce regions.

1.6. Brief Methodological Overview

This study adopts a mixed methodological framework integrating statistical time-series analysis
and spatial multi-criteria evaluation to assess rice production dynamics and land suitability in
Liberia. Secondary data were obtained from multiple reliable sources, including Food and
Agriculture Organization Statistics (FAOSTAT) data base, for rice production and yield, while
temperature and precipitation were obtained from the Copernicus Climate Change Service for

temperature, and the Climate Hazards Group for precipitation (CHIRPS), covering the period



1990-2023. Future climate projections data were derived from Coordinated Regional Climate

Downscaling Experiment under the RCP8.5 scenario.

Data preprocessing included quality control procedures such as missing value checks, outlier
detection, and consistency verification. Climate raster datasets were processed in ArcGIS (version
10.8) to extract seasonal (April-September) national-level averages relevant to rice cultivation.
For trend detection, the non-parametric Mann—Kendall test and Sen’s slope estimator were applied.
Relationships between climate variables and rice production were assessed using Spearman’s rank
correlation, followed by multiple linear regression to quantify the combined effects of these
independent variables (temperature and precipitation) on rice productivity. Spatial suitability
analysis was conducted using Geographic Information Systems (GIS) integrated with a Multi-
Criteria Decision-Making (MCDM) approach, considering ten key factors: precipitation,
temperature, elevation, slope, soil texture, soil pH, soil organic carbon, nitrogen, phosphorus and
potassium. Factor weights were determined using the Analytic Hierarchy Process, ensuring
consistency (CR < 0.1). The weighted linear combination was then applied to generate final land

suitability maps.

Together, these approaches provide a robust and integrated assessment of historical trends, climate

impacts, and areas suitability for rice production in Liberia.

1.7. Structure of the Dissertation

This dissertation is structured into seven chapters that are connected to the study objectives.
Following this introductory chapter, is chapter two (literature review), which discusses the
relationship between climate and production, reviews the relevant literature on climate change and
variability and the impacts of these on agricultural crop production and livelihoods with reference
to Liberia and Sub-Sahara Africa (SSA). Additionally, chapter two explores literature on various
frameworks that have been used to assess climate impacts to agricultural crop production and
livelihoods of rural households, and land suitability assessment. In addition, this chapter also place
emphasis on developments and policies instituted by government in the combat of climate change
in Liberia. Correspondingly, the study framework is also discussed in this chapter. Chapter three
illustrates the study area (Liberia) emphasizing the farming system and practices employed by

smallholder farmers and the climate condition in Liberia. The overall research design and
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methodology are also discussed in this Chapter, depicting the range of quantitative approaches
used to collect and analyze data. The relevance of these approaches for this study is discussed in
this chapter. Besides, Issues relating to ethical considerations are explored in Chapter three.
Finally, Chapter three also investigates the strengths and limitations of the research. Chapter four
and Chapter five focussed on the provision of details of articles submitted for publication. Chapter
four provides detailed information on the first articles which is integrated in the dissertation. The
chapter provides brief information about articles, including the title of the article, name of the
journal submitted to, and the publication status of the article. The full length of the article is also

provided in this chapter.

In chapter five, detailed information about the second article. This encompasses of brief
introduction about article II, including the name of the journal submitted to, and the current
publication status of the article. It also provides the full article. Chapter six provides an integrative
discussion of the full dissertation. This chapter highlights the improvement in rice production in
Liberia over time, the contributing factors, and it actual or general implication to current
productivity gains. Its highlights factors contributing to low yields despite high land suitability
areas, recommending the integrated strategies to improve productivity and resilience, thus
providing recommendations for future research. Lastly, chapter seven summarises the main
conclusions and provides a synthesis of the key findings, exploring the implications for agricultural
production and food security in Liberia. This chapter also provides the list of reference, appendices
and extra figures that support the finding of the thesis, as well as other key information, including

data collection tools and proof of publication for manuscripts.



CHAPTERE II: LITERATURE REVIEW

2.1 Definition of Terms and Concept

Key terminologies such as vulnerability, adaptation, and resilience are yet, have universally
accepted definitions, and their interpretations remain debated. Considering this, the current study
adopts specific working definitions that will be consistently used throughout the research. The
rationale for selecting these definitions is presented to guide and support the analysis and
discussion.

Adaptation: is defined as the actions, practices, and strategies undertaken by farmers to adjust to
actual or expected climate variability and change in order to reduce vulnerability, minimize
adverse impacts, and sustain agricultural productivity. Such measures may include changing
planting dates, adopting drought-tolerant crop varieties, diversifying crops, improving drainage
and irrigation systems, and implementing soil and water conservation practices.

Climate change is a long-term shift in the condition of the climate that is demonstrated by
variations in the average and variability of its possessions. It refers to any environmental change
caused by human or natural causes (UNFCCC, 2021). Climate change also refer to long-term
changes in the average climate conditions, usually over decades to centuries (Hansen et al., 2012;
Matulla et al., 2018).

Climate variability: refers to the natural fluctuations in climate patterns over shorter periods, such
as months, years, or decades, due to natural processes like solar radiation changes, volcanic
eruptions, or oceanic cycles like El Nifio and La Nifia (Katz & Rothenberg, 2005; Roy, 2020).
Resilience: can be defined as the capacity of farmers or farming systems to absorb, recover from
and continue functioning after climate shocks such as droughts, floods or heatwaves while
maintaining their essential functions, productivity, and livelihoods. According to the
Intergovernmental Panel on Climate Change resilience is defined as "the capacity of social,
economic and environmental systems to cope with a hazardous event or trend, responding or
reorganizing in ways that maintain their essential function, identity and structure."

Rice production: is defined as the total quantity of rice harvested within a given area and period,

influenced by cultivated area, agronomic practices, and environmental conditions (Japhet et al.,
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2025). It is a complex process involving interactions among soil, climate, inputs, and management
(Japhet et al., 2025).

Rice yield: refers to the amount of rice produced per unit area (e.g., tonnes per hectare) and is a
key indicator of productivity (Wang et al., 2024). It is determined by physiological and agronomic
factors such as grain number, grain weight, and tiller number.

Vulnerability: is defined as the propensity or predisposition to be adversely affected and
encompasses a variety of concepts and elements, including sensitivity or susceptibility to harm
and lack of capacity to cope and adapt (IPCC, 2021).

Livelihoods: “a livelihood comprises the abilities, assets (stores, resources, claims and access) and
activities that are required for a means of living” (Sarnoh, 2024). An assessment of livelihoods
offers the opportunity to point out the various adaptations that might be available to determine how

rural communities can cope with declining crop yields due to drought.

2.2. Climate Variability and Change

Climate change has evolved significantly over time across global, regional, and local scales,
reflecting both natural processes and increasing anthropogenic influences. Globally, long-term
observations indicate a clear warming trend since the mid-20th century, accompanied by increased
frequency and intensity of extreme events such as heatwaves, heavy precipitation, and prolonged
droughts (IPCC, 2021). For instance, Asfaw et al. (2018) reported inter-annual variability in
rainfall, with mean and minimum temperatures showing significant increasing trends over time,
whereas the maximum temperature trend was not significant. These changes have also been
reported in other regions across the globe. Mamun et al. (2023) revealed that maximum and
minimum temperatures were steadily increasing, with the southwest experiencing a more rapid
rise compared to other regions in Bangladesh. These changes are closely linked to rising
greenhouse gas concentrations, which have altered atmospheric and oceanic circulation patterns,

thereby influencing temperature and precipitation regimes (Bedair ef al., 2023).

Across Africa, climate variability has intensified over recent decades, with rising temperatures
occurring faster than the global average and rainfall patterns becoming more unpredictable,
particularly in semi-arid and tropical regions (African Development Bank Group (AFDB, 2020).

Historically, Africa has experienced cycles of drought and wet periods, but recent trends show
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increased climate instability, exacerbating water stress and agricultural vulnerability. In West
Africa, climate variability has undergone notable shifts since the 1970s, marked by severe droughts
during the Sahelian drought period (1970s—1980s), followed by partial rainfall recovery but with
increased interannual variability and more frequent extreme events (WMO, 2021, 2024). Changes
in the West African Monsoon system have contributed to delayed rainfall onset, early cessation,

and uneven spatial distribution, all of which affect agricultural calendars and productivity.

In Liberia’s climate is predominantly tropical and humid, characterized by minimal diurnal and
seasonal temperature variations and influenced by monsoon, tropical savanna, and equatorial
systems (EPA, 2018; CCKP, 2021). In recent decades, the country has experienced rising
temperatures, shifting rainfall patterns, and increasingly erratic seasonal cycles, leading to greater
uncertainty in planting seasons and heightened risks of floods, droughts, coastal erosion, and sea-
level rise (EPA, 2018; TNA, 2020; CCKP, 2021). These changes particularly affect smallholder
farmers who are more dependent on rain-fed agriculture, with significant implications for crop
productivity, especially rice. Historical records indicate that between 1991 and 2020, Liberia’s
mean annual temperature was approximately 25.7°C, ranging from 23.9°C in August to 26.8°C in

March (CCKP, 2021).

Overall, the temporal evolution of climate variability from global to local scales reflects a shift
toward more unstable and extreme conditions, underscoring the growing need for adaptation and
resilience strategies. Future projections indicate substantial warming, with temperatures expected
to rise by about 3.2°C by the 2080s and potentially exceeding 4.8°C by the end of the century
under high-emission scenarios, with more pronounced increases in northern inland regions than
along the coast (CCKP, 2021). This warming is expected to intensify the frequency and duration
of extreme heat, with hot days projected to account for 24—65% of all days by mid-century and
29-90% by century’s end, alongside a marked increase in warm nights (37-89% and 49-95%,
respectively), suggesting a prolonged and intensified hot season (CCKP, 2021; EPA, 2021c; World
Bank, 2024). Even near-term projections (2010-2050) indicate temperature increases of 0.4°C to
1.3°C, which are likely to disrupt water balance and reduce agricultural productivity (EPA, 2021c;
NAP, 2020).
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Concurrently, precipitation patterns exhibit high variability, with mean annual rainfall around
2,500 mm, though coastal regions receive over 4,000 mm compared to significantly lower amounts
inland (EPA, 2021b). While rainfall has generally declined since 1960, uncertainty persists
regarding long-term trends due to variability. Peak rainfall occurs in June and July, reaching up to
1,000 mm monthly, and projections suggest that coastal areas such as Monrovia could receive up
to 5,000 mm annually by 2050 (EPA, 2013). These patterns are further compounded by high
relative humidity along the coast (>80%) and strong seasonal contrasts inland, where humidity can
drop to 20% during the dry season but rise to 90—100% during the rainy season (EPA, 2018; CCKP,
2021). Collectively, these climatic changes underscore increasing environmental stress and pose
serious challenges to Liberia’s water resources, agricultural systems, and overall climate
resilience. Hence, the temporal development of climate variability from global to local scales
highlights a transition toward more unstable and extreme climate conditions, underscoring the

growing need for climate adaptation and resilience strategies.

2.3. Relationship Between Climate and Rice Production

The nexus between climate and rice production is complex and bidirectional. On one hand, rice
production is highly sensitive to climate variability. Changes in temperature, rainfall patterns, and
the frequency of extreme events such as droughts and floods directly affect rice growth, yield
stability, and overall productivity (Reyes ef al., 2021; Song et al., 2022). Rising temperatures can
shorten growing periods and increase evapotranspiration, while erratic rainfall disrupts water
availability, making rice systems particularly vulnerable and threatening global food security

(Gwambene et al, 2023; Yu et al., 2024).

On the other hand, rice cultivation significantly contributes to climate change. Traditional flooded
paddy systems create anaerobic conditions that promote methane emissions, a potent greenhouse
gas. Rice cultivation is estimated to account for a notable share of global anthropogenic methane

emissions, largely due to continuous flooding and organic matter decomposition (Jena, 2023).

Therefore, rice production is both a victim and a driver of climate change. Addressing this nexus
requires climate-smart agricultural practices, such as improved water management and low-

emission technologies, to enhance resilience while reducing environmental impacts.
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2.4. Climate Variability Impact on Rice Production

Climate change and increasing climate variability pose significant threats to agricultural
production and food security worldwide, particularly in regions reliant on rainfed systems (Reyes
et al., 2021; IPCC, 2023a). Climate variability encompasses natural fluctuations in temperature,
precipitation, and the frequency or intensity of extreme weather events over short to medium
timescales (months to decades), driven by processes such as changes in solar radiation, volcanic
activity, and ocean-atmosphere cycles including El Nifio and La Nifia (Katz & Rothenberg, 2005;
Roy, 2020). In sub-Saharan Africa, where rainfed agriculture predominates, such variability
critically affects crop production systems, rural livelihoods, and food security (Niang et al., 2014).
For instance, Liberia’s agricultural sector, heavily dependent on rainfed rice cultivation and
characterized by limited adaptive capacity, is highly vulnerable to these climatic fluctuations

(Adjah et al., 2022; Ayanlade et al., 2023).

Temperature and precipitation are the primary climatic factors influencing rice growth,
development, and productivity (Adjah ef al., 2022; Shrestha et al., 2022). Deviations from optimal
conditions frequently result in substantial yield reductions (Jie et al, 2020; Yila et al., 2023).
Rising temperatures negatively affect physiological processes including germination, tillering,

flowering, and grain filling (Su et al., 2023; Yu et al., 2024).

Empirical studies indicate that a 1°C increase above the optimal threshold can reduce yields by
8% (Song et al., 2022), while grain yield may decline by 10% for each 1°C increase in minimum
growing-season temperatures during the dry season, with maximum temperatures showing less
effect (Peng ef al., 2004). Temperature increases during reproductive stages such as panicle
initiation, flowering, and fertilization severely reduce both yield and grain quality (Wassmann and
Dobermann, 2012). Similarly, another work (Nguyen et al., 2024) investigates the impact of
seasonal climate change on rice productivity in Vietnam’s Central Coast. The results revealed that
a 1% increase in maximum temperature leads to a 1.66% increase in winter—spring rice yields but
results in a 1.01% decline in summer—autumn yields. Conversely, a 1% rise in minimum
temperature reduces winter—spring yields by 0.30% while increasing summer—autumn yields by
3.32%. The same authors found that higher levels of both maximum and minimum relative
humidity are associated with improvements in rice yields. In contrast, a 1% increase in maximum

precipitation slightly decreases summer—autumn yields.
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Precipitation variability further increases these risks. Excess rainfall beyond optimal thresholds
reduces rice yields, as demonstrated by a 6.4 kg decline per 100 mm increase in India (Maiti et al.,
2024) and reductions ranging from —4.0% to —51.5% in Malaysia for daily rainfall increases of +1
to +2 mm above thresholds (Gumel et al., 2017). Timing and distribution of rainfall are especially
critical in tropical regions such as Liberia, where rainfed rice cultivation predominates. Delayed
or early rainfall onset can disrupt planting calendars, while insufficient or excessive rainfall may
cause water stress or flooding during sensitive growth stages such as transplanting, flowering, and
grain development (Jagadish et al., 2015; Song et al., 2022). Another study, Sultan et al. (2013)

reported that even a one-week delay in rainfall onset could reduce rice yield by 10%—20%.

In Liberia, climate records indicate rising temperatures and increasingly erratic rainfall patterns.
Between 1971 and 2020, the mean temperature increased at an estimated rate of 0.13°C per decade,
accompanied by delayed rainfall onset, shortened rainy seasons, and high-intensity precipitation
events that cause flooding and soil erosion (Niang ef al., 2014; CCKP, 2021; EPA, 2021b). These
anomalies, compounded by prolonged dry spells, unseasonal rainfall, and heatwaves, are adversely
impacting rice productivity and farmers’ ability to plan and invest (Dorbor-soko, 2024; EPA,
2021b). Projections by the sixth assessment report of the Intergovernmental Panel on Climate
Change (Calvin et al., 2023; IPCC, 2023a) forecast an increase in the frequency and severity of
extreme weather events in Africa. For Liberia, this suggests a heightened risk of multiple climatic
events such as simultaneous droughts and heatwaves, which could result in severe crop failures in
the absence of adequate resilience measures. Climate-induced risks in Liberia are compounded by
structural constraints, including limited irrigation infrastructure, declining soil fertility, inadequate
access to agricultural technology, credit, climate information, and weak extension services,
exacerbate vulnerability and reinforce reliance on traditional knowledge and experimental learning

(Chala et al., 2020; NAP, 2020).

To address these challenges, there is a pressing need to integrate climatic and agronomic data to
better assess rice yield responses under varying climatic conditions and support climate-resilient
agricultural practices, such as the adoption of drought-tolerant rice varieties, conservation
agriculture, and supplemental irrigation. Such an approach can inform both short-term cropping

decisions and long-term adaptation strategies, ultimately safeguarding rice productivity.
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2.5. Liberia’s Agriculture Sector and Rice Production

Liberia continues to face challenges in its transition from a prolonged 14-year civil crisis towards
peace, alliance, and economic recovery (Longzhu et al., 2025). In 2006, the new government
established critical measures to address urgent challenges, prioritizing sustainable peace and
development. Central to these efforts was the agriculture sector, aimed at improving access to food,
employment, and income (CBL, 2023). Despite these initiatives, agriculture remains a major

contributor to Liberia’s economic development (CBL, 2023; Longzhu ef al., 2025).

According to the Liberia Agriculture Census (LAC) 2022/2023 household report, there are over 1
million of Liberia’s population engaged in agriculture, amounting to approximately 499,732
agricultural holders, averaging two per household with about 338,630 agricultural households,
which are predominantly led by males (64.5%) (LISGIS, 2024). These households are
predominantly located in the rice-producing counties, such as Nimba, Bong, and Lofa accounting
21.4%, 16.7%, and 12.7%, respectively, which account for approximately 56.3% of the total
farmers' households producing the nation's primary crop particularly rice (LISGIS, 2024).

Rice (Oryza sativa), an Asian crop, belongs to the family Gramineae (Poaceae), is the most widely
cultivated and traded crop globally for food, feed, and industrial purposes (Benjamin et al., 2024).
In Liberia, rice holds key importance for socio-economic and food-security and is primarily
cultivated countrywide using three methods, including drilling, dibbling, and broadcasting, with
the last used by 98.2% of farmers (Pope et al., 2023). Rice is cultivated across both upland and
lowland ecosystems in Liberia. Nevertheless, the majority of the local rice in Liberia is grown
under upland environments, which make up about 62% of the country's total rice-growing area
(CARD, 2021). Despite of the diverse rice farming systems in the study area, production is
predominantly slash-and-burn methods (MOA, 2012, 2017), resulting to a lengthy time (nearly a
year) from land preparation to harvest, indicating one season per year, as shown in Table 2-1.
These practices are employed by approximately 69% of the farming population in Liberia (MOA,

2018), which contributes to low productivity levels.

However, approximately 71% of the rice produced comes from smallholder farmers with an
average rice yield of 1.2 MT/ha (Sumo et al., 2023). Despite over 60% of Liberians farmers

engaged in rice cultivation, yields remain low compared to other West African countries such as
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Cote d’Ivoire (3.0 t/ha), Ghana (2.7 t/ha), Mali (3.4 t/ha), and 4 t/ha in Benin (Saysay et al., 2018;
Sumo et al., 2023). For instance, the country produces 309,144 MT of rice annually, while an
additional 364,000 MT must be imported to meet national demand. Consequently, the rice import
bill increased from USD 76.8 million in 2010 to USD 217.5 million in 2017 (Ministry of
Commerce and Industry (MOCI, 2017).

Table 2-1. Calendar of rice production in Liberia

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

Upland

rice

Lowland

rice

B Pianting |:| Harvesting

Source: CARD (2021)

Therefore, Liberia’s rice production continues to face challenges related to poor infrastructure,
climate variability, droughts, flooding, poor soil fertility, pest infestation, inadequate agricultural
inputs, limited access to machineries, and weak research support (Tarway-twalla, 2013; EPA,
2024). Notably, production declined significantly by 20.55% from 257,995 MT in 2018 to 170,000
MT in 2021 (Pluato et al., 2024). In response to the country’s reliance on rice imports, the
government is promoting climate-smart techniques to boost self-sufficiency in rice production
(NPRSCC, 2018; NAP, 2022). These persistent constraints highlight the urgent need for a
comprehensive assessment of climate variability and its impact on rice production, together with
evaluating farmers’ resilience and adaptation strategies to inform sustainable and climate-smart

interventions in Liberia.
2.5.1. Trends in Rice Production

Rice production has experienced a noticeable increase over recent decades at the global scale,

driven by rising demand, population growth, and policy efforts aimed at food security
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(Daszkiewicz, 2022; Saito et al., 2023). However, this growth has been uneven across regions,
particularly in Africa, where structural and climatic constraints continue to limit productivity. In
sub-Saharan Africa (SSA), rice production has expanded nearly tenfold since 1961; nevertheless,
consumption continues to outpace production, with a regional self-sufficiency rate of only 48% as
of 2020 (Saito et al., 2023). This increase has been driven primarily by the expansion of harvested
area rather than improvements in yield. For instance, between 2000 and 2020, the harvested rice
area in SSA increased from 6.9 million ha to 16.6 million ha, while average yields rose only
marginally from 1.7 to 2.1 t ha™ (Saito et al., 2023). Consequently, the region’s average yield
remains low, at approximately 2 t ha™', highlighting a persistent gap between production growth

and productivity gains.

In West Africa, similar trends have been observed, where increases in rice output have largely
resulted from the expansion of cultivated land areas and government-led initiatives aimed at
achieving rice self-sufficiency (FAO, 2018; Soullier ef al., 2020). Studies by Ibrahim ez al. (2022)
and Saito et al. (2023) further confirm that production gains across SSA are predominantly area-
driven rather than yield-driven, demonstrating limited technological advancement and persistent

production inefficiencies.

Within this regional context, Liberia presents a particularly compelling case. Analyzing the
historical trends in Liberia’s rice production from 1990 to 2023 provides critical insight into how
both climatic and non-climatic factors have influenced rice productivity. The period of civil
conflict (1990-2003) was marked by a sharp decline in rice production due to widespread
displacement, destruction of agricultural infrastructure, and reduced farming activities (World
Bank, 2024; Longzhu et al., 2025). Although some recovery was observed in the post-conflict
period, particularly after 2005, rice production has remained highly vulnerable to climatic shocks,

including floods, droughts, and pest outbreaks.

Accordingly, Liberia’s average national rice yield remains low, at approximately 1.2 t ha™,
significantly below yields reported in neighboring West African countries, such as 3.0 t ha™' in
Cote d’Ivoire, 2.7 t ha™! in Ghana, 3.4 t ha™! in Mali, and 4.0 t ha™! in Benin (Saysay et al., 2018;
Sumo et al., 2023). This disparity underscores the combined effects of limited technological
adoption, weak institutional support, and high climate sensitivity. Previous studies across West

Africa have reliably demonstrated strong relationships between rice yield variability and climatic
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factors, particularly temperature extremes and rainfall irregularities (Birkmann et al., 2023;
Yeleliere et al., 2023; Maiti et al., 2024). Using approaches such as the Mann—Kendall test and
Sen’s slope estimator, Berhane (2018) and Yila ef al. (2023) identified significant correlations
between yield trends and climate variability. Similarly, Fosu-Mensah et al. (2012) established that
erratic rainfall patterns and delayed onset of the rainy season significantly reduced rice

productivity in Ghana, especially under rainfed conditions.

Despite facing similar agroecological and climatic conditions, Liberia lacks countrywide
comprehensive long-term studies that explicitly quantify the relationship between rice yields and
key climate variables, such as temperature and precipitation. This gap in empirical evidence limits
the ability of policymakers and researchers to design effective climate adaptation and agricultural
development strategies. Therefore, this study seeks to address this critical gap by investigating rice
yield data alongside meteorological variables from 1990 to 2023. By identifying trends and
relationships of production data and climate variables, the study aims to improve understanding of
how climate variability has influenced rice productivity in Liberia and to provide a scientific basis

for forecasting future yields under changing climatic conditions.

2.6. Farmers’ Perception of Climate Risk and Adaptation Strategies to Climate Change

The understanding and interpretation of climatic changes by smallholder farmers play a significant
role in shaping their adaptive behavior and decision-making processes. Across sub-Saharan Africa,
including Liberia, a growing body of research reveals that farmers are increasingly aware of shifts
in climate conditions (Ceci et al., 2021; Jalloh et al., 2023; Kissi et al., 2023; Sarnoh, 2024). These
observations often stem from personal experience and prolonged exposure to climate variability,
such as changes in rainfall distribution, delayed rainfall onset, extended dry periods, and rising
temperatures, all of which adversely affect agricultural productivity (Fosu-Mensah et al., 2012).
Due to limited access to meteorological information, farmers predominantly rely on traditional

knowledge to interpret climate trends (Tambo & Abdoulaye, 2013).

For the case of Liberia, both empirical studies and official reports have highlighted that rice
farmers frequently experience erratic rainfall patterns and increased heat stress as primary threats
to production outputs (EPA, 2021b; Dorbor-soko, 2024; World Bank, 2024). However, differences

in climate risk awareness are evident and often linked to demographic and economic variables
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such as educational level, age, duration of farming experience, and the availability of agricultural
extension services (Wuokolo, 2023). To address these challenges, farmers adopt a range of
adaptive practices. These include adjusting farming dates, using drought-tolerant or early maturing
crop varieties, crop diversification, soil conservation, and increased reliance on local knowledge
(Wuokolo, 2023). Nevertheless, many farmers face challenges that prevent effective adaptation,
such as lack of credit, inadequate access to improved seeds and irrigation, poor extension services

and weak institutional frameworks (Asfaw et al., 2019).

Findings from other West African countries, including Ghana, emphasize these changes, indicating
that adaptation capacity is closely tied to socioeconomic status, institutional access, and the
dissemination of relevant information (Fosu-Mensah et al., 2012). These insights are consistent
across the region, underscoring major role of social and institutional contexts in bridging the gap

between climate perception and adaptive action (Chala et al., 2020). Therefore, understanding how
climate variability interacts with farmers’ socioeconomic characteristics and institutional support
systems is essential for assessing adaptive capacity and strengthening resilience in Liberia’s rice

production systems.

2.7. Agroecological Suitability Mapping for Rice Production

Achieving food security and sustainable resource management has become the main goal for many
developing countries. Agroecological suitability mapping involves the spatial assessment of land
based on its capacity to support specific crops under current and projected environmental
conditions (Yohannes & Soromessa, 2018). Identifying areas suitable for rice cultivation in Liberia
is crucial for enhancing agricultural productivity, ensuring food security, and promoting
sustainable farming practices. By identifying land with optimal conditions for rice farming, Liberia

can reduce its dependence on rice imports and improve local food systems.

Recent studies have strongly utilized Geographic Information System (GIS)-based Multi-Criteria
Decision-Making (MCDM) approach, as effective tool for assessing land suitability for crop
production, supporting sustainable agriculture, and food security (Ayehu and Besufekad, 2015;
December et al., 2022; Hossen et al., 2021; Joseph Kihoro, 2013; Victor and Samson, 2019).

Studies in neighboring West African countries such as Cote d'Ivoire Bamba ef al. (2015), and Mali
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Sissoko ef al. (2015), provide valuable insights into land suitability mapping, particularly through
the application of geographical information system (GIS), remote sensing, and multi-criteria
decision-making (MCDM) methods. Similarly, Victor and Samson (2019) used GIS-based
MCDM for land evaluation and suitability mapping for rice cultivation in Oye-EKkiti, Nigeria. Also,
December et al. (2022) conducted a study in Northern Ghana, aimed to evaluate land suitability
for crop production with the adoption of GIS-based MCDM and the Analytical Hierarchy Process
(AHP).

Despite these advances, a comprehensive land suitability analysis for rice cultivation in Liberia is
still a gap. This study aims to identify agricultural land suitable for rice cultivation in Liberia, using
a GIS-based MCDM and AHP, considering ten key factors: precipitation, temperature, elevation,
slope, soil texture, soil pH, soil organic carbon, nitrogen, phosphorus and potassium. As the
country aims to increase domestic rice production, such mapping initiatives, alongside targeted
investments in infrastructure and water resource management, can support the development of a

more self-reliant and resilient agricultural industry.

2.7.1. Soil

Soil quality, encompassing both physical and chemical properties, is a critical factor in enhancing
rice production and maximizing agricultural productivity. These soil types significantly influence
crop growth and yield, with their varying properties affecting overall agricultural potential (Lal,
2015; Shah & Wu, 2019). According to the Food and Agriculture Organization (FAO)
classification, Liberia soil is more Ferralsols, and Ultisols under the United States Department of
Agriculture (USDA) Soil Taxonomy. About 75% of the country are Ferralsols (clay-rich) that are
highly weathered soils with low richness, low ability to maintain nutrients, and low cation
exchange capacity (CEC) (USAID-BEST, 2014). Furthermore, approximately 4% of Liberia’s
land is covered by Gleysols (Histosols), which are typically found in swamps and valley bottoms
that become waterlogged during the rainy season (USAID, 2013). These soils are rich in humus
and, with proper water management, are particularly suitable for rice cultivation (Bationo et al.,

2006; Brandolini and Tigani, 2006).

However, the consideration of soil physical (texture) and chemical properties such as pH, nitrogen,

phosphorus (P), potassium (K) and soil organic carbon (SOC), are highly recommendable for
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suitability analysis due to the valuable roles they play during plant growth. The availability of
these nutrients can fluctuate significantly post-deforestation and farming activities (Samanta et al.,
2011). Various soil properties will be categorized based on their suitability rating for rice
cultivation. For instance, soil pH between 6 and 7 is more ideal for paddy fields but adaptable from

4 to 8, influencing cultivation success (Samanta ef al., 2011; Rath et al., 2018).

2.7.2. Topography Factors
2.7.2.1. Slope

Slope is one of the fundamental topographic factors for mapping the suitability of the land for crop
production. When integrated with other factors, slope can aid in site and suitability analysis (Ayehu
and Besufekad, 2015). The slope values indicate terrain steepness while lower values suggest
flatter terrain, which is ideal for rice production, ensuring consistent and informed water

circulation.

2.7.2.2. Elevation

Liberia’s landscape is categorized in to four major regions, such as coastal plains, rolling hills,
plateaus, and northern highlands with differenced in elevation (EPA, 2020). The coastal plains
reaches 32-40 km inland consist of low plains and moderately rolling hills with altitudes not
exceeding 15 m (EPA, 2020). Rolling hills extend 90 m and are mostly used for agricultural
purposes, and the plateau covers over 120 km, with heights up to 300 m, while mountains rise to
600 m (CCKP, 2021; EPA, 2020). On the other hand, the northern highlands contain significant
ranges, with Mount Wutivi reaching 1,440 meters, and are vital to biodiversity (EPA, 2013, 2020).

This demonstrates that Liberia's land complexity exacerbates its vulnerability to climate events,
such as temperature variation and rainfall variability. For instance, for every 4 kilometers of the
troposphere, the temperature drops vertically by 0.5°C for every 100 meters; however, at 4 km, it
falls by 0.6°C and by 0.7°C-0.8°C close to the tropopause (Akinci et al., 2013). Unusually, each
100-meter rise in mountain height corresponds to 100 m of distance from south to north or from
lower latitudes to higher latitudes. However, for every 100-meter increase in mountain altitude,

the time frame for vegetation and flowering in plants is delayed by 4-6 days (Bozdag et al., 2016;
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Kilic et al., 2022). This circumstance adversely impacts the selection of plant types for farming
purposes. For instance, rice crops mostly flourish under elevations at sea level up to approximately
500 meters, particularly lowland. These regions usually possess suitable temperature and water
supply, important factors for rice growth (Hussain et al., 2012). Rice cultivation is still viable at
heights up to 1,000 meters for both lowland and upland types, though production may reduce
somewhat because of cooler climates and shorter growing periods unless the variety is adapted to
cooler (Mubarak et al., 2025). Upland rice can thrive at elevations reaching 1,500 meters but

encounter difficulties related to temperature and water management.

2.7.3. Climatic Factors

2.7.3.1. Temperature and Precipitation

Temperature and precipitation are two weather conditions that can either positively or negatively
influence the growth, development, and production of rice (Dubey et al., 2018; Nguyen et al.,
2024). Rice is normally cultivated in tropical and sub-tropical regions based on its tropical
characteristics, grows well in a climate with temperatures from 20° to 35°C and annual rainfall
levels ranging from 1,250 mm to 2,000 mm (Ayehu and Besufekad, 2015). Nighttime temperatures
should not drop below 20°C to ensure proper development. Temperature below or higher than
optimal negatively affects the growth of roots and shoots and poses a challenge to pollination as
well as poor anther bursting, which could cause spikelet sterility (Hasanuzzaman et al., 2019).
Knowing these factors could help improve agricultural planning and management, especially

under climate variability and change (Makungwe et al., 2021).

2.7.4. Land Use and Land Cover

According to the United States Geological Survey (USGS), land use land cover (LULC) refers to
“the physical arrangement of natural and anthropogenic attributes on Earth’s surface. This involves
types like forests, grasslands, wetlands, urban regions, and farmland. Land use land cover
information is employed for multiple applications, such as urban development and planning,
resource management, and environmental monitoring. The GlobCover 2009 land cover data was

incorporated in this study (ESA, 2010).
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2.8. Policies and Strategies on Climate Change in Liberia

Over the past decades, Liberia has accomplished notable progress in rebuilding its agricultural
sector from civil war devastation, developing policy frameworks, and making modest
improvements (Longzhu et al., 2025). The Liberian government has developed plans and strategies
in response to climate change mitigation. For example, the establishment of the National Action
Plan for Disaster Risk Reduction of Liberia 2016 to 2021 (EPA, 2021a), the formation of the
Environmental Protection Management (EPM) Act of 2002, the establishment of the Forestry
Reforms Law created in 2006, and the development of the National Adaptation Programme of
Action (NAPA) (EPA, 2021a; NAP, 2022). These plans aimed to address climate-related issues,
such as environmental protection, biodiversity conservation, and low emissions; to maintain
forestry and sustainable livelihoods; and to provide adaptation, environmental, agricultural, and
coastal defense (EPA, 2021a; NAP, 2020). Additionally, the government formulated the Liberia
Agriculture Investment Programme (LASIP) in 2009, and Liberia's first National Communication
lunched in 2013, which are instrumental to emission tracking, climate change vulnerability and
adaptation. Moreover, the National Climate Change Policy and Response Strategy (NPRSCC) was

launched in 2018 to guide national response measures in addressing climate change (EPA, 2021a).

However, despite these policies and strategies instituted, the government still undergoes challenges
to the implementation of some of these policies due to its high reliance on foreign donors and
institution bodies’ funds (World Bank, 2023). With support from government development
partners, they implement reforms in the rice subsector, focusing on infrastructure development.
For instance, support worth US$3.5 billion was secured, with a smaller portion of over 10 percent
allotted to agriculture (World Bank, 2023). Investment in agriculture, both domestically and
externally, falls short of targets. However, the government’s direct support for agriculture remains
very low for meeting its aims to target agriculture as described in the Pro-poor Agenda for

Prosperity and Development (PAPD).

2.9. Conceptual Framework

The conceptual framework shown in Figure 2-1 illustrates a comprehensive model for

understanding the interactions between climate variability, rice productivity, farmers’ resilience
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and rice growth suitability in Liberia. The framework is rooted in the Sustainable Livelihoods
Framework (SLF) as described by Jackson (2020). This framework was designed to guide the
research objectives and questions, providing a structured approach to understanding how climatic
factors influence agricultural productivity, particularly rice yield and identify areas suitable for
rice cultivation in the country. Rice undergoes unpredictable impartation processes; for instance,
erratic temperature, irregular rainfall pattern, poor soil quality, pest and diseases, and farming
practices. These unpredictable changes are greatly influenced by climatic factors such as

temperature and rainfall, resulting in a decrease in productivity.

The model emphasizes the relationship between environmental shocks (e.g., droughts, floods, and
heatwaves), institutional mechanisms, and the adaptive capacity of rural farmers. The framework
further integrated rice land suitability analysis in order to provide comprehensive information on

rice productivity within the study area.

By evaluating the impact of climate variability and its relationship with rice production and
productivity and assessing areas that are more suitable for rice growth, this study aims to provide
valuable insights into the challenges faced by smallholder farmers in Liberia. It also seeks to
promote awareness of appropriate adaptation strategies to enhance farmers’ resilience to climate
variability and improve rice productivity. Furthermore, the study provides a foundation for

informed agricultural planning and policymaking in the country.
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Figure 2-1. Conceptual framework
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CHAPTER III: METHODOLOGICAL FRAMEWORK

3.1. Overall Research Design

The study adopted a quantitative, observational (non-experimental) research design to investigate
the relationship between climate variability and rice production form 1990-2023, and to evaluate
agroecological suitability for rice cultivation in Liberia. The design is organized to integrate
multiple analytical perspectives, including correlational, time-series, regression, and spatial-based
approaches, in order to comprehensively address the study objectives. A correlational study
framework is used to assess the strength and direction of relationships between climatic factors
and rice productivity, while regression determine the impact of these climate variables on
production (Oluwatimilehin & Ayanlade, 2023). On the other hand, the review of existing
literature and institutional reports was used to access farmers’ perceptions of climate risks and
their adaptation strategies they employ to address climate change (Ampaire et al., 2020). In
addition, the study integrates time-series to detect trends, variability patterns, and potential
climate—yield relationships (da Silva et al., 2015; Jiqin et al, 2023; Ondiek & Saber, 2024). Also,
the research design incorporates a spatial analysis module using GIS to evaluate the spatial
distribution of agroecological suitability for rice production (Joseph Kihoro, 2013; Ayehu and
Besufekad, 2015; Victor and Samson, 2019; Hossen ef al., 2021; December et al., 2022). Spatial
datasets, including climate variables, topography, and soil characteristics, were processed,
standardized, and integrated within a GIS environment to generate suitability maps. This spatial
approach allows for the identification of geographically suitable areas and supports location-
specific agricultural planning. The study relies exclusively on secondary datasets obtained from
reputable global and regional sources, including climate databases and agricultural statistics. These
datasets provide consistent, long-term observations potential for robust temporal and spatial

analysis, although they may lack fine-scale local variability.

Due to the reliance on secondary observational data, the study does not establish causal
relationships. Instead, it employs a robust, integrative research design that combines statistical
analysis of Climate-rice yield associations with spatial assessment of land suitability for rice

cultivation. This framework enables the identification of meaningful patterns and trends in
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variables over time, providing evidence-based insights to support climate-adaptive agricultural

planning and the targeted management of suitable cultivation areas in Liberia.

3.2. Study Setting

The study was conducted in Liberia. Liberia is bordered by Sierra Leone on the west, Guinea to
the north, Cote d’Ivoire (Ivory Coast) to the east, and the Atlantic Ocean to the south (Figure 3-1).
It covers a total area of 111,350 km? and has a total population of 5.3 million inhabitants (LISGIS,
2022). Liberia lies at latitudes 4° 20' to 8° 30' North and longitudes 7° 18' to 11° 30" West (EPA,
2021c¢). The study area has a tropical climate, characterized by a rainy season that runs from May
to November and a dry season from December to April. The average annual precipitation ranges
from 2,500 mm to 5,000 mm per year (EPA, 2021c¢), while temperatures fall between 23 °C and
33 °C (EPA, 2021a). Relative humidity reaches 90%-100% during the rainy season and 60%-90%
during the dry season (World Bank, 2024). Based on the seasonal mean precipitation considered
during the major rice production periods (April to September) in Liberia, precipitation ranges from
1,170 mm to 3,017 mm, while seasonal mean temperature was 23.2 °C to 25.8 °C as presented in
(Figure S1) of the Supplementary Materials. The climatic conditions appeared to be more
favorable for rice production despite differences among the classes. Using the Koppen-Geiger
climate classification, there are three major climate types or classification in Liberia, namely: the
tropical monsoon, tropical rainforest, and tropical savannah Most of Liberia’s climate is tropical
monsoon (76%), followed by tropical rainforest (15%), with the remaining 9% classified as
tropical savannah (Beck ef al., 2023); see also Supplementary Materials (Figure S2). Agriculture
is the major source of livelihood for the country’s population and remains a major contributor to
Liberia’s economic development. However, rice is one of the most cultivated crops, and its
production in the study area is predominantly practiced by subsistence farmers under rainfed
conditions. The average rice yields of the country scaled at approximately 1.2 t/ha with notable
production in Nimba, Bong, and Lofa counties, respectively, which account for 56% of the
country’s rice production (CARD, 2021; Sumo ef al., 2023), whereas relatively lower production
occurs in Margibi, Montserrado, and Grand Bassa counties, respectively (see Figure S1 available

in the Supplementary Materials).
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Figure 3-1. Map of Africa with the Study area.

3.3. Data Collection Methods

In this study, a secondary data approach was employed to achieve all specific objectives. The
analysis was based on multiple datasets obtained from key open-access datasets, including Food
and Agriculture Organization Statistics (FAOSTAT) database for rice production and yield, the
ERAS Agrometeorological Indicators was used to obtain temperature data covering the period
from 1990 to 2023 (Copernicus Climate Change Service, 2020), while precipitation data was
derived from Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) data (Funk et
al., 2015), covering the same period. In addition, climate projection data were sourced from the
CORDEX (Coordinated Regional Climate Downscaling Experiment) available at: https://esg-
dnl.nsc.liu.se/search/cordex/. Soil data were obtained from the Liberia Soil Information System

(LIBSIS) database of 2023 (accessible online at https://libsislr.com), the Shuttle Radar

Topography Mission (SRTM) accessible link: http://earthexplorer.usgs.gov. Land use land cover

data were extracted from the GlobCover 2009 (ESA, 2010), were used to access various dataset
for this study. These datasets were integrated to support both climate-rice productivity analysis

and land suitability assessment. These datasets were integrated to support both climate—rice

29


https://esg-dn1.nsc.liu.se/search/cordex/
https://esg-dn1.nsc.liu.se/search/cordex/
https://libsislr.com/
http://earthexplorer.usgs.gov/

productivity analysis and land suitability assessment. Furthermore, a comprehensive review of
existing literature was conducted to gather information on farmers’ perceptions of climate change
impacts and the coping mechanisms they employ in response to climate change. This approach
provides a robust foundation for understanding the interactions between climate variability and
rice production, and for informing strategies aimed at improving rice productivity and enhancing

farmers’ resilience in Liberia.

3.4. Data Analysis Techniques

Data analysis followed a step-by-step approach. Firstly, we pre-processed the raster dataset of the
climate factors (temperature and precipitation) from ERAS and CHIRPS that were obtained as
gridded raster data and processed in ArcGIS 10.8 environment to extract seasonal average values
for Liberia. The datasets were temporally aligned, and climate data were spatially processed
(clipped to Liberia and aggregated to national level) for the mean, minimum, and maximum
temperatures and precipitation values over the study area, representing the national-scale climatic
conditions. Numerical values derived from the spatial outputs, together with production and yield
data obtained from FAOSTAT, were entered into an Excel spreadsheet. Subsequently, data
preprocessing and quality control were performed on the rice production and climate datasets to
ensure accuracy and consistency. This included identifying missing values, inconsistencies, and
outliers using statistical and graphical methods, and validating anomalies against original sources
(Kwak & Kim, 2017; Sharifnia et al., 2026). After cleaning, the data were used for trend,
correlation, and regression analyses, improving the reliability, transparency, and reproducibility of

the results.

The Mann-Kendall test (Mk test) and Sen’s slope estimator were applied to identify the trend in
various parameters, including production, yield, and precipitation and temperature (Jigin et al,
2023). The Spearman’s rank correlation test was applied for estimating the monotonic relationship
between production statistics (production and yield) and climate parameters, such as mean
temperature, minimum temperature, maximum temperature, and precipitation, while the multiple
linear regression (MLR) was utilized to evaluate the combined relationship or impact of climate
parameters and rice productivity (Oluwatimilehin & Ayanlade, 2023). Additionally, long-term

spatial maps of seasonal precipitation and temperature were generated to illustrate the spatial
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variability of climatic conditions across the country as presented in Figure S1 of the Supplementary

Materials.

Furthermore, climate projection data was processed to produce a spatial map in order to depict the
projected change in each climate variable under the considerable time periods. Also, the study
adopted a comprehensive review of existing literature, institutional reports, and reliable research
findings addressing climate—agriculture interactions in Liberia and the broader sub-Saharan
African region, with a focus on West Africa, to access information on farmers’ perceptions of
climate risks and the coping strategies they employ to address climate change (Ampaire et al.,
2020). On the other hand, the MCDM method integrated with GIS technology was employed to
assess Land suitability for rice production in the study area. These approaches were robustly

integrated to achieve the objectives of the study.

3.5. Ethical Considerations

This research is based on the ethics of integrity, reliability and accountability. The Researchers
ensure that work be conducted with honesty and transparency, avoiding practices such as
fabrication, falsification, and plagiarism. Upholding integrity is crucial for maintaining the
credibility of research findings and the scientific community. We make sure that information
provided are facts and factual and further be in the capacity to give an account of what is written.
We also upheld to full assurances of privacy, anonymity and confidentiality throughout the
processes of analyzing data and reporting findings. Data was not made up or transformed and
results was not falsified. We maintained that analysis and findings were reported fully and
accurately, irrespective of whether they contradict expected outcomes and the provision of data

sources be clearly acknowledged.

3.6. Limitations of the Study

This study offers a comprehensive assessment of rice production trends and climatic influences
and land suitability in Liberia; however, it was constrained by various limitations. A major
constraint is the absence of field-based or ground-truth datasets, including field surveys and

observed yield records, which limit the analysis to correlations rather than causal relationships.
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This suggests the need for future research on the physiological and morphological response of rice
crops to precipitation and temperature under real field conditions. Similarly, the lack of field
validation for suitability mapping due to the large national-scale extent and limited systematic
production records, which makes the validation to have relied on existing literature, general land
use/cover knowledge, and consistency checks from the Analytic Hierarchy Process (AHP) model
rather than empirical observations. Additionally, the study’s reliance on global datasets which
may not fully capture local-scale variability in soils, microclimate, topography, and land cover,
potentially affects the accuracy of suitability classifications. The national-level focus also limits
the consideration of regional heterogeneity, including socio-demographic differences and
localized geographic conditions. Furthermore, key extreme climate events, such as floods and
prolonged droughts were not explicitly incorporated, despite their significant role in causing abrupt
fluctuations in rice yields. Despite these limitations, the study represents an important first step
toward a countrywide assessment of rice production and suitability analysis, providing valuable
baseline information for agricultural planning and policy development in Liberia. Future research
can build on these findings by integrating high-resolution data on climate extremes to assess their
direct impacts on rice productivity; incorporating field-based data to investigate the physical
impact of temperature and precipitation on productivity, while also incorporating socio-
demographic factors and the geographical extent or subdivisions. Addressing these aspects will
enable more precise, context-specific insights to inform climate-resilient rice production strategies

and targeted policy interventions in Liberia.
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CHAPTER 1V: RESEARCH ARTICLE I

4.1. Brief Introduction

Article one, titled: “Effect of Climate Variability on Rice Production in Liberia” focuses on
investigating the effect of climate variability on rice production in Liberia. The research paper is
made up of the combination of 4 specific objectives (objectives 1, 2, 3, and 4) of the thesis. The
paper aims to determine trends in rice production and yield in Liberia from 1990 to 2023; examine
patterns and changes and trends in key climate variables (precipitation and temperature during the
same period; assess statistical relationship between climate variables and rice production and yield
from 1990 to 2023; and to investigate the resilience and adaptation strategies employed by rice

farmers in Liberia. Merging these specific objectives, resulted into a publishable article.

4.2. Status of Paper I

The status of the paper is publication. The manuscript was submitted to the journal called Climate,
a SCOPUS indexed journal that is published by MDPI.
Manuscript Details: Climate 2026, 14(4), 84; https://doi.org/10.3390/cli14040084

4.3. Authors Contributions

Conceptualization, B.T.S. and C.M.M.; methodology, B.T.S., C.M.M., and J.L.M.U.; software,
B.T.S. and J.L.M.U.; validation, J.L.M.U.; formal analysis, B.T.S.; investigation, C.M.M.,
J.LM.U. and B.T.S.; resources, B.T.S.; data curation, B.T.S. and J.L.M.U.; writing — original draft,
B.T.S.; Writing — review & editing, C.M.M., JL.M.U., A.D.N. and L.A.; visualization, C.M.M.,
J.LM.U. and B.T.S.; supervision, C.M.M.; project administration, B.T.S.; funding acquisition,

B.T.S. All authors have read and agreed to the published version of the manuscript.

4.4. Full Article

Title: Effect of Climate Variability on Rice Production in Liberia
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Abstract

Climate variability poses major challenges to agriculture worldwide amid an increasing world
population and growing food demand. This study evaluates the impact of climate variability on
rice production in Liberia. Rice yields and production data (1990-2023) were attained from the
Food and Agriculture Organization Statistics (FAOSTAT), while temperature and precipitation
were sourced from ERAS Agrometeorological Indicators and the Climate Hazards Group InfraRed
Precipitation with Station (CHIRPS). Trends and relationships were analyzed using Mann—
Kendall, Sen’s slope tests, and Spearman’s rank correlation. Multiple linear regression estimates
climate variables’ impact on rice productivity. The results show that mean, minimum, and
maximum temperatures increased by 0.57 °C, 0.55 °C, and 0.55 °C, respectively, with precipitation
variability at 180.31 mm. Climate variables showed diverse correlations with rice production.
Regression results revealed a significant negative impact of minimum temperature (p-value =
0.015) on production and a positive effect of precipitation on yields (p-value = 0.036). Farmers in
Liberia recognized climate impacts and adopted adaptation strategies, but resilience is hindered by
limited credit access, low technology adoption, reliance on traditional practices, and inadequate

extension services. Overall, the findings highlight the sensitivity of rice production in Liberia to
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climate variability and underscore the need for guided adaptation and institutional support to

augment farmer resilience.

Keywords: rainfall variability; climate variability; food insecurity; agriculture; farmer

adaptation strategies; rice production; temperature trends; climate change; Liberia

1. Introduction

Climate variability, including alterations in climate variables such as rainfall and
temperature, have significant implications, particularly on climate-sensitive sectors such as
agriculture [1-4]. Rice is one of the most important crops and a staple food in many regions
worldwide. Its production is highly sensitive to climate change, as it is heavily dependent on
climatic factors such as temperature and precipitation for growth and development [5,6]. A study
conducted by Algarni et al. [7] utilizes a qualitative descriptive research technique, focusing on
analyzing the impact of climate change on rice production and developing effective strategies to
enhance efficiency, sustainability, and global food security. The findings show a strong correlation
between climate variability and declining rice yields, particularly in rainfed regions, due to water
scarcity, soil degradation, and increased pest infestations. Past studies [8—10] have revealed that
temperature increases during the reproductive stage of rice, especially during panicle initiation,
flowering, and fertilization, may severely reduce yield and grain quality. Also, Song ef al. [10]
indicated that an increase of 1 °C in temperature above the optimum threshold reduced the yield
by 8%. Another study revealed that grain yield declined by 10% for each 1 °C increase in the
growing-season minimum temperature in the dry season, whereas the effect of maximum
temperature on crop yield was insignificant [11]. On the other hand, recent studies found that for
every 100 mm increase in precipitation above the optimal thresholds, rice yield decreased by 6.4
kg in India [12]. Similarly, Gumel et al. [13] employed the Decision Support System for
Agrotechnology Transfer (DSSAT) Model to examine the impacts of rainfall on rice yield, and
they found that an increase in daily mean rainfall of +1 mm to +2 mm above the threshold led to a
decreased yield of —4.0% to —51.5% in Malaysia.

These impacts of climate change threaten food security and diet quality, thereby exposing
vulnerable populations across continents to multiple forms of malnutrition, thus contributing to
mortality and morbidity [14]. Furthermore, a recent scientific report employed a threshold

regression approach to identify and estimate critical temperature change thresholds, while linear
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mixed-effects models were used to evaluate the impacts of climate change on crop yields under
varying levels of temperature increase. The findings revealed that rising temperatures negatively
affect crop yields across countries, with the adverse effects intensifying once temperature increases
surpass specific threshold levels. For example, in the case of wheat, a 1 °C increase in temperature
results in a 6.1% reduction in yield when the temperature rise remains below 2.38 °C; however,
yield losses increase to 8.2% per 1 °C warming once the threshold of 2.38 °C is exceeded.
Similarly, rice yield losses per 1 °C increase in temperature rise from 1.1% to 7.1% when warming
surpasses the 3.13 °C threshold. In contrast, no threshold effect was detected for maize; instead,
temperature increases lead to an average yield reduction of 4.03% per 1 °C [15].

Research on rice production is crucial due to its importance for global food security, rural
livelihoods, and its sensitivity to climate change [16]. Rice is the primary cereal food for over 60%
of the global population; it is produced in many countries, with Asia accounting for more than
90% of its production and consumption worldwide [17]. In Africa, rice is one of the major sources
of calories [6,18] and is gradually becoming a staple food and income source in many sub-Saharan
African (SSA) countries [6]. In SSA, the annual rice consumption between 2009 and 2019 was
27.4 million metric tons, while average production was estimated at 15.4 million metric tons [19].
The demand for rice is continuously rising in the region due to population increase and
urbanization, but production remains low to meet the demands of the consumers [20,21].

In Liberia, rice is produced by approximately 69% of all farmers and accounts for about
50% of adult caloric intake; the annual per capita consumption is estimated at around 133 kg [18].
This makes rice one of the most important crops for food security and economic livelihood in the
country; however, domestic rice production is inadequate to satisfy its national demands [22]. For
instance, referring to past years, production reduced by 20.55% (from 257,995 metric tons in 2018
to 170,000 metric tons in 2021), which led to substantial imports (560,000 metric tons in 2021).
These imports cost over USD 100 million and accounted for approximately 65% of the total
consumption [22], an enormous amount for less-developed countries such as Liberia. These
reductions may be attributed to several factors [23,24].

Over the past three decades, Liberia has experienced shifts in climate patterns, including
rising temperatures, irregular rainfall, and increased frequency of extreme weather events such as
floods and droughts [25,26]. Given that Liberia depends solely on rainfed agriculture, these

changes, as mentioned previously, have direct and indirect impacts on crop productivity,
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particularly rice, which has specific climatic requirements for optimal growth. This situation is
compounded by the fact that about 70% of the Liberian population depends on agriculture and
forestry for their livelihoods and the overall significant contribution of agriculture to the country’s
economy [24,27]. It is within this context that the present study looks at the interplay between
climate variability and rice production and productivity in Liberia. Hence, it is essential to assess
how climate variability affects rice production to understand the issue and suggest strategies to
improve resilience and food security in the country. For instance, Dorbor-soko [28] conducted a
study on the assessment of the impacts of climate variability and change on rice production in
Bong County, and Wuokolo [29] worked on assessing the perception of climate change and
barriers to strategic adaptation for smallholder farming in Todee District in Liberia. Similarly,
another work, Sarnoh [30], assessed climate risks in central and northern Liberia. The studies
mentioned above examined smaller geographic areas within the country, but there has been no
comprehensive study on the relationship between climate variability and rice yield in the entire
country. Another study, Allen Jr. and Diallo [24], conducted a systematic review, but their focus
was on assessing the impact of climate change on Liberia’s agricultural sector and strategic
adaptation approaches. Given the limited research on this topic, the connections between climate
variability and rice production across the entire country have not been extensively explored. Most
studies have concentrated on specific regions. Therefore, this study aims to evaluate the effects of
climate variability on rice production in Liberia using country-specific data from 1990 to 2023.
Specifically, this study aims to determine trends in rice production and yield in Liberia
from 1990 to 2023, examine patterns and changes in key climate variables (precipitation and
temperature), and assess the association and statistical relationship between climate variables and
rice productivity. Furthermore, the study incorporates future climate projections under the RCP8.5
scenario to determine whether the increasing trends and variability observed during the historical
period are likely to persist in the coming decades. The findings are intended to support the
formulation of climate-resilient agricultural policies, strengthen adaptive capacity, and guide
extension services. Accordingly, this study provides novel, Liberia-specific evidence that
enhances understanding of how climate variability influences agricultural productivity,

contributing to the broader literature on climate impacts in Liberia and across sub-Saharan Africa.

2. Materials and Methods
2.1. Description of the Study Area
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Liberia is bordered by Sierra Leone on the west, Guinea to the north, Cote d’Ivoire (Ivory
Coast) to the east, and the Atlantic Ocean to the south (Figure 1). It covers a total area of 111,350
km? and has a total population of 5.3 million inhabitants [31]. Liberia lies at latitudes 4°20’ to 8°30
north and longitudes 7°18" to 11°30" west [32]. The study area has a tropical climate, characterized
by a rainy season that runs from May to November and a dry season from December to April. The
average annual precipitation ranges from 2500 mm to 5000 mm per year [32], while temperatures
fall between 23 °C and 33 °C [33]. Relative humidity reaches 90—100% during the rainy season
and 60-90% during the dry season [34]. Under the considerable study period of 1990-2023,
seasonal mean precipitation for the major rice production periods (April to September) in Liberia
ranges from 1170 mm to 3017 mm, while seasonal mean temperature was 23.2 °C to 25.8 °C as
presented in the Supplementary Materials (Figure S1). The climatic conditions appeared to be
more favorable for rice production despite differences among the classes. Using the Koppen—
Geiger climate classification, there are three major climate types or classifications in Liberia,
namely: the tropical monsoon, tropical rainforest, and tropical savannah. Most of Liberia’s climate
is tropical monsoon (76%), followed by tropical rainforest (15%), with the remaining 9% classified
as tropical savannah [35]; see also Supplementary Materials (Figure S2).

Agriculture is the major source of livelihood for the country’s population and remains a
major contributor to Liberia’s economic development. However, rice is one of the most cultivated
crops, and its production in the study area is predominantly practiced by subsistence farmers under
rainfed conditions. The average rice yields of the country scaled at approximately 1.2 t/ha with
notable production in Nimba, Bong, and Lofa counties, respectively, which account for 56% of
the country’s rice production [36,37], whereas relatively lower production occurs in Margibi,
Montserrado, and Grand Bassa counties, respectively (see Figure S1 available in the

Supplementary Materials).
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Figure 1. Location of the study area.

2.2. Study Design and Data Collection

This study adopts an integrated quantitative, spatial-temporal, and correlational research
design to examine the effects of climate variability on rice production in Liberia over the period
1990-2023. The study uses a secondary data approach. It is based on datasets sourced from three
major websites, namely the Food and Agriculture Organization Statistics (FAOSTAT) database,
the ERAS5 Agrometeorological Indicators covering a period from 1990 to 2023 [38], and the
Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) database referring to
the same period [25]. The research design is appropriate because it integrates time-series trend
analysis, geospatial data processing, and econometric modeling using multiple linear regression to
examine temporal changes and the relationship between climate variability and rice yield (Figure
2). In addition, scenario-based climate projections and a structured literature synthesis were
incorporated to provide broader contextual insight into potential future climate conditions and their
implications for rice production. The analytical framework consists of three main components: (i)
detection of historical trends in rice production and climate variables, (ii) statistical evaluation of
the influence of climate variables on rice productivity, and (iii) spatial analysis combined with
climate projections to assess variability and potential future changes. Given that this study relies

primarily on secondary and model-based data, it cannot fully establish causal relationships.
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Incorporating field-based measurements and primary data collection in future research would

strengthen validation and improve causal inference. Details on the data follow below.

2.2.1. Rice Production Data

Data for rice productivity (paddy) (kilogram/hectare—kg/ha) and production (in Metric
ton—MT) from 1990 to 2023 (34 years) were collected from FAOSTAT open data
https://www.fao.org/faostat/en/#data/QCL (accessed on 11 March 2025). This data was sorted and

prepared on an Excel sheet and then analyzed against climate datasets.

2.2.2. Climate Variables (Temperature and Precipitation)
Temperature data (°C) from 1990 to 2023 was obtained from ERAS Agrometeorological

Indicators, available online at https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-

levels (accessed on 13 March 2025). Its horizontal resolution is 0.1° x 0.1°. Precipitation data
(mm) covering the period of 1990-2023 was sourced from the CHIRPS store
https://data.chc.ucsb.edu/products/CHIRPS-2.0/ (accessed on 11 March 2025). CHIRPS integrates

the Climate Hazards Precipitation Climatology (CHPclim) and in situ station data to create gridded
rainfall time series with 0.05° resolution for trend analysis and seasonal drought monitoring
[39,40]. Projection data on temperature and precipitation were sourced from the CORDEX
(Coordinated Regional Climate Downscaling Experiment), available at

https://cds.climate.copernicus.eu/datasets/projections-cordex-domains-single-

levels?tab=download (accessed on 20 April 2025). The dataset contains a spatial resolution of

0.22° X 0.22° (~25 km). Both projection datasets (temperature and precipitation) were based on
two different time periods (RCP8.5, 2031-2060, and RCP8.5, 2071-2100), were accessed in
NetCDF format, and then processed in the ArcGIS 10.8 environment. All climate datasets,
including temperature and precipitation, were considered based on a national-level, six-month
seasonal timescale (April to September), while taking into account the key considerable period for
rice production in the study area. In this study, we reviewed the current literature to collect
information on farmers’ perceptions of climate change impacts and the coping mechanisms they

employ.

2.2.3. Data Processing and Quality Control
In this study, before the statistical analysis, the rice production and climate datasets

underwent comprehensive preprocessing and quality control checks to ensure data accuracy and
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consistency. The datasets were examined for missing values, inconsistencies, and potential outliers
using descriptive statistics and graphical methods, including time-series plots and boxplots
[41,42]. A cross-validation of anomalous values against the original data sources was employed to
confirm their validity [42]. Furthermore, temporal alignment of climate and production datasets
was considered. Spatial climate datasets were clipped to the Liberia boundary and aggregated
using zonal statistics to derive national-level averages. The processed datasets were then exported
for statistical analysis. The validated or cleaned dataset was subsequently used for trend analysis,
correlation analysis, and multiple linear regression. These procedures enhance the reproducibility,

transparency, and robustness of the study’s statistical findings [42].

2.3. Data Analysis

Data analysis followed a stepwise approach (Figure 2). Firstly, we preprocessed the raster
dataset of the climate factors (temperature and precipitation) from ERAS and CHIRPS, obtained
as gridded raster data and processed in ArcGIS 10.8 environment to extract seasonal average
values for Liberia. The raster datasets were spatially aggregated by clipping them to the study area
boundary, and the mean, minimum, and maximum temperatures and precipitation values over the
study area to represent national-scale climatic conditions were obtained. From the spatial outputs
generated, numerical values were then inputted in an Excel spreadsheet. These data were used to
plot variables including precipitation and temperatures and production and yield in order to
compute various analyses such as trends, correlation, and regression analysis. Climate projection
data was processed to produce a spatial map to depict the change in each variable under the
considerable time periods. In addition, long-term spatial maps of precipitation and temperature
were generated to illustrate the spatial variability of climatic conditions across the country as
presented in Figure S1 of the Supplementary Materials. Furthermore, a comprehensive review of
the existing literature, institutional reports, and reliable research findings addressing climate—
agriculture interactions in Liberia and the broader sub-Saharan African region, with a focus on
West Africa, was conducted to access information on farmers’ perceptions of climate risks and the

coping strategies they employ to address climate change [43].

2.3.1. Detection of Trends
The non-parametric Mann—Kendall test (Mk test) and Sen’s slope estimator were applied

to identify the trend in various parameters, including production, yield, and precipitation and
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temperature [44]. The Mann—Kendall test is more favored for identifying monotonic trends in
variables, as it remains unaffected by outliers [44,45]. Apart from being robust to outliers, the MK
test, and its non-parametric nature, also means that it does not depend on regularly distributed data
[46]. It compares all pairs of observations in the dataset, assesses the direction of the trend (increase
or decrease), and then tests its statistical significance.

In order to test whether or not to reject the null hypothesis, the MK test was used, where
we apply Equations (1) and (2):
Ho. This considers no monotonic trend present in the series.
Ha. This suggests the presence of a monotonic trend in the series.

At a 5% significance, a p-value of less than 0.05 results in the acceptance of the alternative
hypothesis, indicating a trend exists in the data. Conversely, if the p-value is greater than 0.05, the
null hypothesis (Ho) is accepted, suggesting the non-existence of a trend in the data [47]. The test

statistic, S, was subsequently computed as the sum of the integers:

S = nz_l Zn: sign(Xj — Xi) (1)

i=1 j=i+1
where n indicates the number of years, x; and x; are the annual values in the years j and k,
respectively. The function sign(xj — x;) provides an indicator function that takes the value 1, 0, or
—1 according to the sign of the difference (x; — x;) where j > i:

—1for (Xj—Xi) <0
sign(Xj — Xi) =< O0for (Xj—Xi) =0 ()
+1 for (Xj —Xi) > 0

A positive value shows an upward (increasing) trend in the time series, while a negative
value indicates a downward (decreasing) trend.
However, Sen’s slope was computed, a non-parametric technique for estimating the overall slope
or trend in a dataset over time. It is mostly suitable when analyzing time-series data [48]. It is a
method that is more robust in trend estimation, and it is especially advantageous for data that do

not assume normality or that contain outliers [45,48]. The slope estimator or N pairs is computed

as follows:
Xj — X o
Qi = ;——k ,  fj>k 3)

where x; and xx denote the annual values throughout the years j and k, respectively. Sen’s slope

estimator of slope is calculated as the median of the pairwise slope values (Q). The median of the
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N slope estimates was obtained by simple averaging. N values of Qi were ranked from smallest to

largest, and Sen’s estimator was computed as follows:

N+1

Q[ . if Nwas odd

) . 4
S (QF + Q[N +2)/2)/2]) if N was even

In this study, we considered the trend to be statistically significant when the p-value was
less than 0.05. Time-series analysis was employed to evaluate the trend in rice production, yield,
mean seasonal rainfall, and temperatures (mean, minimum, and maximum temperatures) for the
period 1990 to 2023. Several time-series plots were generated using Microsoft Excel based on the
following wvariables: rice production, yield, precipitation, mean temperature, minimum
temperature, and maximum temperature, respectively. Additionally, future climate projections
under the RCP8.5 scenario were analyzed to provide context for the historical climate trend
analysis and to assess whether the observed temperature and precipitation patterns may continue

in the future.

2.3.2. Correlation Test
Spearman’s rank correlation test was applied for estimating the monotonic relationship
between production statistics (production and yield) and climate parameters, which in this case are
mean temperature, minimum temperature, maximum temperature, and precipitation, respectively.
The correlation analysis was conducted at two levels. First, we computed a general correlation test
to find the relationship of rice production and yield with climatic variables from 1990 to 2023 (34
years period). Second, a particular time interval correlation test was carried out to identify the
association of production and yield statistics with climatic variables corresponding to the period
where rice production and yield trends displayed a significant reduction in the time series. The
formula used in determining Spearman’s correlation is shown below:
65 d?
-1

where d; represents the differences in paired ranks; that is, i = Ry — Ry;, and n is the total number

p:l (5)

of observations, which is 34 observations for the study area. The value of p lies between —1 and 1,
and direct associations were indicated by positive values, whereas inverse associations were

indicated by negative values.

2.3.3. Regression Analysis
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Following the correlation analysis, multiple linear regression (MLR) was utilized to
evaluate the combined relationship or impact of climate parameters and rice productivity [49]. The
MLR model is defined by Equation 6.

Yo = Bo + BiBrec + B2Tmin + B3Tmax + &t (6)

Were
Y:: Dependent variable (rice production in t/ha or yield in kg/ha).

Pyec: Mean precipitation (mm).

Tmin: Mean minimum temperature (°C).

Tmax: Mean maximum temperature (°C).

po: Intercept baseline (rice yield when all predictors are 0).

b1, b2, B3: Regression coefficients (effect of each predictor on rice production and yield).
€: Error term (unexplained variability).

Mean temperature was excluded from the regression analysis based on its correlation with
minimum temperature and maximum temperature. Model diagnostics were conducted to ensure
the validity of regression assumptions, including assessment of multicollinearity using the
Variance Inflation Factor (VIF), evaluation of residuals for normality and homoscedasticity, and
testing for autocorrelation with the Durbin—Watson test. The R Software (Version 4.3.1) was used

to perform all statistical and regression analysis, with a significance level set at p < 0.05.
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Figure 2. Conceptual flowchart of the study data and methods.

3. Results
3.1. Annual Rice Production Trend
Rice production in Liberia has shown a significant increase over the past 34 years (1990—

2023). The Mann—Kendall test shows that this upward trend is statistically significant (p-value <
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0.001) (Table 1). Total production increased from 180,000 tons in 1990 to 256,200 tons in 2023,
representing a gain of 76,200 tons over the period. The Mann—Kendall Coefficient (t = 0.510)
showed a moderate to strong positive trend of rice production over time (Table 1, Figure 3). This
is further supported by the MK statistics (Z = 4.212), indicating the existence of a monotonically
increasing trend. Sen’s slope estimates of 6515 also confirm a substantial annual rate of increase
in rice production across the study period. Despite the general positive trend, rice production
exhibited notable inter-annual fluctuations during some periods (Figure 3). For instance, between
1990 and 1995, production declined noticeably, followed by an increase from 1995 to 1998. A
decreasing phase occurred between 1998 and 2003, after which production recovered sharply from
2006 to 2008. From 2008 to 2012, production remained relatively stable, showing only minor
fluctuations. A consistent growth phase was observed from 2014 to 2016, followed by a short-term

decrease between 2016 and 2017, while 2017 to 2023 remained relatively stable (Figure 3).

Table 1. Mann—Kendall and Sens’s slope test results for rice production and yield.

Factors Kendall Tau MK-Stat (S) p-Value Trend Sen’s Slope
Production 0.510 4.212 p-value < 0.001 *** Yes 6515
Yield —0.0036 —0.0148 0.9882 No 0

Significant levels: p < 0.001 (***).
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Figure 3. Annual variability of total rice production in Liberia from 1990 to 2023.
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3.2. Annual Rice Yield Trends

Overall, between 1990 and 2023, rice yields have remained relatively stable, showing no
statistically significant increase over time. The Mann—Kendall Tau coefficient (t = —0.0036)
depicts an extremely negative weak decrease (Table 1). However, the corresponding p-value (p-
value = 0.9882) confirms that this correlation is not statistically significant. Similarly, the MK
statistics (Z = —0.0148) support the absence of a monotonic trend in rice yields. Sen’s slope
estimates of zero further support the lack of any significant change in yield during the study period
(Table 1).

Despite the overall stability, rice yields exhibited fluctuations across different sub-periods
(Figure 4). Between 1990 and 1991, yield slightly decreased from approximately 1030 kg/ha to
900 kg/ha. From 1992 to 2000, yields moderately increased from 900 kg/ha to 1250 kg/ha. This
was followed by a sharp decline between 2000 and 2003, when yields dropped to approximately
800 kg/ha. A strong recovery occurred from 2003 to 2008, with yields rising to 1550 kg/ha.
However, a sudden drop to 1200 kg/ha was observed in 2009. From 2012 to 2017, yields
experienced a gradual decline, decreasing from 1280 kg/ha to 1050 kg/ha while from 2017 to 2023,

rice yield remained relatively stable (Figure 4).
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Figure 4. Annual variability of total rice yield in Liberia from 1990 to 2023.
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3.3. Patterns of Climatic Variables
3.3.1. Seasonal Precipitation Trends during the study period

Between 1990 and 2023, annual precipitation exhibited a slight but statistically non-
significant increasing trend (p-value = 0.464). Over the study period, total annual rainfall increased
from 3160.66 to 3340.97 (with a slight increase of 180.31 mm, p-value = 0.464). Despite this
modest upward tendency, the data reveals substantial inter-annual variability. In particular, the
periods between 1994 and 1996, 2005 to 2006, and 2009 to 2010 were characterized by
pronounced fluctuations, including years with both exceptionally high and low rainfall anomalies
(Table 2, Figure 5). During the periods of 2003 to 2005, 2011 to 2012, and 2019 to 2022, there
was a slight decrease in precipitation, and with a prominent decrease from 2008 to 2009 (Figure
5). Overall, the Mann—-Kendall Tau coefficient (t = 0.102) indicates a very weak positive
association between annual precipitation and time; values fluctuate randomly. This observation is
supported by the MK statistic (Z = 0.830) and Sen’s slope estimates of 5.144, which suggests a
slight upward trend. The non-significant p-value (p-value = 0.464) confirms that no major long-

term trend in precipitation occurred between 1990 and 2023.

Table 2. Mann—Kendall and Sen’s slope test for precipitation and temperature.

Factors Kendall Tau (t)MK-Stat (Z) p-Value Sig. Sen’s Slope
Precipitation 0.102 0.8301 0.464 No 5.144

Mean Temperature 0.511 4.1759 <0.001 *** Yes 0.119
Minimum Temperature  0.509 4.1985 <0.001 *** Yes 0.0125
Maximum Temperature  0.277 2.2704 0.023 * Yes 0.0075

Significant levels: p < 0.001 (***), p <0.05 (*).
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Figure 5. Seasonal mean precipitation variability in Liberia from 1990 to 2023.

Figure S1 in the Supplementary Materials depicts projected precipitation for the mid-
century (2031-2060) with that of the end-century (2071-2100). These projection results of
precipitation, for instance, RCP8.5 2031-2060, revealed a variability with a lower value of 937.51
mm and a highest 0 4072.29 mm (see Figure S3a, Supplementary Materials), while RCP8.52071—
2100 demonstrated a variation from 843.98 mm to a highest value of 3801.95 mm, respectively,
as shown in the Supplementary Materials (Figure S3b). The long-term average variability in
seasonal precipitation from mid-century to the end of the century is expected to range from —93.56

mm to —240.34 mm, as depicted in the Supplementary Materials (Figure S3a,b).

3.3.2. Temperature Trends

From 1990 to 2023, mean, minimum, and maximum seasonal temperatures all showed an
overall increasing trend. The mean temperature rose from 25.73 °C to 26.30 °C, representing an
increase of 0.57 °C (p-value < 0.001) (Figure 6a). Similarly, the minimum temperature increased
from 24.76 °C to 25.31 °C (an increase of 0.55 °C, p-value is <0.001) (Figure 6b), while the
maximum temperature rose from 29.19 °C to 29.76 °C (an increase of 0.55 °C, p-value = 0.023)
(Figure 6¢). The Mann—Kendall Tau coefficients for mean, minimum, and maximum temperatures
were 0.511, 0.509, and 0.277, respectively, indicating weak to strong increasing trends over the
study period. These findings suggest that the upward trend was more pronounced in the mean and

minimum temperatures, followed by the maximum temperatures. Although the increases were
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relatively small in absolute terms, Sen’s slope estimates of these variables are as follows: mean
temperature (0.119), minimum temperature (0.0125), and maximum temperature (0.0075). This
further confirms the presence of gradual warming across all temperature indicators during the

study period (Figure 6a—c).
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Figure 6. Seasonal mean temperatures: (a) mean, (b) minimum, and (¢) maximum temperature

variability in Liberia from 1990 to 2023.

Figure S4 within the Supplementary Materials shows projection results of temperature for
the mid-century (2031-2060) and end-century (2071-2100). Results of the RCPS8.5 for
temperature during 2031-2060 revealed significant increasing changes ranging from 24.20 °C to
27.25 °C at the middle of the century, with an estimated increase of 3.03 °C (Figure S4a of the
Supplementary Materials), and Figure S4b of the Supplementary Materials demonstrates that the
2071-2100 RCP8.5 interpolation demonstrated a change from 25.95 °C to 28.74 °C in

temperature, indicating an absolute increase of 2.7 °C during the time period. This means that the
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combined projected change in temperature from 2031 to 2100 is expected to reach 4.54 °C as

shown in the Supplementary Materials (Figure S4a,b).

3.4. Seasonal Temperature and Precipitation Impact on Rice Productivity
3.4.1. Correlation Between Climate Variables and Rice Productivity

Correlation analysis for 1990 to 2023 suggests that climate variables in Liberia
(precipitation and mean, minimum, and maximum temperatures) did not significantly affect rice
production, as p-values were 0.956, 0.082, 0.531, and 0.908, respectively. However, there may be
some inter-variability or minor impacts under various time periods. Precipitation shows a non-
statistically significant negative relationship with production and a positive association with yields
(Table 3).

Similarly, rice yield (tons/hectare) also shows no statistically significant associations with
climatic factors (p-value > 0.05). Although there is an observed weak positive correlation with
precipitation (r = 0.259), this may signify that higher rainfall tends to slightly favor rice yield, even
though not strongly enough to be statistically significant. Rice yield also shows a negative
correlation with mean and minimum temperatures (Table 3), suggesting that higher temperatures
may negatively affect yield in the study region, even though the association is not statistically

significant, as the p-value is greater than 0.05.

Table 3. Correlation (r) between rice production (MT), yield (ton/ha), and climate variables—
precipitation (mm), mean, minimum, and maximum temperatures (°C) (p < 0.05, n = 34)—during

the period of 1990-2023.

Temperature

Precipitation
Rice Mean Minimum Maximum

Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value

Production —0.010 0.956 —0.303 0.082  —0.111 0.531 0.021 0.908
Yield 0.259 0.139 —0.284 0.104  —0.205 0.246 0.112 0.527

Considering the correlation results across different timescales for both rice production and yield
revealed that most climate parameters exhibited a statistically non-significant relationship with
rice productivity over the various periods analyzed. An exception was observed for the minimum

and maximum temperatures during the 1998-2003 period, which showed a highly significant
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correlation with production (p-value < 0.001) (Table 4). For rice yield, significant associations
were identified for mean and minimum temperatures during 2000-2003 and for precipitation
during 2003-2005, with p-value less than 5%. Additionally, during the period 2012 to 2023, mean
temperature (p-value = 0.004), minimum temperature (p-value = 0.036), and maximum

temperature (p-value = 0.002) exhibited significant correlations with rice yield (Table 4).

Table 4. Correlation (r) results between rice production (MT), yield (ton/ha), and climate
variables—precipitation (mm), mean, minimum, and maximum temperatures (°C)—under

different time intervals (p < 0.05).

Temperature
Precipitation
Mean Minimum Maximum
Factors Per TimeCorrelatio Correlatio Correlatio Correlatio
p-Value p-Value p-Value p-Value
Interval n n n n
TI-1. Production
1990-1995 -0.314 0.544 —-0.429 0.397 -0.371 0469 —0.543 0.266
1995-1998 -0.8 0.2 —0.105 0.895 0.2 0.8 —0.8 0.2
<0.001 <0.001
19982003 -0.314 0.544 0.2 0.704 1
skkk kkosk
2003-2008 0.383 0.309 —0.100 0.797 -0.233 0.546 0.533 0.139
TI-1I. Yield
<0.001 <0.001
2000-2003 -0.80 0.20 -10 -10 0.20 0.80
skkk skkk
<0.001
2003-2005 -10 rn 0.50 0.667 0.50 0.667 -0.5 0.633
20122023 0.154 0.633 -0.760 0.004 **-0.608 0.036 * —0.796 0.002 **

TI-1, production, and TI-I1, yield, under different time intervals; significant levels: p <0.001 (***),
p <0.01 (**%), p <0.05 (*).

3.4.2. Regression Results of Climate Variables Impact on Rice Production
The regression model relating rice production and climate variables indicated that climate
variables influence rice production in Liberia, explaining 26.16% of the total variation (R* =

0.2616, p-value = 0.026). Among the climatic variables analyzed, minimum temperature was the
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only factor that showed a statistically significant negative effect on rice production (f = 2.676; p-
value = 0.015), indicating that higher minimum temperatures are associated with a reduction in

rice production in Liberia (Table 5).

Table 5. Regression results of climate variables—precipitation (mm), mean minimum

temperature, mean maximum temperature (°C), and rice production (MT), (p < 0.05, n = 34).

Predictor Coefficient Std. Error t-Stat p-Value
Intercept —5.077 2.462 —2.062 0.048 *
Precipitation 9.335 33.31 0.280 0.781
Mean TMini —2.676 1.031 2.593 0.015 *
Mean TMax —4.767 1.164 —0.410 0.685

1 <0.05 (*), R = 0.2616.

On the other hand, the regression results of rice yield against climate parameters revealed a positive
relationship between the observed and predicted values (R? = 0.231) (Table 6). Approximately
15.4% of the variation in rice yield was explained by the independent variables, as indicated by
the adjusted R? of 0.154 and a model p-value of 0.046, which is less than 0.05, thus confirming the
statistical significance of the model. Considering the various climatic variables evaluated, the
analysis revealed that only precipitation displayed a statistically significant positive effect on rice
yield (p-value = 0.036), as shown in Table 6, suggesting that higher rainfall contributes to

increased rice productivity in Liberia.

Table 6. Regression results of climate variables—precipitation (mm), mean, minimum, and

maximum temperatures (°C), and rice yield (ton/ha) (p < 0.05, n = 34).

Predictor Coefficient Std. Error t-Stat p-Value
Intercept —37.482 4485.479 —0.084 0.934
Precipitation 0.134 0.061 2.201 0.036 *
Mean TMini —327.594 189.915 —1.743 0.092
Mean TMax 275.450 211.997 1.299 0.204

1 <0.05 (*), R = 0.231.

53



4. Discussion
4.1. Trends in Annual Rice Production

The Mann—Kendall and Sen’s slope test results demonstrate that rice production has shown
a significant increasing trend over the study period (1990-2023) despite the variation in production
across different time intervals. This noticeable increase in production in the study area aligns with
regional agricultural reports and studies that have documented a gradual increase in rice output in
West Africa due to the expansion of cultivation and government programs promoting rice self-
sufficiency [50,51]. Likewise, refs. [19,21] indicated that the increase in production in the SSA
region is largely driven by the expansion of rice-harvested areas and not referring to as yield. For
instance, between 2000 and 2020, the harvested area rose from 6.9 million ha to 16.6 million ha,
while the increase in rice yield was relatively low, increasing from 1.7 to 2.1 t ha™! [21], supporting
the fact that the increase in rice productivity is dissimilar to the increased actual yield. The
observed fluctuations in rice production in Liberia cannot be attributed solely to changes in
cultivated area, but rather to the interaction between multiple biophysical and socio-economic
factors. Extreme climatic events, including droughts and seasonal flooding, periodically constrain
production in both upland and lowland predominantly rainfed systems, leading to substantial year-
to-year variability [52]. In addition, policy changes affecting the distribution of improved seeds,
agricultural extension services, and input subsidy programs may influence production in specific
periods [28,53]. Variations in rice cultivation areas, driven by land availability, labor constraints,
and broader socio-economic conditions, further contribute to inter-annual fluctuations [53].
Together, these interacting factors provide important context for understanding the pronounced

increases or declines observed in certain years, despite the overall upward trend in rice production.

4.2. Analysis of Trends in Annual Rice Yield

Despite increases in total rice production in Liberia, rice yields have remained stagnant,
indicating no significant trend. This implies that the observed rise in total rice production is
predominantly driven by land expansion rather than improvements in productivity per unit area
[21]. Recent studies noted that Liberia’s average national rice yield has remained low in recent
decades, at around 1.2 metric tons per hectare, which is considerably lower than yield reported in
several other West African countries, including 3.0 t/ha in Cote d’Ivoire, 2.7 t/ha in Ghana, 3.4
t/ha in Mali, and 4 t/ha in Benin, respectively [37,54]. Several interacting biophysical, structural

and agronomic factors contribute to the persistent stagnation in yields. These include climate
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variability and the predominance of traditional rainfed farming, limited adoption of improved rice
varieties, and the low use of modern agricultural inputs such as improved seed, fertilizers,
mechanization, and irrigation. In addition, limited access to farm credit agricultural support
services constrain farmers’ ability to adopt productivity-enhancing technologies [18,24,37].
Fertilizer application in Liberia averages less than 5 kg per hectare, which is significantly below
the sub-Saharan African average of approximately 20 kg per hectare [55,56]. Low fertilizer input
limits soil nutrient availability, preventing rice crops from achieving their yield potential. In
addition, baseline surveys indicate that only about 19-20% of farmers cultivate improved rice
varieties, while fertilizer use among smallholders is reported at less than 5% [55,57]. Recent
studies have also revealed the limited used of improved seed (about <5%) and a low level of access
to extension services (<10%) by farmers in the country [58]. These low adoption rates are
attributed to restricted access to quality seeds, limited extension services, and lack of awareness of
the benefits of modern technologies [57]. Reports from the World Bank, ref. [59], and the World
Food Programme (WFP), ref. [60], indicate that improvements in rice yield in Liberia and other
West African countries have been constrained by several challenges, including limited access to
improved rice varieties, irrigation technologies, inadequate use of fertilizers, and inadequate
extension services. Farmers often rely on traditional practices and local seed varieties, which are
less responsive to modern yield-enhancing technologies, thus limiting productivity growth per
hectare [21,61]. Furthermore, climate variability—particularly irregular rainfall and temperature
extremes—affects critical rice growth stages, limiting yield potential even under favorable climatic
conditions [62,63]. Overall, the stagnation in rice yields reflects a combination of biophysical,
socio-economic, and institutional constraints, highlighting that increases in total rice production

have not translated into proportional improvements in yield per hectare.

4.3. Trends in Climatic Variables
4.3.1. Analysis of Trends in Precipitation

The results of the Mann—Kendall test showed a non-significant upward trend in
precipitation during the study period, reflecting high variability in rainfall patterns. Although
rainfall during the growing season showed a slight increase, this change was not statistically
significant. However, the absence of a statistically significant trend in seasonal rainfall totals does
not necessarily imply stability or reliability in rainfall distribution. For example, intra-seasonal

variability, including delayed onset of rains, mid-season dry spells, and early cessation, remains a
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critical constraint on planting date decisions and ensuring stable crop development [64]. Such
irregularities are often masked by long-term trend analysis but exert significant influence on
productivity outcomes [65]. This finding aligns with previous studies’ results, which indicate that
rural agricultural communities’ increasing understanding of changes in local climate conditions,
particularly regarding rainfall onset, duration, and distribution, as well as changes in temperature
patterns, directly affect rice planting and harvesting dates [28,33]. Studies across West Aftrica [64]
have shown that intra-seasonal rainfall variability has greater implications for yield stability than
annual rainfall totals. Moreover, interpolated projection of precipitation under different scenarios
of RCP8.5 2031-2060 and RCP8.5 2060-2100 revealed a strong variability in precipitation,
indicating an average projected decrease in precipitation by —93.56 mm to —240.34 mm as shown
in the Supplementary Materials (Figure S3a,b). These variabilities would hinder farmers’
production practices, including changes in planting calendar, crop type, and management practices,
which may result in low productivity [66]. Thus, while current rainfall levels in Liberia remain
relatively stable, their temporal distribution may be posing significant risks for food production.
This study, therefore, underscores the temporal variability of key climatic variables, including

precipitation and temperature.

4.3.2. Analysis of Temperature Trends Over the Study Period

Results from the Mann—Kendall test revealed an overall statistically significant increasing
trend in temperature, which may hold critical implications for rice production. Kendall’s Tau
coefficient suggests a general tendency for temperature to increase over time and is highly steady.
Continued increases in temperature could have adverse impacts on rice production in the country,
a trend that has also been perceived by local farmers in northern Liberia [28,29]. These findings
in rising temperatures are consistent with the Liberia National Adaptation Plan document [67],
which highlighted that Liberia’s mean air temperature will increase by 0.4 °C to 1.3 °C from 2010
to 2050, based on Regional Climate Models (RCMs). Similarly, the Sixth Assessment Report
(AR6) of the United Nations Intergovernmental Panel on Climate Change (IPCC) documented that
the global surface temperature has increased by 1.1 °C during the past decades (2011-2020)
compared to 1850—-1900, with further increases of 1.5 °C expected by 2021-2040 [1]. Additionally,
temperature projections for Liberia under RCP8.5 suggest a continued increase in mean air
temperature over two future periods, 2031-2060 and 2071-2100, highlighting the potential for

escalating thermal stress on rice production if current trends persist. These projected changes in
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temperature varied in both time series, including the periods 2031 to 2060 and 2071 to 2100. The
projected changes from 2031 to 2060 are expected to reach 3.03 °C, as highlighted in the
Supplementary Materials (Figure S4a), and 2.7 °C during the period 2071 to 2100 (see Figure S4b
in the Supplementary Materials), whereas the overall increase from 2031 to 2100 is expected to
reach 4.54 °C as shown in the Supplementary Materials (Figure S4a,b). The estimated increase in
temperature and variability in precipitation under the RCP8.5 scenario suggests that the climatic
trends observed during the historical period may exist, which could influence future rice
production conditions in Liberia. These findings support the broader evidence that temperatures
are rising globally and regionally, which may hold critical implications for Libera’s predominant
rainfed rice production system in the future.

However, referring to previous years, existing studies have revealed that this increasing
trend has been perceived by farmers across the study area, and they have further employed various
adaptive strategies, including the use of short-duration varieties, adjusting planting schedules,
diversifying crops, and basic soil-water management [29,30]. Furthermore, this finding aligns with
similar studies underlining the conspicuous increasing trends in temperatures across various
regions worldwide [44,68]. For instance, Asfaw et al. [69] reported inter-annual variability in
rainfall, with mean and minimum temperatures showing significant increasing trends over time,
whereas the maximum temperature trend was not significant. They recommend that agricultural
sector strategies be designed to account for the declining and erratic rainfall patterns and the
increasing temperature trends.

Regional studies support these findings, indicating an increase in production. In Moyamba
District, southern Sierra Leone, Yila et al. [70] found that temperature exhibited a noticeable
increasing trend over the study period, negatively affecting crop production. Similarly, research
across West Africa indicated that rising mean temperatures would likely affect rice productivity
by accelerating rice phenology, shortening the grain-filling period, and increasing
evapotranspiration, thereby heightening the vulnerability of Liberia’s largely rainfed rice systems
[8,71]. Moreover, the increase in minimum and maximum temperatures beyond the normal
threshold may pose a risk to crop performance. For example, high temperatures are particularly
harmful, as they increase plant respiration, limit carbohydrate availability for grain filling, and
reduce spikelet fertility, ultimately lowering yield potential [72]. Specifically, temperatures above

35°C at the flowering stage have been shown to cause spikelet sterility and severe yield reduction
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in rice [9]. However, countries are already facing considerable economic impacts, which are likely
to worsen as global warming increases the frequency of extreme events [66].

Given Liberia’s dependence on rainfed production systems, such exposure may increase
the likelihood of crop failure. Overall, the findings indicate that although temperature did not show
a statistically significant impact on rice production during the study period (1990-2023), the
observed warming trend suggests that continued increases in temperature may pose potential risks
to rice production in Liberia in the future. Therefore, it is essential to implement various adaptation
measures such as adjusting planting date, use of short-duration local rice varieties, crop
diversification, soil and water conservation, and adopting heat-tolerant varieties in order to boost
productivity [71,73—75]. Such strategies align with adaptation behaviors observed in other West
African countries, notably Nigeria, Ghana, and Sierra Leone, where smallholder farmers modify

agricultural practices to cope with rainfall variability and temperature extremes [70,76,77].

4.4. Impact of Seasonal Temperature and Precipitation on Rice Productivity
4.4.1. Discussion of the Relationship Between Climate Variables and Rice Productivity

The study findings indicate that, over the 34 years, no statistically significant relationships
were identified between rice production and the accessed climate variables. Nonetheless,
production exhibited moderate negative correlations with precipitation, as well as with the mean
and minimum temperatures. By contrast, rice yield displayed moderate and more consistent
associations with temperature-related variables. These patterns suggest that overall production and
productivity are likely influenced more strongly by non-climatic factors such as land expansion,
soil quality, access to quality seed, agronomic practices, and policy interventions rather than by
climate conditions alone. Supporting this interpretation, ref. [19,78] reported that low yields in
rainfed environments constitute a major constraint, such as sub-optimal natural resource and crop
management practices commonly adopted by smallholder farmers. These include inadequate water
management and limited use of fertilizers, herbicides, and machineries for rice production, noting
that rainfed production systems account for approximately 70% of the global harvested rice area.
Giil et al. [79] demonstrated that non-climatic factors such as area under rice cultivation, fertilizer
use, labor force, and water resources affect rice production and have substantial impact on yield.
Furthermore, a study conducted by Coulibaly et al. [80] identified key barriers such as low

adoption of improved varieties and irrigation technologies, limited access to climate information,
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low access to extension services, inadequate access to finance and inputs, and overreliance on
traditional knowledge that hinder a farmer’s adaptation and can result in low productivity levels.
Analysis across multiple timescales revealed fluctuating relationships between climate
variables (temperatures and precipitation) and rice yields. Rice yield displayed a strong and
negative correlation with precipitation during specific periods, for instance, from 1998 to 2003 for
production, and from 2003 to 2005 for yield, suggesting that excessive rainfall and flooding likely
constrained rice growth and productivity during these intervals. These results are pertinent,
especially the case where rice production in Liberia is mainly based on upland and lowland
systems, both of which are largely rainfed and highly sensitive to climate variability. Upland rice,
which dominates cultivation, relies heavily on seasonal rainfall, while lowland rice grown in valley
bottoms and floodplains also depends on precipitation for water availability. Adequate rainfall is
essential during key growth stages—such as germination, tillering, panicle initiation, and grain
filling—to maintain soil moisture and support crop development [81]. Insufficient rainfall during
these stages can cause water stress and reduced yields, whereas adequate precipitation enhances
plant growth and grain formation, explaining the positive relationship between precipitation and
rice yields observed in this study. These patterns align with findings reported for other regions of
West Africa [21]. The statistically significant negative relationship between precipitation and yield
during 2003-2005 further indicates that excessive and insufficient rainfall can contribute to yield
reduction [12,82]. However, significant negative correlations were observed for minimum and
maximum temperatures within 1998 to 2003 for production, and for mean, minimum, and
maximum temperatures within 2000-2003 and 2012-2023 for yield. These results underscore the
adverse effects of temperature extremes during these periods, which are consistent with evidence
presented in the AR6 Synthesis Report [1]. The report highlights that climate variables, particularly
temperature and precipitation, have varying and significant associations with agricultural
production and productivity globally and across regions. Previous studies have similarly
demonstrated that climate variables, particularly temperature and precipitation, exert major
influences on crop productivity, including rice [6,49,83]. Similar findings have been reported in
other West African countries. In Cote d’Ivoire, rainfall variability has been shown to significantly
influence rice farming performance and farmers’ economic outcomes [84]. Also, studies conducted
in Ghana indicate that variations in rainfall patterns and temperature significantly affect

agricultural productivity and contribute to yield fluctuations across seasons [9]. Regional studies
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covering Sierra Leone and Guinea also report substantial variability in rice yields across climatic
zones, driven by interactions between climatic conditions and farm management practices [85]. At
the broader regional scale, climate change has already contributed to measurable reductions in crop
productivity in West Africa, highlighting the increasing influence of temperature and rainfall
variability on agricultural systems [86].

In this study, the findings show that temperature and precipitation exhibited significantly
different associations with rice production and yield across diffident timescales, compared with
the entire study period (1990-2023), during which no significant relationship was observed. In
tropical rice-growing environments such as Liberia, where baseline temperatures are already
relatively high, further increases in nighttime temperature may intensify respiration losses and
reduce grain-filling efficiency, thereby negatively affecting rice productivity. To mitigate these
constraints, it is crucial to effectively deploy a diverse set of technologies such as water
preservation technologies in rainfed and irrigated lowland rice, site-specific nutrient management
practices, tools to support decision-making (crop growth simulation models), and labor-saving

technologies developed in recent decades [21,87].

4.4.2. Regression of Climate Variables Against Rice Production and Yield

Based on the regression results for production, minimum temperature emerged as the only
climate variable that significantly influenced rice production in Liberia during the study period.
Minimum temperature exhibited a significant negative effect, indicating that a 1 °C increase in
minimum temperature is associated with a 2.676 MT decrease in rice production. This suggests
that elevated minimum temperature (nighttime temperatures) may impair crop performance,
possibly due to increased respiration rates that lead to energy loss, disruption of physiological
recovery processes, and heightened stress during sensitive growth stages such as flowering and
grain filling [88,89]. This finding is particularly critical in the context of climate change, as
minimum temperatures are increasing at a faster rate than maximum temperatures [75,90]. Another
study revealed that elevated temperatures pose serious risks to crop production and productivity
[88]. Similarly, refs. [64,93] noted that increased temperatures adversely impact the growth and
development of rice plants, particularly during processes such as germination, tillering, flowering,
and grain filling stages.

Overall, the findings suggest that temperature-related stresses, especially those associated

with minimum temperature, play a more critical role in determining rice production outcomes than
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precipitation [82,91]. This highlights the crop’s sensitivity during flowering and grain-filling
stages [92]. Similar patterns have been reported across western and southern regions of Africa,
where temporal fluctuations in temperature account for a substantial proportion of yield variability
[93,94]. The regression analysis further revealed that, although climate variables collectively exert
a moderately significant influence on rice yield in Liberia, the R? value of 15.4% indicates that the
majority of yield variation is likely driven by non-climatic factors. These may include soil fertility,
production systems and management practices, pest pressure, technological adoption, and broader
socio-economic conditions. The regression analysis identified precipitation as the only climatic
factor that significantly influenced rice yield during the full study period, when accounting for
other climatic and soil variables, even though the simple bivariate correlation was not statistically
significant. This finding aligns with [28] and [30], who, in their studies, emphasized the direct and
indirect implications of rainfall on Liberia’s rice production system. The positive association
underscores the central role of rainfall in Liberia’s predominantly rainfed rice production systems
[30,95]. This positive relationship between precipitation and rice yield observed in this study is
therefore consistent with the ecological characteristics of rainfed agricultural systems, where crop
performance strongly depends on rainfall distribution and seasonal water availability. In tropical
environments such as Liberia, rainfall variability can significantly influence yield outcomes by
affecting water availability during critical growth stages and supporting physiological processes
such as photosynthesis, nutrient transport, and panicle development [1,88]. Similarly, research
across West Africa and other tropical regions is closely linked to the variability and distribution of
seasonal rainfall [86].

These findings provide valuable insights for formulating appropriate agricultural policies
and practices that enhance adaptive capacity, inform extension services, support climate-resilient
agricultural development, and guide policy frameworks addressing climate hazards to enhance

food security.

5. Conclusions and Policy Recommendations

This study examined the effects of climate variability on rice production in Liberia over
the period 1990 to 2023. The results indicate a consistent increasing trend in temperature variables
(mean, minimum, and maximum), alongside pronounced rainfall variability. These patterns align
with farmers’ perceptions of delayed rainfall onset and irregular distribution. The findings further

reveal that the relationships between climate variables and rice production and yield vary across
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different timescales, suggesting that climate factors exert context-specific influences depending
on the timing and magnitude of temperature and precipitation changes.

Although climate variability contributes to fluctuations in rice output, regression results
show that climate variables explain only a modest proportion of the observed variation (26.16%
for total production and 15.4% for yield). Minimum temperature was found to have a statistically
significant negative effect on rice production, while precipitation positively and significantly
influences yield. Spatial analysis further demonstrates changes in seasonal temperature and
precipitation patterns across the study area, indicating uneven exposure to climate risks. Future
projections under RCP8.5 suggest continued increases in temperature and substantial variability
in precipitation during both mid-century (2031-2060) and end-century (2071-2100) periods, with
important implications for future rice productivity.

Despite an overall increase in total rice production, yields have remained essentially
stagnant over the study period. This indicates that non-climatic factors, such as limited access to
improved seed varieties, irrigation infrastructure, fertilizers, credit, and low extension services,
may be constraining productivity. Therefore, climate variability alone does not fully explain the
persistently low rice yields in Liberia; rather, a combination of climatic, agronomic, and socio-
economic factors drives the productivity gap and continued reliance on imports.

In response or to reduce future substantial losses due to the consistent variation in climate
factors, farmers in Liberia should consistently adopt adaptation practices even though evidence
from the existence literature indicates that farmers have adopted several adaptation strategies,
including adjusting planting dates, using short-duration varieties, crop diversification, and basic
soil and water conservation practices. However, these responses are still rudimentary and largely
informal, which are constrained by limited institutional and financial support, increasing farmers’
vulnerability to climate variability.

To enhance resilience and ensure sustainable rice production, several policy measures are
recommended. First, strengthening localized climate information systems is essential to provide
timely and accessible forecasts, alongside improving the capacity of national meteorological
services to disseminate user-friendly climate information. Second, investment in agricultural
research and development should prioritize the dissemination of short-duration, drought-tolerant,
and flood-resistant rice varieties suited to diverse agroecological zones. Third, improving access

to agricultural inputs through targeted subsidies, microfinance schemes, and farmer cooperatives
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is necessary to reduce production constraints. Fourth, extension services should be strengthened
to support the scaling and refinement of existing farmer-led adaptation practices through technical
guidance and institutional backing from government agencies and non-governmental
organizations.

Finally, policy interventions should incorporate socio-economic dimensions of farmer
resilience, including gender, education, and market access, to ensure that adaptation strategies are
inclusive and context-specific. By integrating these approaches, Liberia can transition from
reactive coping mechanisms to a more proactive, climate-resilient rice production system capable

of enhancing food security and reducing import dependence.

Limitations of the Study and Future Directions

This study offers a comprehensive assessment of rice production trends and climatic
influences in Liberia; however, it was constrained by various limitations, including firstly, the
absence of a field-based or ground-truth dataset, which makes it limited to correlation. Thus, in
the absence of causation, conclusions are based on assumptions. This justifies the need for future
research on the physiological and morphological response of rice crops to precipitation and
temperature. Secondly, although the study analyzes production and climate at a national level, it
does not include other important extreme climate events such as floods, prolonged droughts, and
cyclones, which can induce abrupt fluctuations in rice yields. Additionally, due to the national
geographical extent, the study did not take into consideration the socio-demographics and
geographical differences between regions. Hence, future research can build on these findings by
integrating high-resolution data on climate extremes to assess their direct impacts on rice
productivity, incorporate field-based data to investigate the physical impact of temperature and
precipitation on productivity, while also incorporating socio-demographic factors and the
geographical extent or subdivisions. Addressing these aspects will enable more precise, context-
specific insights to inform climate-resilient rice production strategies and targeted policy

interventions in Liberia.

6. Patents
Not applicable. This study is sorely based on secondary datasets that are publicly available
as referenced in the data availability section and did not involve direct experimentation with

animals or humans.
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https://www.mdpi.com/article/doi/s1, Figure S1: Spatial variability of precipitation and
temperature with major and minor rice production areas; Figure S2: Liberia climate classes based
on Koppen classification; Figure S3: Climate projection of precipitation; Figure S4: Climate
projection of temperature. All other information and materials supporting the findings of this study

are provided within the text of the article.
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CHAPTER V: RESEARCH ARTICLE II

5.1. Brief Introduction

The second article titled: “Geospatial Multi-Criteria Decision-Making for Land Suitability
Analysis for Rice Cultivation in Liberia” is made of one specific objective (objective 5) of the
thesis. It aims to identify agricultural land suitable for rice cultivation in Liberia using a GIS-based
MCDM and AHP, while considering ten key factors: precipitation, temperature, elevation, slope,
soil texture, soil pH, soil organic carbon, nitrogen, phosphorus and potassium. The manuscript was
submitted to the Journal called “Discover Sustainability,” which is a SCOPUS indexed journal that
is published in Springer Nature.

5.2. Status of Paper 11

Currently, the manuscript has been accepted for publication by Discover Sustainability in Springer
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Abstract

Achieving food security and sustainable resource management has become the main goal for many
developing countries. Rice is a staple crop in Liberia, and its demand is increasing while yield
remains low. Rapidly changing climate patterns and persistent low yields necessitate a systematic,
data-driven identification of the most resilient and productive agricultural areas for rice,
contributing to food security. Currently, there is a gap on empirical and national-scale rice
suitability assessment for Liberia. This study aims to identify suitable areas for rice cultivation in
Liberia, based on climate, geomorphologic and geochemical factors. We used a GIS-based Multi-
Criteria Decision-Making (MCDM) approach, applying the Analytic Hierarchy Process (AHP) to
derive expert-weighted criteria layers (climate, geomorphologic, and geochemical) for the final
suitability map. Results show that 5.57% of Liberia is highly suitable, 44.57% suitable, 42.41%
semi-suitable, and 7.45% unsuitable. Primary limiting factors for rice suitability in Liberia include:
pH, slope, and soil texture. Most suitable areas are found in the central, northern, and southeastern
regions, including counties such as Lofa, Bong, Nimba, Gbarbolu, Grand Gedeh, and River Gee.
These findings indicate that 50.14% of the land presents favorable conditions for rice cultivation
in Liberia, including potential land (42.41%) that can be harnessed using agricultural technologies.
This study provides important aids for agricultural land accessibility and planning and further
provides a critical baseline for the government and stakeholders to strategically target land-use
planning, input subsidies, and enhance rice production through expansion of land in the suitable

areas indicated hereof, thereby, directly supporting national food security goals.

Keywords: Analytic Hierarchy Process; GIS; Multi-Criteria Decision-Making; rice cultivation;

land suitability; Liberia.

77


mailto:jonemedja@gmail.com

1. Introduction

Rice is one of the major cultivated food sources worldwide [1]. It is a primary food and
income source in many Sub-Saharan African countries including Liberia [2,3]. Its demand is
continuously rising, due to the population growth, however production remains low to meet the
demand of the consumers [3,4,5], leading to food insecurity and malnutrition in many low-income
countries with food deficits [6].

In Liberia, rice plays a major role in the daily diet. It is preferred because it is easy to store
and prepare compared to other staple food [2,5]. The country accounts for 50% of adult caloric
intake, with nearly 133 kg annual per capita consumption [3]. This makes rice to be one of the
most important crops for food security and economic livelihood that is produced by 69% of farmers
in the country [7]. Rice consumption in Liberia has increased over the past years, reaching
approximately 560,000 metric tons in 2021, with annual increase of 4.6% [8]. Liberia struggles to
meet its annual rice needs, importing over 90% of its rice, costing over USD 100 million annually
[9]. The country's average rice yields is approximately between 1.1 to 1.2 tons/ha, considerably
below the regional average of 4-6 tons/ha, putting food security at risk [3,10,11]. Therefore,
enhancement of rice productivity would contribute to reducing hunger and poverty indices, bring
relief, domestic food safety, and financial stability growth [12,13].

The importance of rice in Liberia extends even far; it serves as a platform for income
generation [7]. The chain of values linked to rice cultivation involves a range of tasks,
encompassing growing, processing, allocation, and selling, generating job prospects and revenue
sources throughout the journey. Its accessibility and cost have traditionally affected the nation’s
socio-political environment in the past, like in 1979, where high rice tariffs resulted in major riots,
highlighting its essential importance in the Liberian society.

Due to the country’s demand for rice, the Liberian government launched the National
Agriculture Development Plan (NADP) 2024-2030, also known as “Feed Yourselves” Agenda,
intending to enhance food security. With this regard, the Liberian government has identified
counties with potential for rice production, such as, Lofa, Bong, and Nimba. However, these areas
have not been thoroughly assessed for their suitability. To achieve optimal rice production, it is
crucial to identify the most appropriate locations, through a land suitability analysis. Suitability is
determined by the combination of different factors, such as climate and land/soil characteristics,

assessing how well the local match or satisfy the needs of the crop [14].
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This study aims to identify agricultural land suitable for rice cultivation in Liberia, using a
Geographic Information System (GIS)- based Multi-Criteria Decision-Making method, based on
ten key factors: precipitation, temperature, elevation, slope, soil texture, soil pH, soil organic
carbon, nitrogen, phosphorus and potassium. GIS and remote sensing have been widely used by
many researchers for assessing land suitability for crop production in many parts of the world
[3,15,16,17,18]. Some studies across neighboring and sub-Saharan Africa regions have employed
similar approach to determine land potential for crop production, such as, in Nigeria [15,19],
Ethiopia [18], Kenya [20], and Ghana [21]. In particular, an extensive land suitability analysis in
Liberia is still a gap. This is the first GIS- and remote sensing-based study for assessing land
suitability for rice crop cultivation in Liberia.

Findings include partial suitability assessment to identify optimal and limiting factors to
rice productivity in Liberia. Additionally, future suitability against climate change is also assessed.
In general, Liberia presents a climate-resilient agriculture, being constrained by other factors such
as soil texture, pH and slope. This study provides important baselines for stakeholders and policy
makers to make evidence-based decisions on their interventions in addressing the current challenge
in rice crop productivity, contributing to increased rice production and yield, and therefore,

contribution to food security.

2. Materials and Methods
2.1. Characterization of the study area

The study area, Liberia, is located in the upper Guinea rainforest region of West Africa,
bordered by Guinea to the north, Sierra Leone to the west, Cote d’Ivoire (Ivory Coast) to the east,
and the Atlantic Ocean to the south. Liberia is one of the smallest countries in the west African
region (Figure 1), and its total area covers 111,350 km?, with a population of 5.3 million [22]. The
country lies between the latitudes 4° 20' N and 8° 30' N and longitudes 7° 18' W and 11° 30' W
[23].

Major part of the country is characterized by mixed vegetation and savanna. Agriculture is
the major socioeconomic activity in Liberia, involving over 70 percent of the population [24]. Rice
is produced by 69% of farmers and accounts for about 50% of adult caloric intake; the annual per
capita consumption is estimated at around 133 kg [3]. Rice production is mostly practiced by small-

holder farmers under rainfed conditions. The average rice yields of the country is approximately
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1.2 t/ha, with notable production in Nimba, Bong, and Lofa counties, which account for 56% of

the country’s rice production (CARD, 2021; Sumo et al., 2023).
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Fig. 1 The study area, Liberia and its county divisions

Figure 2 presents the historical variability of rice production and yield from 1990 to 2023,
processed using national data provided by FAOSTAT open data
(https://www.fao.org/faostat/en/#home). Based on this data, the total production in Liberia
increased from 180,000 t/ha in 1990 to 256,200 t/ha in 2023 representing a gain of 76,200 t/ha in
33 years, while the yield remains nearly constant and its average converge to the value presented

above, reported in literature.
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Fig. 2 Variability of the time series of rice (a) production and (b) yield, from 1990 to 2023. Data
provided by FAOSTAT open data (https://www.fao.org/faostat/en/#home).

2.1.1. Climate

Liberia presents a tropical and humid climate, subdivided in three sub-groups namely:
monsoon, savanna, and equatorial climate [25,26]. Liberia temperature is typically within the
range from 23°C to 33°C throughout the year [27] and the mean temperature for the country is
25.7° [26]. On the other hand, the average annual precipitation in Liberia is 2500 mm, with some
spatial differences between regions [28]. Rainfall along the coastal areas exceeds 4,000 mm per

year and reduces to 1,300 mm in the country’s interior. For instance, in Monrovia, precipitation
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reaches 5,000 mm annually, with the pick in June and July, where monthly precipitation reaches
about 1000 mm [29,30]. Daily relative humidity along the coastal belt remains high (>80%),
decreasing to nearly 20% inland during the dry season [25].

2.1.2. Geomorphology

Liberia’s geomorphology is shaped by a combination of ancient geological formations and
fluvial processes, resulting in diverse landforms across the country. Landscape is characterized
by four distinct regions, which include coastal plains, rolling hills, plateaus and coastline, and
northern highland [27]. The coastal area has an upland extension of 32 to 40 km and consists of
moderately rolling hills or low plains with an altitude not exceeding 15 m [27]. Rolling hills reach
90 m and are mostly used for agricultural purposes. The plateau extends over 120 km, with heights
up to 300 m, while mountains rise to 600 m, including the Mano River mountains [26,27]. The
northern highlands feature significant ranges with Mount Wutivi reaching 1,440 meters, and these
areas are also rich in minerals and biodiversity [27]. Mount Nimba nearby Yekepa reaches about
1,752 meters above sea level, but it is not completely within Liberia as Mount Nimba shares a
border with Guinea and Cdte d’Ivoire [27].

Soil texture plays a key role in rice cultivation, as it is the level of coarseness of the soil,
and rice being a tropical crop, requires a soil texture that can retain water for a longer period [15].
The study area is generally characterized by 4 major soil types, with sub-classes (the combination
of these soil types). These soil types include clayey (60-70%), sandy (10-15%), loamy (7-10%),
and silty (5-8%). The clayey soil covers most parts of Liberia (upland and interior regions) due to
the widespread presence of heavily weathered, iron-riched Ferralsols (clay), which is mostly found
in counties including Lofa, Bong, Nimba, and Sinoe (Figure 4a). The sandy class is mostly found
in the south and south-central parts of Liberia. Soil texture is a limiting factor for rice crop
production in Liberia, as poor soils are found even in the major rice producing counties. Lofa in
particular, is predominantly covered by Ultisols, typically acidic and with limited nutrient
availability, while Bong and Nimba are largely Oxisols, which are deeply weathered, low in

nutrient fertility, and highly prone to nutrient depletion without inputs [3].

2.2. Data for suitability analysis
Climate, soil, topographical and land use land cover data were used for achieving the

purpose of this study. These data were obtained from various sources with varying resolutions as
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depicted in Table 1. Ten factors were considered for the suitability analysis, namely: temperature,
precipitation, elevation, slope, soil texture, soil pH, soil organic carbon (SOC), nitrogen,
phosphorus and potassium. In general, there is not a rule of thumb for the number of factors to
include in the multi-criteria decision-making (MCDM) method. In our case, the inclusion of the
10 factors was determined by their influence or contribution to rice crop development based on

previous studies [12,22,23] and by data availability and quality.

2.2.1. Climate data

Climate information consisted of air temperature and precipitation, which have a direct
interference in agriculture, and they can affect either positively or negatively the growth,
development, and yield of agricultural crops [31]. Rice is typically cultivated in tropical and sub-
tropical regions, and based on its tropical characteristics, it grows well in a climate with relatively
high temperatures between 20° to 40°C and annual rainfall levels ranging from 1250 mm to 2000
mm [15,19]. Data of precipitation and temperature from 1980 to 2023 were obtained from
Copernicus  Climate Change Service (C3S), consisting of AgrERAS reanalysis
(Agrometeorological Indicators), with a spatial resolution of 0.1° x 0.1° [32] (available online at
https://cds.climate.copernicus.eu/datasets/reanalysis-era5S-single-levels). For the purpose of this
study, we have considered the seasonal data from April to September, for both temperature and
precipitation, which is the rice growing season in Liberia. Figure 3 shows the spatial variability of
long-term averages of precipitation and temperature over this season. For assessing future
implication of climate change on land suitability, we have considered projections of precipitation
and temperatures derived from the Coordinated Regional Climate Downscaling Experiment, phase
5 (CORDEXS), the most updated CORDEX phase for Africa, available by the moment of this
study, covering the period of 2006 - 2100, accessed at https://esg-dnl.nsc.liu.se/search/cordex/.
Instructions for downloading the data can be found at http://www.csag.uct.ac.za/cordex-
africa’how-to-download-cordex-data-from-theesgf/. We have downloaded the CORDEX for
Africa with spatial resolution of 0.220x0.220. For the purpose of this study, we have assessed the
worst greenhouse gas emission scenario RCP8.5. Available data consisted of a total of 6
simulations from the ensemble “rlilpl” (6 ensemble members), as a result of the combination of
two regional models (CCLM and REMO) and three driving models (MOHC-HadGEM2-CC,
NCC-NorESM1-M, and MPI-M-MPI-ESM-LR). The ensemble mean was averaged over Liberia
for two future periods: mid-21st century (2031-2060) and the end of 21st century (2071-2010).
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Fig. 3 Spatial variability of (a) precipitation in mm and (b) temperature in °C, averaged during the

rice growing season (April to September) in Liberia

2.2.2. Soil data
Data on soil physical properties (soil texture) was sourced from FAO (Food and
Agricultural Organization) world soil map, and chemical properties including pH, nitrogen,
phosphorus, and potassium were obtained from the Liberia Soil Information System (LIBSIS)
database of 2023 (accessible online at https://libsislr.com). Figure 4 shows the soil data considered
for this study.
Soil texture plays a key role in rice cultivation, as it is the level of coarseness of the soil, and
rice being a tropical crop, requires a soil texture that can retain water for a longer period [15].
Liberia is generally characterized by 4 major soil types, with sub-classes (the combination of these
soil types). These soil types include clayey (60-70%), sandy (10-15%), loamy (7-10%), and silty
(5-8%). The clayey soil covers most parts of Liberia (upland and interior regions) due to the
widespread presence of heavily weathered, iron-riched Ferralsols (clay), which is mostly found in
counties including Lofa, Bong, Nimba, and Sinoe (Figure 4a). The sandy class is mostly found in
the south and south-central parts of Liberia. Soil texture is a limiting factor for rice crop production
in Liberia, as poor soils are found even in the major rice producing counties. Lofa in particular, is
predominantly covered by Ultisols, typically acidic and with limited nutrient availability, while

Bong and Nimba are largely Oxisols, which are deeply weathered, low in nutrient fertility, and
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highly prone to nutrient depletion without inputs [3,32]. Both soil types (Ultisols and Oxisols) are
classified under the USDA Soil Taxonomy system and are common in humid tropical and

subtropical regions [32].
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Fig. 4 Geomorphological maps for soil parameters in Liberia: (a) soil texture, (b) pH, (c) soil

organic carbon, (d) nitrogen, (¢) phosphorus, and (f) potassium

2.2.3. Topographic data

Topographic data such as elevation and slope were accessed through the Shuttle Radar
Topography Mission (SRTM) which is among the most commonly utilized Digital Elevation
Model (DEM) data sources [33]. In this study, the 30 m spatial DEM data from STRM was utilized
and is available from the United States Geological Survey (USGS) through the link
http://earthexplorer.usgs.gov. Figure 5 shows the spatial variability of elevation and slope in

Liberia.
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2.2.4. Land use land cover data

The land use land cover (LULC) data was used at the end of the suitability analysis for
masking out areas covered by permanent water bodies, settlements and dense forests, as shown in
Figure 6. LULC data was extracted from the GlobCover 2009, which is a global land cover map
based on ENVISAT's Medium Resolution Imaging Spectrometer (MERIS) Level 1B data acquired
in full resolution mode with a spatial resolution of approximately 300 meters [34]. Table 1

summarizes all data types and their respective sources.
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Land use land cover Mossic crapland Closed to open (>15%)

classification (50-70%) / vegetation (broadleaved or
(grassland/shrubland/ B needieleaved, evergreen
forest) (20-50%) or deciduous) shrubland
Mosaic vegetation (<5m)
(grassland/shrubland/ Closed to open (>15%)
forest) (50-70%) / herbaceous vegetation
cropland (20-50%) (grassland, savannas or
Closed to open (>15%) lichens/mosses)

[ broadle_aved_ evergreen Closed to open (>15%)

or semi-deciduous broadleavad forest

forest {>5m)

regularly flooded (semi-
Open (15-40%) L

permanently or

>< broadleaved deciduous temporarily) - Fresh or
forest/woodland (>5m) brackish water
Maosaic forest or Closed (>40%
< I shrubland (50-70%) / broadle(aved fo)rest or
grassland (20-50%) ><- shrubland permanently
Masaic grassland flooded - Saline or
- (50-70%) / forest or brackish water

| 0,
shrubland (20-50%) Artificial surfaces and

>< I asscaiated areas (Urban

areas >50%)

>< B \vater bodies

0 25 50 100 150 200
B Kilometers

Fig. 6 Land use land cover map for Liberia. Data extracted from [34]. Land cover classes marked

by red “X” were masked out from the final suitability map

Table 1 Data types and their sources

Data Format Data Web link
source
Temperature and https://cds.climate.copernicus.eu/datasets/reanalysi
S Raster ERAS ]
Precipitation s-eraS-single-levels
Elevation and slope Raster SRTM  http://earthexplorer.usgs.gov

https://www.fao.org/soils-portal/data-hub/soil-

Soil texture Shapefile FAO  maps-and-databases/faounesco-soil-map-of-the-
world/en/

Chemical properties Shapefile =~ LIBSIS https:/libsislr.com

Land use land cover Raster ESA http://due.esrin.esa.int/page globcover.php

2.3. Data processing and analysis
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GIS technology was employed to gather, analyze and visualize spatial data. Various
suitability map layers were created [12], based on the criteria presented in Table 2. The preparation
of the map layers involved interpolation of gridded data to get the same spatial resolution, which
was fixed at 0.010x0.010 (~1 km) using Ordinary Kriging, a native ArcGIS interpolation method,

which performs relatively well for sparse data [35].

2.3.1. Multi-Criteria Decision-Making

The study employed Multi-Criteria Decision-Making (MCDM) method integrated with
Geographical Information System (GIS) technology. Land suitability assessment is done in a way
that key consideration is given to local requirements and conditions are adequately represented in
the ultimate decisions [36]. As such, this research adopted FAO’s method of land classification as
described by [14] to evaluate areas that are suitable for rice cultivation. Partial suitability map
layers were produced based on the thresholds of suitability levels for each factor presented in Table

2.

Table 2 Criteria for suitability rating for rice development

Semi
Factors Very Suitable Suitable Not Suitable Sources
Suitable
Rainfall within growing
1000 —2000 2000-3500  >3500 <1000 [19,35]
season (mm)
Temperature within growing <22 and >
22-27 27-32 32-37 [36]
season (°C) 37
Slope (%) 0-2 2-5 5-8 > 8 [36]
Elevation (m) 0 - 400 400 - 800 800 - 1400 > 1400 [36]
Soil Texture C, SC, SCL S, CL SL, L Sandy  [19,36,37]
Nitrogen (%) >0.3 0.2-03 0.1-0.2 <0.1 [37]
Phosphorus (mg kg™ .1y | 0end SoTandy i1 [36]
osphorus (mg kg - <5 and >
P 88 12 -15 - 18
Soil Organic Carbon (%) >3 2-3 1-2 <1 [36]
150 — 200 <100 and
Potassium (mg kg™!) 200 - 250 100 - 150 [36]
250 - 300 >300
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<4.5 and
pH 55-6.5 45-54 7.6 -8.5 >8.5 [38]

2.3.2. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) is a widely recognized and reliable technique for
multi-criteria decision-making, used in both, its original and optimal forms [37,40]. A key step in
many decision-making processes is accurately assessing relevant data, often involving the
evaluation of the relative importance, or weights for each criterion of a decision problem [14]. In
assessing the suitability of crops, especially rice, not all factors are equally significant; as such, it
is important to evaluate their relative importance. As previously referred in subsection 2.2, ten
factors including rainfall, temperature, elevation, slope, soil texture, soil organic carbon, soil pH,
nitrogen, phosphorus, and potassium were considered for the AHP application. The AHP method
developed by Wind and Saaty [41] employs a Pairwise Comparison Metrix (PCM) to assess two
factors at a time [41]. According to the Wind and Saaty's scale, the available values for the pairwise
comparisons are members of the set: {1, 2, 3,4, 5,6,7,8,9, 1/2, 1/3, 1/4, 1/5, 1/6, 1/7, 1/8, 1/9}
(Table 3). In this study the relative importance assigned to each factor for the pairwise comparison
matrix was judged by all four authors and through literature consultations. For example, a rating
of 5 depicts that in relation to the column factor, the row factor is strongly important. Conversely,
a rating of 1/5 indicates that relative to the column factor, the row factor is less important. Equal
importance between column and row factors is rated as 1, as described in Table 3. AHP determines
the weights (wi) of factors using the Eigenvector related to the highest Eigenvalue and further
normalize the sum of the modules to one (Equation 1).

now =1, (1)

The fundamental input is the two-way comparison matrix, A, of » criteria, created based on
the scaling ratios from [39], is specified in Equation 2.

A=la;], 1i=123,..,n, )

where matrix A has the elements a;; and generally has the property of reciprocity, expressed

mathematically as:

ai]- =—. (3)

ai]-
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After generating this matrix, it is further normalized as matrix B:
B=[By], ,j=1,23..,n, 4)

where B is the normalized matrix of A, with the elements b;; denoted as:

aii

bij = ﬂ’ 1,]= 1,2,3...,n. (5)
Finally, each weight value w; is calculated as:
W= =193 h ©6)
1 z?zl Z}’l=b1j 4 ) ) R | .

Table 3. Degree of importance of the AHP scale for pairwise comparison. Source: [39]

Value of importance Description
1 Equal importance
3 Moderate importance of one over another
5 Strong or essential importance
7 Very strong importance
9 Extreme importance
2,4,6,8 Intermediate values between the two adjacent
judgments
Reciprocals Values for inverse comparison

When applying the AHP method, it is vital that the weights obtained from the matrix of
pairwise comparisons are consistent [40]. The consistency of the assessments is determined by the
Consistency Ratio (CR). CR value should be less than 0.1 for the pairwise comparison matrix to

be considered accurate [41,42].

CI
CR=2, 7
Amax — N
Cl = Amex=t 8)

where, Cl is the Consistency Index, A, is the maximum Eigen value of the matrix, RI is a random
index, representing the average of the resulting consistency index depending on the order of the

matrix produced by [39], as shown in Table 4. In this study, CR of 0.07 was obtained, indicating
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that the applied AHP model is accurate and consistent, thus, appropriate relative weights of factors

were determined.

Table 4. Random Index (RI). Source: [39]

Matrix
order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

RI 0 0 058 09 1.12 124 132 141 145 149 151 148 156 1.57 1.58

The two-way comparison matrix (A) and the normalized matrix (B) are shown in Table 5 and

Table 6, respectively. Weights determined by Equation 6 are also presented in Table 6.

Table 5. Pairwise comparison matrix (A) of selected factors: Slope (SLP), elevation (ELV), soil
texture (STEX), soil organic carbon (SOC), soil acidity or alkalinity (pH), temperature (TEM),
rainfall (RF), nitrogen (N), phosphorus (P) and potassium (K)

Pairwise comparison matrix (A)

Criteria
SLP ELV TEM RF pH N P K SOC STEX

SLP 1 172 1/5 1/5 1/3 1/3 1/3 1 1/5 3
ELV 2 1 1/5 1/5 1/4 1/3 1/3 1/2 1/3 3
TEM 5 4 1 1/5 2 2 2 2 3 4
RF 5 5 2 1 2 2 2 2 3 5
pH 4 3 1/2 1/2 1 1/3 1/3 1/3 1/2 2
N 3 3 172 172 3 1 1 1 1/3 2
P 3 3 12 12 3 1 1 1 1/3 2
K 3 3 12 12 3 1 1 1 1/3 2
SOC 5 5 1/4 1/3 2 3 3 3 1 3

STEX 1/3 1/3 1/4 1/5 1/4 1/3 1/3 1/3 1/3

—_—
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Table 6. Normalized pairwise comparison matrix (B) and calculated weights (w;) for the selected
factors: Slope (SLP), elevation (ELV), soil texture (STEX), soil organic carbon (SOC), soil acidity
or alkalinity (pH), temperature (TEM), rainfall (RF), nitrogen (N), phosphorus (P) and potassium

(K)

Normalized pairwise comparison matrix (B) and weights (w;)
Criteria

SLP ELV TEM RF pH N P K SOC STEX Weight Rank

SLP  0.032 0.018 0.034 0.048 0.020 0.029 0.029 0.082 0.021 0.111 0.043 7
ELV ~ 0.064 0.036 0.034 0.048 0.015 0.029 0.029 0.041 0.036 0.111 0.044 6
TEM  0.160 0.144 0.169 0.048 0.119 0.176 0.176 0.164 0.320 0.148 0.163 2
RF 0.160 0.180 0.339 0.242 0.119 0.176 0.176 0.164 0.320 0.185 0.206 1
pH 0.128 0.108 0.085 0.121 0.059 0.029 0.029 0.027 0.053 0.074 0.070
0.096 0.108 0.085 0.121 0.178 0.088 0.088 0.082 0.036 0.074 0.096
0.096 0.108 0.085 0.121 0.178 0.088 0.088 0.082 0.036 0.074 0.096
0.096 0.108 0.085 0.121 0.178 0.088 0.088 0.082 0.036 0.074 0.096
SOC  0.160 0.180 0.042 0.081 0.119 0.265 0.265 0.247 0.107 0.111 0.157
STEX 0.011 0.012 0.042 0.048 0.015 0.029 0.029 0.027 0.036 0.037 0.029

)—U
0 W A A~ b W

CR=0.07 Maximum Eigen Value = 10.99 > =1

2.3.3. Preparation of final land suitability map

The final land suitability map of the study area was produced by applying a weighted linear
combination of the ten partial suitability maps obtained for each factor using the criteria from
Table 2. The weighted linear combination is denoted by Equation 9. The ArcGIS-based raster

calculator was used for this process.

S= Z?:l(Ri * Wi) 5 (9)

where, S is final land suitability map; R; is the partial suitability regarding the i-th factor; w; is the
weight assigned to the i-th factor, derived from the AHP; and # is the total number of factors.

Applying the weights from Table 6, the Equation 9 can be expanded to the equation 10:

S = (RF % 0.206) + (TEM x 0.163) + (SOC x 0.157) + (STEX * 0.029) + (ELV * 0.044) +
(pH * 0.070) + (SLP * 0.043) + (N  0.096) + (P * 0.096) + (K * 0.096) (10)

Figure 6 outlines all the process to come up with the final land suitability map.
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GIS-based Multi-Criteria Decision Making Process
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Fig. 7 Workflow outlining the methodology applied for land suitability

3. Results

This study applied the GIS-based MCDM and AHP for agricultural land suitability analysis
to identify areas that are suitable for rice cultivation in Liberia. Ten factors were considered for
this purpose. A weighted linear combination was used to overlay partial suitability layers and

determine the overall suitability map of the country.

3.1. Partial suitability

Figure 8 presents the reclassified maps with different suitability levels for each factor.
Precipitation, which is the highly weighed factor, showed two suitability levels, which are very
suitable (nearly 75% of Liberia) and suitable (approximately 25%) as observed from Figure 8a.

This implies that the entire country is favorable for rice cultivation with respect to precipitation,
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or it would be if we assume that all other factors are also optimal. However, among the ten factors,
only two others were found to be optimal in Liberia, which are, the air temperature that showed a
single class of very suitable for rice cultivation (Figure 8b) and the elevation which is very suitable
to suitable (Figure 8h).

Great suitability variation is observed from the remaining factors. For instance, as observed
in Figure 4a-f, soil properties such as soil texture, pH, soil organic carbon, nitrogen, phosphorus,
and potassium present greater spatial variations. Soil texture ranges from clay loam to silt, while
the remaining factors present the following ranges: pH (4.0-5.6), soil organic carbon (1.16—
1.21%), nitrogen (0.091— 0.17%), phosphorus (4.15-11 mg/kg), and potassium (0.01-0.04
cmol(+)/kg). In particular, soil organic carbon and nitrogen, which are important inputs for crop
development, are critical, falling in the semi-suitable class for the whole country (Figure 8c,f),
indicating potential implication on rice cultivation. Slope, soil texture and pH presented significant
areas that are unsuitable for rice cultivation (Figure 8g,i,j), implying that rice productivity in
Liberia is mostly constrained by these three factors, with pH being the most limiting factor as

attested by Figure §;j.
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Fig. 8 Partial land suitability maps derived from each factor: (a) precipitation, (b) temperature, (c)
nitrogen, (d) potassium, (e) phosphorus, (f) soil organic carbon, (g) slope, (h) elevation, (i) soil

texture, and (j) pH.
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3.2. Final suitability map

The overall suitability analysis identified four suitability classes in Liberia: very suitable,
suitable, semi-suitable, and not suitable, as presented in Figure 9a. Their corresponding
percentages within the country’s area are presented in Figure 9b. Considering the different
categories of suitability in the country, 5.57% of the land is very suitable, and can be found mostly
in the northeastern regions, with more emphasis to Bong and Nimba, where the combination of
the ten considered factors provides optimal conditions for rice production, suggesting that these
areas could be fundamental for intensive rice cultivation.

About 44.57% of land was classified as suitable, covering the northeastern and coastal
southeastern regions, with more emphasis to Lofa, Bong, Nimba, and parts of Grand Gedeh, Sinoe
and Maryland. These areas generally meet the minimum conditions for rice cultivation, presenting
no relevant limitations that can significantly affect rice cultivation. With the adoption of improved
management practices and improved rice varieties, these lands can provide high yields.

Semi-suitable areas correspond to approximately 42.41% of the country, mostly found in
the western part (parts of Grand Cape Mount and Gbarpolu) and partially in the eastern (parts of
Grand Gedeh, Sinoe, River Gee and Grand Kru). These regions are affected by improper/poor
conditions such as higher slopes, more acidic soils, and predominantly sandy soils. Although these
factors minimize the natural productivity of the land, targeted interventions (e.g., soil fertility
management, adequate land preparation, irrigation, and improved rice varieties) could reduce these
limitations, and make these areas feasible for production.

Lastly, 7.45% of the country is considered not suitable for rice production, mostly in the
southwestern areas (Riversess, Grand Bassa, Montserrado, Margiti, Bomi and parts of Grand Cape
Mount). These areas consist of ecologically unfit ecosystems for supporting rice growth,
influenced by acid soils, higher slopes, sandy soils, and combination of other poor soil properties
such as soil organic carbon, nitrogen, phosphorus, and potassium. Expansion of rice cultivation in
these areas may not only be unproductive and unsustainable but may also increase environmental

degradation, contributing to biodiversity loss.
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Fig. 9 (a) Final rice cultivation suitability map for Liberia, and (b) percentages of suitability classes

3.3 Sensitivity analysis

Sensitivity analysis was conducted in this study to investigate the influence of shifting the
weights of factors to the overall suitability result [16,31]. Sensitivity analysis is typically
conducted using three ways: changing the relative importance of factors, changing the value of the
parameters, and changing the weights of the factors. In this study, the sensitivity analysis has been
carried out based on changing weights of the factors following the “what-if” approach [31]. It
offers the possibility of identifying the key factor that influences the initial decision the most. In
this study, factors were assigned weights obtained through the AHP pairwise comparison. Each
weight was perturbed +/- 20%, with a moving step of 1%, resulting in 40 simulations per factor,
and a total of 400 simulations for the ten factors. For each weight perturbation the others were
readjusted so that the sum of all weights is maintained equal to 1. Figure 10 presents the sensitivity
results, which indicate a relative stability of the model, with slight classes’ changes. Notable
sensitivity is observed for precipitation and pH, where shifting of the semi-suitable and suitable
classes appear more pronounced. For precipitation, suitability shifts from semi-suitable to suitable

when the weight change becomes above 5%, while for pH, it shifts from suitable to semi-suitable
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when the weight change becomes above -10%. More stable factors are: temperature, nitrogen, soil

organic carbon, and elevation.
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Fig 10. Sensitivity analysis of the 10 factors used in the study. 40 simulations were computed per

factor, with weight perturbation from -20% to +20%, and a moving step of 1%.
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4. Discussion
4.1. Land suitability

Climate variables (temperature and precipitation) are the two most contributing factors for
accessing rice land suitability compared to the others due to their important role played in rice
growth and development. Liberia is a tropical humid region, with abundant precipitation, what
implies that it is not a limiting factor for rice cultivation in Liberia due to its adequate availability.
Air temperature also falls in the optimal range. During the rice growing season in Liberia (April
to September), long-term seasonal temperature ranges from 23 to approximately 26°C, and
precipitation from approximately 1000 mm to 3500 mm (Figure 3a, b). These seasonal averages

are favorable for rice cultivation according to [19,35].

High annual rainfall and consistently warm temperatures support rainfed rice cultivation and
reduce dependence on irrigation during the main growing season [43], suggesting that Liberia’s
agriculture is generally climate-resilient. However, potential future risks associated with climate
change or climate extremes (anomalies within its variability) should be considered. Irregular
rainfall patterns, prolonged dry spells, and extreme precipitation events may disrupt cropping
calendars and adversely affect yields [44,45], while heat waves associated with rising temperatures
could increase evapotranspiration and heat stress, especially in upland systems [46]. Therefore, the
country should still consider the importance of adaptive management strategies, including
improved water management, climate-resilient rice varieties, and enhanced agronomic practices,
to sustain rice productivity under changing climatic conditions [47].

The other factors presented different levels of suitability within the country, as observed
from Figure 8c-j. These factors interfered in the overall environmental conditions for suitability,
and their variation across regions led to different land suitability levels for rice growth, where soil
texture (sandy soils), pH (acid soils), and slope (ranging from 0 to 57%) appear to be the critical
factors affecting suitability. In particular, sandy soils and higher slopes struggle to retain water, an
important factor for rice growth [48]. Rice is mostly productive between 0-6% slopes and become
unsuitable for above 8% slopes [49]. On the other hand, although elevation was found to be optimal
factor for land suitability, [50] indicated that for every 100 meters increase in mountain altitude,
the time frame for vegetation and flowering in plants is delayed by 4-6 days. Moreover, rice crop
mostly flourishes under the elevation up to approximately 500 meters, mainly in lowlands [50].

These regions usually possess suitable temperature and water supply [48].
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Results from the final suitability map indicate that Liberia has good potential for rice production.
Putting together the two suitability classes classified as very suitable and suitable, totalizes about
50.14% of areas with optimal conditions for expanding rice production with minimal efforts,
highlighting the country’s capacity to increase domestic rice production and reduce importations,
which currently correspond to over 60% of national rice consumption [11,28].

While there is a lack of empirical peer-reviewed studies for land suitability for rice
cultivation in Liberia, our findings are in line with those reported by CARD (2021) project [24],
which conducted a study on the local rice competitiveness in 15 selected counties of Liberia,
funded by Japan International Cooperation Agency. The study revealed that rice production in
Liberia, is mostly produced in counties such as Lofa, Bong, Nimba, Gbarpolu, Grand Bassa, and
Grand Gedeh [24], some of which were also identified as suitable for rice cultivation by our study.
Additionally, the Nimba land assessment project (2021-2023) implemented by LIBSIS under the
support of FAO and MOA, included in their activities, the production of a rice land suitability map
for the county to serve as a pilot for the country. Findings revealed that approximately 30-40% of
Nimba County is deemed moderately to highly suitable for rice production. These agreements with
the existing knowledge provide more confidence and a comprehensive assessment of the spatial
distribution of the country’s potential for rice production.

Similar studies carried out in other Sub-Saharan African and neighboring countries, with
comparable climate conditions, and characterized by more fertile soils, have shown to support
relatively higher rice productivity [20,35,41], highlighting the effects of the Liberian poor soil
conditions identified in this study. Recent studies have shown that Liberia’s average national rice
yield has remained low in recent decades, at around 1.2 metric tons per hectare, which is
considerably lower than in other west African countries, 3.0 t/ha in Cote d’Ivoire, 2.7 t/ha in
Ghana, 3.4 t/ha in Mali and 4 t/ha in Benin [10,11]. Several underlying factors account for this
stagnation in yield. These include traditional farming systems, the use of low-yield varieties,
limited use of modern inputs such as improved seed, fertilizers, mechanization, and limited access
to farm credit [10,11,51]. Reports from World Bank [52] and the World Food Programme (WFP)
[53] indicate that yield improvements in Liberia and other West African countries have been
constrained by limited access to improved rice varieties, irrigation technologies, fertilizers, and
extension services. Farmers often rely on traditional practices and local seed varieties, which are

less responsive to modern yield-enhancing technologies, thus limiting productivity per hectare [5].
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Using GIS-based MCDM and AHP approach for assessing potential land for rice
cultivation, [15] conducted a study in Oye-Ekiti, Nigeria, and found a relatively high potential for
rice cultivation, classifying suitability into three categories: Highly suitable (18%), moderately
suitable (70%), and marginally suitable (12%); having pointed inadequate water supply and low
nutrients capacity as a constraint in some areas such as Eruwa, Oyo, and Shaki, where irrigation is
needed to supplement rainfall for better yields. [54] used slightly different classification names in
their land suitability assessment in Cote d’Ivoire (Poro region) and found 59.13% optimal, 12.38%
suitable, 19.23% moderately favorable, and about 10% unsuitable; indicating constraints such as
the combination of unfavorable ecological conditions, poor soil quality, competing land uses, and
constraints in human and animal resources for rice cultivation. Additionally, in Denguele (North
West of Cote d’Ivoire), [55] classified 74.04% of the total area of the region as very good and
good. In Amhara region, Ethiopia, [ 14] found 23.15% highly suitable, 49.28% moderately suitable,
24.44% marginally suitable, and 3.13% not suitable, having pointed the same suitability constrains
as in our study, such as, soil pH and slope, including rainfall deficit at some locations. A study
carried out in Mwea region, Kenya [17] presented two suitability categories of moderately suitable
(23.08%) and highly suitable (77.92%) for rice cultivation.

The above studies highlight the great potential of African countries for rice cultivation.
However, despite this high potential rice is still not substantially produced in many African
countries, including Liberia. For instance, [17] reported that by their study period, only 12% of
suitable land was under rice cultivation. This is also the case of Liberia, where only a small portion
(less than 10%) is currently under cultivation [51,56], despite the existence of a significant area of
the country with optimal conditions for rice production, as indicated by this study.

Beyond the total suitable area in Liberia (50.14%), our study also found a considerable
proportion of semi-suitable land, corresponding to nearly 42.41%, revealing the existence of
potential areas for productivity enhancement through targeted management interventions, or that
can be harnessed using agricultural technologies. While these areas face certain agronomic
constraints, such as soil texture, pH and slope, they are not fundamentally unproductive. With
appropriate policies and investments such as land leveling, optimized fertilizer application,
improved irrigation systems, and adoption of adaptive rice varieties, this land could add important

contribution to national food production, thus, supporting national agriculture development plans
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(NADP), including the objectives of the NADP 2024-2030 “Feed Yourselves” Agenda, aimed at
enhancing food security.

Furthermore, these interventions could contribute to fostering domestic production, leading
to socio-economic stability, given that, despite the existence of favorable conditions in Liberia,
only small fraction of this arable land is currently under cultivation, estimated in less than 30%
[51]. Major constraints pointed in literature for the limited agricultural production include factors
such as post-war-conflict, inadequate infrastructure, limited access to inputs, land tenure
insecurity, limited extension services, vulnerability to extreme climate events, lack of
mechanization, inadequate credit facilities, poor market access and weak value chains, as well as

deforestation and environmental degradation [7,51]

4.2. Climate change implications to land suitability

Agriculture is a climate-sensitive sector. Changes in climate variables, such as rainfall and
temperature, have significant implications on crop production and yield [57—60]. This study found
that the current precipitation and temperature patterns are generally favorable for rice cultivation
in Liberia, categorizing the country as suitable to very suitable for precipitation and very suitable
for temperature, implying that land suitability for rice cultivation in Liberia is not constrained by
the current climate state. However, at the worst climate change scenario, simulations from the
regional climate model CORDEX 5 in Liberia indicated that temperatures are expected to rise
significantly by the end of the 21% century, while precipitation change is not statistically
significant, although a slightly decrease is expected (Figure 11). These findings suggest that the
land suitability map obtained in this study is not static. It is more likely to change in future as
attested by Figure 12, compromising rice production in some regions of Liberia, especially in the
northeast part, where unsuitability is indicated by precipitation. Although the average of future
temperature is still indicated as suitable (Figure 12c,d), it is important to consider the extremes
within the future warmer climate variability, which may have negative impacts on rice crop
production. Past studies [61-63] have revealed that temperature increases during the reproductive
stage of rice, especially during panicle initiation, flowering, and fertilization, may severely reduce
yield and grain quality. [62] found that an increase of 1°C of temperature above the optimum
threshold reduced the yield by 8%. Other several studies conducted over the Sub-Saharan Africa
reported that climate variability and change have resulted in a reduction in crop yields, altered

planting seasons, and increased vulnerability of smallholder farmers to food insecurity [64—66].
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Higher minimum temperatures may impair crop performance possibly due to increased respiration
rates, which can lead to energy loss, disruption of physiological recovery process and stress on
sensitive growth stages such as flowering and grain filling [1,67]. Similarly, [68] and [69]
acknowledged that increased temperature affects the growth and development of rice plants,
particularly during germination, flowering and grain filling stages. Overall, the results suggest that
temperature disparities particularly minimum temperature, plays more critical role in rice
production than precipitation [70,71]. This highlights the crop’s sensitivity to temperature during
flowering and grain-filling stages [72].

Projections derived from six ensemble members of CORDEX 5, for RCP8.5 (2006 - 2100)

—— Ensemble mean Standard deviation
2500 41
E |
E2000
(=4
]
=1
]
3=
2 1500 -
v
[
—
o
1000 A
BEERERTYNEEREN I NEEEN N IS T R TN EEE .,
OQOONTOWOOONTOVOONTODOONTOOOANTOOONTOODONTOOOONTOVONONTOOO
COrHHHAANANNNNMOMTOTMMNSESTITTTINNNDNDDOOOOONNNENNNDODODODROIIDNDOD OO
[elolololololololojojololofojofofojolololofofofojlofolojlolololojofoNolofolofoooNololoNoNoNo ool
ANANANNANANNNANANNNNNNANNNANANNNNNNANANNNNNNANNNNANNNNANNNNNNNN
Year
59 | — Ensemble mean Standard deviation
28 1
o
V27-
(]
e
3
=2
©
@ 26 4
Q
€
(7
'_
25 1
24 1
LELIT IO EN L L EL AR EN ES I LA ERE L L LU R T A LY TRl L)
OQCOONTOOONTOOONTOOONTOOONTOOONTOODONTOOONTORRONTOOO
COrHrHrHeH=ANANANNNMOMOITMMNSETTTTNNONDDODOOOOONNSNNENNNODDODRXIIDITDOD O O
[eleloleollofolojojojojololofolloojojojolololofoojloojojojlojoleojlooojloojlofoooNololololoNo o0l
ANANANANANANNNANANNANNNNANNNANANNNANNNANANANNANANNANANANNANANANONANANNNNNNN
Year

Fig. 11. CORDEX 5 projections of precipitation (upper panel) and air temperature (lower panel)

averaged over Liberia, using six ensemble members, for the RCP8.5 scenario, from 2006 to 2100
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Fig. 12. Future land suitability in relation to future CORDEX 5 projections of precipitation (a,b)
and temperatures (c,d) averaged over Liberia from six ensemble members, at the worst scenario

RCP8.5, by 2031-2060 and 2071-2100, respectively

5. Conclusions and recommendations

This study aimed at developing rice land suitability map, which holds important
applications for developing sustainable land use, agricultural planning, and shaping environmental
policies aligned with local natural characteristics.

Our findings indicated that about 50.14% of the total producible area of Liberia is favorable
for rice production, including potential land of about 42.41% that can be harnessed using

agricultural technologies. Most suitable areas are found in the northern, central and southeastern
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regions, with emphases to the following counties: Bong, Lofa, Nimba, Grand Gedeh, and parts of
Sinoe and Maryland.

Liberia is overall a climate-resilient country. Current climate conditions are optimal for
rice cultivation in the entire country. Precipitation exerted the most substantial influence on the
overall suitability, followed by air temperature. Suitability was limited by the combination of the
other factors. In particular, unsuitable areas were mostly influenced by slope, pH and soil texture.

By integrating spatial data with various criteria, the study offers key insights to the
government and stakeholders to make evidence-based decisions on land management for rice
production. Rice production in Liberia can be improved through the expansion of land within the
indicated favorable areas. Government and stakeholders should prioritize mechanized agriculture
and provide extension services in the counties listed above, including infrastructure development,
such as storage facilities and roads, connecting regions with high rice production suitability to
gross markets, and to those locations with limited conditions, enhancing production value chain.
Semi-suitable areas should be improved by encouraging sustainable use of fertilizers and other
agricultural inputs, including soil conservation practices to boost rice productivity in the country.
This strategy could improve domestic rice production and reduce Liberia’s dependence on
importation, thus, impacting directly on farmer’s socio-economic stability, such as food security
and household income.

The research also highlights the potential of GIS in fostering sustainable development
initiatives. A comprehensive approach, combining GIS, MCDM and empirical data, may serve as
a valuable asset in advancing sustainable agriculture and tackling food security issues.

As limitations of the study, it was not feasible to use field-based validation of suitability
results, though, for example, a field surveys or observed yield data, due to large geographic extent
of the study area (national scale) and the lack of systematic records of rice production data. Thus,
rather than empirical field observations, validation relied on existing literature, general knowledge
on the land use/cover, and consistency check from the AHP model. Another limitation is related
to the study reliance on global datasets, what may somehow not adequately capture local-scale
variability in soils, topography, microclimate, and land cover, which are critical for rice
production, potentially affecting suitability classification accuracy.

Despite field data limitations, the study offers an essential first step to countrywide

assessment to identify suitable areas for rice cultivation. More importantly, it provides valuable
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baselines to Liberia on suitability mapping, serving as a tool for agricultural planning, policy and

decision-making, as well as it establishes a foundational framework for future studies, which

should incorporate other relevant factors and a field validation (ground surveys and crop yield

data) to refine the suitability results.
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CHAPTER VI: INTEGRATIVE DISCUSSION

6.1. Integrative Discussion of Thesis

This study examines the effect of climate variability on rice production and identifies areas that
are suitable for rice production in Liberia. Findings indicate that rice production in Liberia had a
significant upward trend from 1990 to 2023; nevertheless, this growth was not accompanied by
corresponding increases in yield, indicating that production gains maybe primarily driven by
expansion of cultivated area rather than productivity improvements. This pattern is consistent with
global reports (FAO, 2018) and broader Sub-Saharan African trends (Ibrahim et al., 2022; Saito
et al., 2023), where extensification dominates agricultural growth. Despite the overall increase,
production remains considerably fluctuating across years due to the interaction of climatic shocks,
policy interventions, and socio-economic constraints (FAO, 2015; EPA, 2018). The persistent
stagnation in yield (1.2 t ha™), significantly below regional averages, echoes structural limitations,
including low adoption of improved seed varieties, minimal fertilizer use, limited irrigation, and
weak extension services and credit systems (Sumo et al., 2022; World Bank, 2022). These findings
with corresponding literature, underscore that productivity constraints in Liberia are largely

institutional and technological rather than principally climatic.

Climatic variability assessment reveals non-significant trends in precipitation but substantial intra-
seasonal variability, alongside a significant increase in temperature, consistent with regional and
global evidence (Sultan & Gaetani, 2016, [IPCC, 2023). While no significant long-term relationship
was found between climate variables and rice production, time-specific analyses indicate that
extreme rainfall and rising temperatures, particularly minimum (nighttime) temperatures—
negatively affect productivity, mainly through physiological stress during critical growth stages
(Hatfield & Prueger, 2015; Jagadish ef al., 2015a). Results of the regression analysis further
highlight the dominant role of minimum temperature in reducing production, while precipitation
positively influences yield, signifying the dependence of Liberia’s rice systems on rainfall.
Nevertheless, the low explanatory power of climate variables suggests that non-climatic factors
(limited access to improved seed varieties, poor irrigation infrastructure, inadequate use of
fertilizers, limited credit, and low extension services) maybe the primary drivers of yield variability

in Liberia. Land suitability analysis supports this conclusion, showing that over 50% of Liberia is
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suitable for rice cultivation, yet actual utilization remains low due to structural constraints (Allen
Jr. et al., 2025; Jr & Diallo, 2025). Collectively, these findings highlight a critical paradox: high
agroecological potential coexisting with low productivity, emphasizing the need for integrated
strategies that combine sustainable intensification, institutional strengthening, and climate

adaptation to enhance resilience and food security.

6.2. Research Limitation

The current study provides a comprehensive assessment of rice production trends, climatic impacts
on rice production, and land suitability for rice cultivation in Liberia; however, it faces several
constraints. First, the absence of field-based data, including yield records and surveys, limits the
analysis to correlations rather than causal inference. Secondly, the suitability map validation relied
on literature, general land-use knowledge, and AHP consistency checks rather than empirical
observations. The use of global datasets may not capture local variability in soils, microclimate,
topography, and land cover, while the national-level focus limits capture of regional heterogeneity
and socio-demographic differences. Additionally, extreme climate events, such as floods and
prolonged droughts, were not explicitly considered despite their significant influence on yields.
Nonetheless, the study establishes a baseline for national rice production and suitability
assessment. Future research should integrate field data, high-resolution climate extremes, and local
socio-geographic factors to provide more precise, context-specific insights for climate-resilient

rice production and policy planning in Liberia.

6.3. Recommendations for future research

The study recommends that an integrated pathway for strengthening rice production in Liberia
should prioritize the transition from correlation-based assessments to more robust, evidence-driven
approaches by incorporating field-based and experimental data to establish causal linkages
between climate variables and rice productivity, particularly focusing on crop physiological and
morphological responses to temperature and precipitation. Future research should also incorporate
high-resolution climate datasets that capture extreme events, such as floods and droughts to better

quantify their direct and localized impacts on yield variability. Likewise, it is also important for
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the inclusion of socio-demographic dimensions and sub-national geographical heterogeneity to

enable more targeted, context-specific, and equitable interventions.

From a strategic development standpoint, expanding rice cultivation within identified highly
suitable areas should be a national priority, supported by the promotion of mechanized agriculture
and strengthened agricultural extension systems. Targeted investments in rural infrastructure
especially road networks and storage facilities, are essential to enhance connectivity between high-
potential production areas and markets, thereby improving efficiency across the rice value chain.
In moderately suitable areas, productivity gains can be achieved through the sustainable
application of fertilizers, soil amendments, and conservation practices aimed at improving soil

quality and resilience.

Furthermore, the integration of geospatial technologies, particularly GIS and multi-criteria
decision-making frameworks, should be strengthened and systematically combined with empirical
data to support evidence-based land-use planning and climate-resilient agricultural strategies.
Overall, a holistic framework that aligns technological innovation, climate analysis, field
validation, and socio-economic considerations is critical for enhancing domestic rice production,
strengthening food security, and reducing reliance on imports while improving farmers’

livelihoods.
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CHAPTER VII: GENERAL CONCLUSION

This study provides a robust and cohesive understanding of how climate variability, environmental
suitability, and socioeconomic conditions interact to shape rice production and farmers’ resilience
in Liberia between 1990 and 2023. The results indicate a consistent rise in mean, minimum, and
maximum temperatures, coupled with pronounced rainfall variability characterized by delayed
onset and irregular distribution, as perceived by farmers. These climatic variations exert complex,
seasonally dependent influences on rice production and yield, causing both positive and negative
effects depending on the timing and magnitude of temperature and precipitation changes. Although
climate variability contributes to fluctuations in rice output, its overall explanatory power remains
limited, indicating that additional non-climatic factors play a substantial role in determining

production outcomes.

Empirical evidence shows that minimum temperature negatively affects rice production, whereas
precipitation is the only climate variable that exerts a significant positive influence on yield. Spatial
analysis further highlights considerable heterogeneity in the distribution of temperature and
rainfall across counties, emphasising the localized nature of climate impacts on crop productivity.
Future projections under high-emission scenarios revealed continued temperature increases and
persistent precipitation variability, suggesting heightened uncertainty and potential risks for rice

production systems in the coming decades.

Even though there exhibited a general increase in total rice production, yield stagnation exists,
signifying the critical impact of structural constraints, such as limited access to improved inputs,
inadequate irrigation, weak extension services, and financial barriers. This suggests that climate
variability alone does not fully explain the country’s low productivity; rather, a combination of
climatic factors and agronomic and socioeconomic limitations perpetuates the existing
productivity gap and reliance on rice imports. Farmers’ adaptation strategies are largely based on
indigenous knowledge and pragmatic learning, which include adjustments in planting dates, crop
diversification, and basic soil and water management practices. However, these responses remain
relatively rudimentary and inadequate to fully safeguard against increasing climate variability,

leaving farming systems highly vulnerable.
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The land suitability analysis further demonstrates that a substantial proportion of Liberia’s
producible land is favorable for rice cultivation, particularly in the northern, central, and
southeastern regions, with precipitation and temperature as dominant factors of suitability.
However, factors such as slope, soil pH, and texture impose significant limitations in less suitable
areas. Generally, while Liberia shows considerable natural potential and generally optimal climatic
conditions for rice cultivation, the study underscores that sustainable improvements in productivity
and resilience depend on addressing the interconnected effects of climate variability, spatial

environmental constraints, and persistent socioeconomic challenges.
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APPENDICES
Appendix 1. Ethical Clearance

This is not applicable to our study. The study sorely based on secondary data that are fully

accessible online and did not used field survey.

Appendix 2. Data Collection Tool

Secondary data was used in this study and were collected from publicly available online sources,

including FAOSTAT (https://www.fao.org/faostat/en/#data/QCL), the ERAS Agrometeorological

Indicators, available online at: https://cds.climate.copernicus.cu/datasets/reanalysis-era5-single-

levels, the CHIRPS (the Climate Hazards Precipitation with station), available at:
(https://data.chc.ucsb.edu/products/CHIRPS-2.0/), and the CORDEX (Coordinated Regional

Climate Downscaling Experiment), available online:

https://cds.climate.copernicus.eu/datasets/projections-cordex-domains-single-

levels?tab=download, as well as government reports, journal articles, and online statistical

databases. The data were systematically reviewed and analyzed to answer the research objectives.
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Appendix 3. Supplementary Materials

Appendix 3.1. Supplementary Materials (Figure S1. Spatial variability of precipitation and

temperature with major and minor rice production areas).
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Appendix 3.2. Supplementary Materials (Figure S2. Liberia climate classes based on Koppen

classification).
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Appendix 3.3. Supplementary Materials (Figure S3. Climate Projection of Precipitation).
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Appendix 3.4. Supplementary Materials (Figure S4. Climate projection of temperature).
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